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AP - ADVANCED PLACEMENT - COLLEGE BOARD . Unit 1

Atomic Structure and Properties

Muc tiéu Unit: Sau khi hoc xong Unit ndy, hoc sinh cé thé: (1) chuyén dai thanh thao gitra khéi lvong,
s6 mol va s6 hat (nguyén tir/phan tir/ion); (2) doc phé khéi (mass spectrum) va tinh khéi lwong nguyén
tlr trung binh c6 trong so; (3) xac dinh cong thirc thuc nghiém va cong thirc phan tir tir phan tram khoi
lwong; (4) tinh phan trdm thanh phan ctia mét chat trong hén hop; (5) viét cau hinh electron day da, ké
ca cac trudng hop ngoai lé Cr va Cu; (6) doc phé quang electron (PES) d€ suy ra ciu hinh electron va xac
dinh nguyén t6; (7) giai thich va van dung cac xu hudng tuan hoan théng qua dién tich hat nhan hiéu
dung Z. va dinh luat Coulomb; (8) duw doan céng thirc hgp chat ion tur dién tich, so sanh ban kinh cla
cac ion dang electron (isoelectronic) va xu huéng ning luong mang tinh thé.

1.1 Moles and molar mass

The mole (mol) is the Sl base unit for amount of substance. One mole of any particle (atom, molecule,
ion, formula unit) contains exactly Avogadro’s number, N, = 6.022 x 10%? particles per mole. The
mole lets chemists convert between the microscopic world (individual atoms and molecules, far too
small to weigh directly) and the macroscopic world (grams, measured on a balance).

Mole, molar mass, and the mole bridge

The molar mass M of a substance (units g/mol) is numerically equal to its average atomic
mass (for an element) or the sum of average atomic masses of all atoms in a formula unit (for
a compound), both read directly off the periodic table. Molar mass is the conversion factor
between mass and moles:

m
n=-r (moles = mass — molar mass).

Moles convert to number of particles by multiplying by N ,:
N =n X NA

Chaining these two relationships gives the mole bridge, the single most-used tool in quantita-
tive chemistry: mass = moles = number of particles. Every stoichiometry calculation in this
course passes through moles at some point.

- GIAI THICH TIENG VIET
Mol 13 “don vi dém” cta hoa hoc, giéng nhu “chuc”, “td” trong ddi sdng — chi khac 13 con s6 &
day cuc Ion: 6.022 x 1022 (s6 Avogadro). Khéi lwong mol (M, don vi g/mol) chinh 13 khéi luong
nguyén tir/phan tlr trung binh doc trén bang tuan hoan, nhung déi don vi tir “amu cho 1 hat”

. XN
sang “gam cho 1 mol hat”. So d6 ghi nhé: khéi lugng (g) M s mol —2 6 hat, va nguoc lai
theo chiéu mai tén ddo nguoc.
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Vi du miu - Mass — moles — particles — atoms

How many molecules of glucose, C4H,,0,, are in a 25.0 g sample, and how many total atoms
of all elements does this represent?

Step 1 — molar mass:
M (C4H1,04) = 6(12.01) 4+ 12(1.008) + 6(16.00) = 72.06 + 12.10 + 96.00 = 180.16 g/mol.

Step 2 — moles:
25.0g

— =78 (1383 mol.
"= 180.16 g/mol

Step 3 — molecules:
N = 0.1388 mol x 6.022 x 1023 mol " = 8.36 x 1022 molecules.
Step 4 — total atoms: each glucose molecule has 6 + 12 + 6 = 24 atoms, so

8.36 x 1022 x 24 = 2.01 x 102* atoms (all elements combined).

Vi du mau - Particles — mass of one element in a compound

A sample contains exactly 3.011 x 1023 formula units of calcium chloride, CaCl,. Find (a) the

total mass of the sample and (b) the mass of chlorine alone.

(a) n — 3.011 x 10%
6.022 x 1023

= 0.5000 mol CaCl,. M (CaCl,) = 40.08 + 2(35.45) = 110.98 g/mol, so

m = 0.5000 x 110.98 = 55.49 g.
(b) Each formula unit contains 2 Cl atoms, so moles of Cl = 2 x 0.5000 = 1.000 mol:

m(Cl) = 1.000 x 35.45 = 35.45 g of chlorine.

. M XN 5 .
Mole bridge: mass (g7 —— moles —— number of particles. To move from mass of one
x M =Ny

element in a compound to mass of another, always pass through the mole ratio given by the
chemical formula’s subscripts.

1.2 Mass spectrometry of elements

Most elements exist in nature as a mixture of isotopes: atoms with the same number of protons
(Z, defining the element) but different numbers of neutrons, hence different mass numbers A. A
mass spectrometer identifies and quantifies isotopes in four stages: (1) the sample is vaporized
and ionized, usually to a +1 cation, by bombardment with high-energy electrons; (2) the ions are
accelerated through an electric field; (3) the ion beam passes through a magnetic field, which deflects
each ion by an amount inversely related to its mass-to-charge ratio (m/z) — lighter ions deflect more;
(4) a detector records the position (hence m/z) and intensity (proportional to the relative number
of ions, i.e. relative abundance) of each isotope. The output is a bar-graph spectrum: m/z on the
horizontal axis, relative abundance on the vertical axis.

The average atomic mass listed on the periodic table is the abundance-weighted mean of all
naturally occurring isotope masses:

m = Z(fractional abundance;) x (isotope mass,).

i

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 9
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Mass spectrum of elemental bromine: two isotopes, °Br (78.918 amu, 50.69%) and 8'Br (80.916 amu, 49.31%), giving
the near-even double peak characteristic of bromine-containing compounds.

- GIAI THICH TIENG VIET
May pho khéi (mass spectrometer) tdch cac dong vi dya trén ti 1é khoi lwgng/dién tich (m/ 2):
ion cang nhe cang bi tlr trudng bé cong nhiéu, ion cang nang cang bi bé cong it. Chiéu cao
moi vach trén phé ti lé véi s6 lugng ion (% phong phi/abundance) ctia déng vi dé. Khéi luong
nguyén ttr trung binh ghi trén bang tuan hoan 13 trung binh cé trong s6 — KHONG phai trung
binh cong don gidn — cla khéi lwong cac déng vi, véi trong s6 1a % phong phud ctia méi dong
Vi.

Vi du miu - Weighted-average atomic mass of copper

Copper has two naturally occurring isotopes: 53Cu (mass 62.930 amu, abundance 69.15%) and
65Cu (mass 64.928 amu, abundance 30.85%). Calculate the average atomic mass.

m = (0.6915)(62.930) + (0.3085)(64.928) = 43.52 + 20.03 = 63.55 amu.

This matches the standard atomic weight of copper used throughout this book, 63.55 g/mol.

(1) Loi thuong gip: Average atomic mass is a weighted average, not w. A common

error is to average the two isotope masses directly, ignoring abundance. For copper, a naive
simple average of 62.930 and 64.928 gives 63.93 amu — noticeably wrong, because it ignores
that the lighter isotope (63Cu) is more than twice as abundant and therefore pulls the true
average down toward 63.55 amu.

Vi du mAu - Solving for isotopic abundance

Boron has two isotopes, '°B (mass 10.013 amu) and ' B (mass 11.009 amu). The average atomic
mass of boron is 10.81 amu. Find the percent abundance of each isotope.

Let = = fractional abundance of 1°B; then (1 — z) = fractional abundance of !!B:
10.013z 4 11.009(1 — z) = 10.81.

10.013z + 11.009 — 11.009z = 10.81 = —0.996z = —0.199 = x = 0.1998.

So 9B is ~ 20.0% abundant and ''B is ~ 80.0% abundant — consistent with why boron’s
average atomic mass sits much closer to 11 than to 10.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 10
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1.3 Elemental composition of pure substances

For a pure compound with a fixed chemical formula, the percent composition by mass of each ele-
ment is fixed and can be computed directly from the formula and atomic masses:

(number of atoms of that element) x (its atomic mass)

1 .
molar mass of the whole compound X 100%

% element =

Running this process in reverse — starting from experimentally measured percent composition —
gives the empirical formula, the simplest whole-number ratio of atoms in a compound. Because per-
cent composition only fixes a ratio, several different molecular formulas can share the same empirical
formula (e.g. CH,O is the empirical formula of both formaldehyde, CH,O, and glucose, C,H,0).
The true molecular formula is recovered by comparing the empirical formula mass to the compound’s
actual molar mass (determined separately, e.g. by mass spectrometry or colligative properties):

n= W (rounded to the nearest integer), molecular formula = (empirical formula) x n.
empirical

Vi du mAu - Percent composition from a formula

Find the percent composition by mass of aluminum sulfate, Al,(SO,)s.

M = 2(26.98) + 3[32.07 + 4(16.00)] = 53.96 + 3(96.07) = 53.96 + 288.21 = 342.17 g/mol.

53.96 96.21 192.00
342.17><100— 15.77%, %S = 342.17><100—28.12%, %0 = 3017

Check: 15.77 4 28.12 + 56.11 = 100.00%. v/

Vi du miu - Empirical and molecular formula of vitamin C

Combustion analysis of ascorbic acid (vitamin C) gives 40.92% C, 4.58% H, and 54.50% O by
mass; separately, its molar mass is found to be 176.12 g/mol. Determine the molecular formula.

%100 = 56.11

%Al =

Step 1 — assume 100 g of sample, convert to moles:

40.92 4. 4.
n(C) = % =3.407mol, n(H)= WEI)gS =4.544mol, n(0) = % = 3.406 mol.

Step 2 — divide every value by the smallest (3.406):
C : 1.000, H:1.334 (~ 3), O : 1.000.
Since 1.334 ~ % is not close to a whole number, multiply all three ratios by 3:
C:3, H : 4.00, O :3 = empirical formula C3H,0;.
Step 3 — empirical formula mass:
Mempirical = 3(12.01) + 4(1.008) + 3(16.00) = 36.03 + 4.03 + 48.00 = 88.06 g/mol.

Step 4 — multiplier and molecular formula:

176.12
8806

= 2.00 = molecular formula = C3H,O5 x 2 = C4,HgO,.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 11
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GIAI THICH TIENG VIET
m%(‘)ng thire thue nghiém (empirical formula) chi cho biét ti Ié nguyén tir don gian nhat, khéng
cho biét s6 nguyén tir that su trong phan tir. Nhiéu hgp chat khac nhau ¢ thé cé cung cong
thirc thuc nghiém (vi du CH,O 13 céng thirc thuc nghiém cla ca formaldehyde 1an glucose).
Mudn tim cong thirc phan tlr that, ta can biét thém khoi lvgng mol thuc té ciia chat do, réi so
sanh véi khéi lugng mol cua céng thire thuc nghiém dé tim hé sé nhan n.

1.4 Composition of mixtures

Unlike a pure compound, a mixture has no fixed formula, so its percent composition is not calcu-
lated from atomic masses alone — it must be measured experimentally, sample by sample. Typical
laboratory strategies for finding percent composition of a mixture include: gravimetric precipitation
(react one component selectively to form an insoluble solid, weigh the precipitate, and work back
through mole ratios to the original component); gas evolution (react one component to release a
measurable mass or volume of gas); and mass-loss on heating or reaction (compare mass before and
after a component is selectively removed or converted). In every case, the calculation still passes
through the mole bridge — the difference from Section 1.3 is that the “compound” being quantified
is only part of an impure or multi-substance sample.

Vi du mAu - Percent purity by gravimetric analysis

A 12.50 g sample of impure table salt is dissolved in water and treated with excess silver nitrate
solution:

NaCl(aq) + AgNO5(aq) — AgCl(s) + NaNO;(aq).

The silver chloride precipitate is filtered, dried, and weighed: m(AgCl) = 27.05g. Assuming
the impurity does not contain chlorine and does not react, find the percent NaCl by mass in
the original sample.

27.
M (AgCl) = 107.87 + 35.45 = 143.32 g/mol, n(AgCl) = % = 0.1887 mol.

By the 1:1 stoichiometry of Cl~, n(NaCl) = n(AgCl) = 0.1887 mol. With M (NaCl) = 22.99 +
35.45 = 58.44 g/mol:

11.
m(NaCl) = 0.1887 x 58.44 = 11.03 g = %NaCl = ng x 100 = 88.2%.

- GIAI THICH TIENG VIET
Diém khac biét cét 16i gitra % thanh phan cua hop chat tinh khiét (Muc 1.3) va % thanh phan
trong hon hop (Muc 1.4): v6i hop chat tinh khiét, cong thirc hoa hoc ¢6 dinh nén % khéi luong
luén tinh duoc truc tiép tr khéi lwgng mol; véi hén hop, ti 1é cac chat co thé thay déi theo
tirng mau, nén phai do dac thuc nghiém (thudng qua phan (rng két ta, gidi phong khi, hodc
chénh léch khéi lugng trudc/sau xir ly) réi mai quy doi qua s6é mol dé tim phan tram.

1.5 Atomic structure and electron configuration
The location and energy of every electron in an atom is described by a set of four quantum numbers.
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ENGLISH

The four quantum numbers

Symbol Name / meaning Allowed values
n Principal — shell size and positive integers: 1,2, 3, ...
energy
l Angular momentum —sub- 0 to n — 1; labeled s ({=0), p (I=1), d (I=2),
shell shape f(=3)
m; Magnetic — orbital orien- —[to +Iininteger steps (gives 2/ + 1 orbitals
tation per subshell)
m, Spin — electron spin direc- 42 or —1 only
tion
Each orbital (n,,m, fixed) holds at most 2 electrons, of opposite spin. Subshell capacities
follow from 2/ + 1 orbitals x 2 electrons: s holds 2, p holds 6, d holds 10, f holds 14.

Three filling rules

Aufbau principle: electrons occupy the lowest-energy available orbitals first, following the
order 1s,2s,2p, 3s, 3p, 4s,3d, 4p, 5s,4d, 5p, 6s,4f,5d,6p, 7s,5f,6d, ... (note that 4s fills before
3d).

Pauli exclusion principle: no two electrons in the same atom can share all four quantum num-
bers; equivalently, an orbital holds at most 2 electrons and they must have opposite spin.

Hund's rule: within a set of degenerate (equal-energy) orbitals, electrons occupy separate or-
bitals singly, with parallel spins, before any orbital receives a second electron. This minimizes
electron-electron repulsion and maximizes total spin.

GIAI THICH TIENG VIET
Bon s6 lugng tir giong nhu “dia chi” day da cia mot electron: n = tang (I6p), [ = hinh dang phan
16p (s, p, d, f), m; = orbital cu thé trong phan I16p do6, m, = chiéu spin. Nguyén ly Pauli néi rang
khéng electron nao cé “dia chi” hoan toan triing nhau. Quy tac Hund giai thich tai sao electron
“gian ra” chiém cac orbital trong trudce khi ghép doéi — giong nhu hanh khach chon ghé trong
trudce khi ngdi chung ghé vai ngudi khac, gitp giam luc day gilra cac electron.

Vi du mau - The chromium and copper exceptions

Predict the ground-state electron configurations of chromium (Cr, Z = 24) and copper (Cu,
Z = 29), and explain why each deviates from the naive Aufbau prediction.

Naive Aufbau prediction for Cr: [Ar]4s%3d*. Actual ground state:

Cr: 1s22s22p53s23p54s13d® = [Ar]4s'3d°.
Naive Aufbau prediction for Cu: [Ar]4s23d°. Actual ground state:
Cu: 1s%22s22p63s23pf4st3d° = [Ar]4st34d'°.

In both cases one 4s electron shifts into the 3d subshell because a half-filled (d°) or com-
pletely filled (d'°) subshell has extra stability: the symmetric, singly-occupied (or fully-paired-
and-symmetric) arrangement minimizes electron-electron repulsion and maximizes exchange
energy. The 4s and 3d subshells are close enough in energy that this small stabilization is
enough to favor the exception.
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Vi du mAu - Electron configuration of a transition-metal ion

Write the ground-state electron configuration of Fe3* (Fe, Z = 26).

Neutral iron: 1s22s%2p5 352 3p% 452 3d® = [Ar]4s23d®. When a transition metal ionizes, elec-
trons are always removed from the highest-n subshell first — i.e. 4s electrons leave before 3d
electrons, even though 4s filled first. Removing 3 electrons (two from 4s, one from 3d):

Fe3*t:  1s522522pf3523p%3d° = [Ar]3d°.

Note the result is a stable, half-filled 3d° configuration — one reason Fe3* is a common, rela-
tively stable oxidation state.

(1) L6i thuong gip: It is tempting to write ions of transition metals by simply removing elec-
trons from the last-filled subshell in the Aufbau order (which would mean removing from 3d
first, since it fills after 4s). This is backwards. Once occupied, 4s electrons are actually higher
in energy than 3d electrons in the ion (the relative ordering shifts once 3d starts filling), so
ns electrons are always removed before (n — 1)d electrons when forming a transition-metal
cation.

1.6 Photoelectron spectroscopy

Photoelectron spectroscopy (PES) probes electron structure experimentally. A sample is irradiated
with photons of known, fixed high energy; each photon can eject one electron from the sample,
provided the photon energy exceeds that electron’s binding energy (BE) — the energy holding the
electron to the atom. The ejected electron’s kinetic energy (KE) is measured, and since photon energy
hv is known,

BE = hv — KE.

Every electron in a given subshell (e.g. all six 2p electrons in oxygen) has essentially the same binding
energy, so the spectrometer output is a series of discrete peaks rather than a continuum.

Reading a PES spectrum

e Number of peaks = number of chemically distinct subshells occupied by electrons (each
n, | combination gives one peak; e.g. 2p is one peak even though it holds up to 6 electrons
across 3 orbitals).

e Peak position (binding energy) tracks distance/shielding from the nucleus: electrons closer
to the nucleus and less shielded are held more tightly, so BE decreases as n increases and,
within the same n, as [ increases: 1s > 2s > 2p > 3s > 3p > ---. For a fixed subshell, BE
also increases with atomic number Z (more protons pull harder on every electron).

¢ Peak height (relative intensity) is directly proportional to the number of electrons occupy-
ing that subshell.

By reading off the number of peaks, their relative heights, and (if given numerically) their bind-
ing energies, an unknown element’s full electron configuration — and therefore its identity —
can be determined.
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Subshell (binding energy decreases —)

Photoelectron spectrum of silicon (1522522p°%3523p2). Approximate binding energies (MJ/mol): 1s ~ 178, 2s ~ 15.9,
2p =~ 10.3, 35 ~ 1.46, 3p ~ 0.786. Five peaks with height ratio 2 : 2 : 6 : 2 : 2 (total 14 electrons) identify silicon
uniquely.

- GIAI THICH TIENG VIET
Doc phé PES theo ba budc: (1) dém s dinh — s6 phan 16p electron khac nhau; (2) s3p x€p vi
tri dinh theo nang lvong lién két giam dan (1s > 2s > 2p > 3s > 3p > ...) — xac dinh dinh nao
Ung véi phan 16p nao; (3) doc chiéu cao (ti 18) mbi dinh — s6 electron trong phan I6p dé. Ghép
cac phan |16p va s6 electron lai, ta c6 cau hinh electron day du, tir d6 suy ra téng s6 electron =
s6 hiéu nguyén t&r Z — xac dinh nguyén to.

Vi du mAu - Identifying an element from its PES spectrum

An unknown element’s PES spectrum shows four peaks. From highest to lowest binding en-
ergy, the relative peak heights are 2 : 2 : 6 : 1. Identify the element.

Four peaks = four distinct subshells occupied. In order of decreasing binding energy these
must be 1s, 2s, 2p, 3s. Assigning the given heights:
152252 2p8 3st.

Total electrons =2 +2 +6 + 1 = 13, so Z = 13: the element is aluminum (Al), configuration
[Ne]3s... wait — recount: 2 + 2 + 6 + 1 = 11. Total electrons = 11, so Z = 11: the element is
sodium (Na), configuration 1522522p53s! = [Ne]3s!.

Vi du mau - Confirming identity using binding-energy magnitudes

A different unknown element shows three peaks at approximate binding energies 19.3, 1.36,
and 0.80 MJ/mol (highest to lowest), with relative heights 2 : 2 : 1. Identify the element and
check the assignment against tabulated data.

Three peaks = subshells 1s, 2s, 2p in order of decreasing BE. Heights 2 : 2 : 1 give configuration
152252 2pt, total electrons = 5, so Z = 5: boron (B). The stated binding energies (1s ~ 19.3,
2s ~ 1.36, 2p ~ 0.80 MJ/mol) match tabulated experimental PES data for boron, confirming the
assignment. Note that boron’s 1s binding energy (19.3 MJ/mol) is much larger than hydrogen'’s
(1.31 MJ/mol, single 1s peak) — binding energy for the same subshell type grows with nuclear
charge Z.
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1.7 Periodic trends and effective nuclear charge

Every periodic trend in this unit — atomic radius, ionic radius, ionization energy, electron affinity,
electronegativity — is a consequence of two competing effects: the pull of the nucleus and the
shielding of inner electrons, combined through Coulomb's law.

Effective nuclear charge and Coulomb's law

The full nuclear charge Z is not what a valence electron actually experiences, because inner
(core) electrons partially block, or shield, the nuclear attraction. The simplified model used
throughout this course is

Zy~ 72— 8,

where S is taken as the number of core (inner-shell) electrons — i.e. all electrons in shells below
the outermost occupied shell. Valence electrons in the same shell are assumed not to shield
each other significantly in this simplified picture.

The force of attraction between the nucleus (effective charge +Z.+¢) and a valence electron
(charge —e¢) separated by distance r follows Coulomb’s law:

T2z (=899 x 10° N -m2/C°.
Attraction increases with the magnitude of the charges and decreases sharply (inverse-square)

with distance. Every periodic trend below is a statement about how Z. and r change, and
therefore how strongly the nucleus holds onto (or could pull in) an electron.

Property Across a period (L—R) Down a group Driven by
Atomic radius decreases increases Zeg T VS. new
shell
Cation radius (vs. always smaller — lost shell /
parent atom) Zes T PEr €-
Anion radius (vs. always larger — extra repulsion
parent atom) | Zeg | pere-
First ionization en- increases (with exceptions)  decreases Zeg Tr |
ergy
Electron affinity generally increases generally decreases Zeg Tl
(magnitude)
Electronegativity increases decreases Zeg Trl
Metallic character  decreases increases inverse of
IE/EN
|
200 186 1

. 160

£ 150 143 |

o 117

g 100] - o

Q

5

< 50| R

0
Na Mg Al Si P S Cl

Period 3, left to right
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ENGLISH

Atomic radius decreases steadily across Period 3 as Z 4 (core shielding fixed at 10 electrons; nuclear charge rising from
11 to 17) pulls the same n = 3 shell in tighter.

Vi du miu - Estimating Z. and applying Coulomb’s law

(a) Estimate Z for the outermost electron of sodium (Z = 11), magnesium (Z = 12), and
aluminum (Z = 13), using the simplified core-shielding model.

All three have the same core: 15%22522p° (10 core electrons), so S = 10 for each:
Zg(Na)=11—-10=1, Zx(Mg)=12—10=2,  Z(Al)=13—10 = 3.

This rising Z.¢ (with the valence shell staying at n = 3 throughout) is why atomic radius drops
steadily from Na to Al, and why the first ionization energy generally rises.

(b) A valence electron sits at »;, = 100 pm from a nucleus of net attractive charge +1e. A
second, larger atom holds its valence electron at r, = 200 pm with the same net charge +1e.
Compare the Coulombic attractive forces.

By _kQiQufri _ (r3)" _ (200>2 i
F, N kQ1Q2/T§ a T ~\100/
Doubling the electron-nucleus distance cuts the attractive force to one-quarter. This inverse-

square sensitivity to r is why smaller atoms/ions (smaller r, or larger Z ) bind their electrons
far more tightly, giving higher ionization energies and larger electronegativities.

|
8,000 | 7,733
6,000
4,000

2,000 |

lonization energy (kJ/mol)

IE1 IE2 IE3
Successive ionization of Mg
Successive ionization energies of magnesium ([Ne]3s2). Removing the two 3s valence electrons costs 738 and 1451

kJ/mol; removing a third electron requires breaking into the filled, lower-n [Ne] core, causing a > 5x jump to 7733
kJ/mol.

Vi du mAu - Interpreting successive ionization energies

An unknown main-group element Q has successive ionization energies (kJ/mol): IE; = 738,
IE, = 1451, IE; = 7733, IE, = 10540. Based on this pattern, how many valence electrons does
Q have, and to which group does it likely belong?

lonization energy rises steadily but modestly from IE; to IE, (removing valence electrons from
the same shell). Then there is a very large jump — more than 5x — from IE, to IE;. This jump
marks the point where all valence electrons have been removed and the next electron must
come from a full, lower-energy core shell, which is held far more tightly. Since the jump occurs

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 17



BENO.}SHO Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

dfter the second ionization, Q has 2 valence electrons and belongs to Group 2 (alkaline earth
metals) — these values are in fact those of magnesium.

(') L6i thudng gip: lonization energy does not increase perfectly monotonically across a period
— two exceptions recur constantly on exams. (1) Group 2 vs. Group 13 (e.g. Mg vs. Al): Mg
(IE, = 738 kJ/mol, filled 3s2) has a higher first ionization energy than Al (IE;, = 578 kJ/mol,
single 3p'), even though Al has one more proton. Removing Al's lone 3p electron is easier
than breaking into Mg's stable, filled 3s2 subshell. (2) Group 15 vs. Group 16 (e.g. N vs. O): N
(IE; = 1402 kJ/mol, half-filled 2p?, one electron per orbital) has a higher first ionization energy
than O (IE;, = 1314 kJ/mol, 2p*, one orbital now doubly occupied). The extra electron-electron
repulsion from pairing up in O’s 2p subshell makes that electron easier to remove, despite O
having greater nuclear charge.

- GIAI THICH TIENG VIET

Ze (dién tich hat nhan hiéu dung) 1a lyc hat “thye su” ma mét electron hoa tri cdm nhan duorc
sau khi trir di hiéu (‘ng chan cua cac electron 16p trong. Theo mé hinh don gian dung trong
chuong trinh: Z 4 ~ Z — (s6 electron 16i). Trong mot chu ky, s6 electron 16i khong doi trong
khi Z tang dan — Z.4 tang — ban kinh gidm, nang lugng ion hod va dé am dién tang. Xudng
mo&t nhém, electron hoa tri nhay sang I6p n 16n hon han (khoang cach r ting manh) — theo
dinh lu3t Coulomb (F oc 1/72), lyc hat gidm nhanh hon nhiéu so v&i mic tang clia Z.4, nén
ban kinh van tang va ning lugng ion hoa van gidm khi di xuéng nhém.

1.8 Valence electrons and ionic compounds

Main-group elements gain or lose valence electrons to reach the stable, low-energy electron con-
figuration of the nearest noble gas. Metals on the left of the periodic table lose electrons to form
cations; nonmetals on the right gain electrons to form anions. Species with identical electron con-
figurations (though different ) are called isoelectronic.

Isoelectronic radius ranking and ionic formula prediction

Within an isoelectronic series, every species has the same number of electrons and the same
shielding pattern, so the only variable is nuclear charge Z: more protons pull the same elec-
tron cloud in tighter, giving a smaller radius. Radius therefore decreases monotonically as Z
increases across an isoelectronic series.

To predict the empirical formula of an ionic compound from the charges of its ions, use the
criss-cross method: the magnitude of each ion’s charge becomes the subscript of the other
ion, then the ratio is reduced to lowest whole numbers so that total positive charge = total
negative charge.

Qualitatively, lattice energy (the energy released when gaseous ions come together into a solid
ionic lattice) follows the same Coulombic logic as ionization energy:

Q1] 1Qs]

| Lattice energy | o« ————=.
(A ol

Larger ionic charges and smaller ionic radii both increase the magnitude of lattice energy (more
exothermic, stronger ionic solid).
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ENGLISH

lon Protons (Z) Electrons Radius trend

S2- 16 18 largest
- 17 18 1

K+ 19 18 !
Ca?t 20 18 smallest

All four ions are isoelectronic with argon (18 electrons); radius decreases as nuclear charge increases.

Vi du mau - Ranking isoelectronic ionic radii

Rank the following isoelectronic ions (all 18 electrons, argon configuration) from largest to
smallest radius: Ca2t, S2-, CI-, K+.

Same electron count and shielding for all four, so radius is governed purely by nuclear charge:
S(Z =16) < Cl(Z = 17) < K(Z = 19) < Ca(Z = 20). More protons = stronger pull =
smaller radius, so ranking largest to smallest is

S2- > ClI= > Kt > Ca%t.

Vi du mAu - Predicting ionic compound formulas

Predict the empirical formula formed between (a) aluminum (AI*+) and oxide (02), and (b)
barium (Ba2*) and nitride (N3-).

(a) Criss-cross the charge magnitudes: Al gets subscript 2 (from O’s charge), O gets subscript 3
(from Al's charge): Al,O5. Check: 2(4+3) +3(—2) =+6—6 =0. v

(b) Ba gets subscript 3, N gets subscript 2: BagN,. Check: 3(+2) +2(—3) =+6 —6 =0. v/

Vi du miu - Lattice energy trend

Rank sodium fluoride (NaF) and magnesium oxide (MgQO) by expected lattice energy magnitude,
and check against literature values.

Na* and F~ are singly charged (|Q, || Q-] = 1); Mg?* and O%~ are doubly charged (|Q, || Q-] = 4),
and Mg?* /O?~ are also smaller ions than Na* /F~ radius-for-radius in their respective rows.
Both effects point the same direction:

|Lattice energy(MgO)| > |Lattice energy(NaF)|.

Literature values confirm the prediction: NaF =~ 923 kJ/mol versus MgO =~ 3795 kJ/mol — over
four times larger, dominated by the @, Q. term in Coulomb’s law.

. GIAI THICH TIENG VIET

Kim loai nhdm chinh mat electron hoa tri dé€ dat cau hinh khi hiém gan nhat (bén virng), phi
kim nhan electron dé lam diéu tuong tu — day 13 déng luc hinh thanh lién két ion. Céac ion
“dang electron” (isoelectronic) cé cuing s6 electron nhung khac s& proton; proton cang nhiéu
thi luc hat hat nhan [én dam may electron gidng hét nhau cang manh, khién ban kinh cang nho.
Phuong phap “bat chéo” dién tich (criss-cross) gitip suy nhanh céng thirc hop chat ion: [y tri
tuyét déi dién tich ion nay lam chi sé dudi cua ion kia, réi rat gon. Nang lugng mang tinh thé
ti 1& thuan véi tich dién tich va ti Ié nghich v&i téng ban kinh ion — dién tich cang 1&n, ban kinh
cang nho, tinh thé ion cang bén (nang lugng mang cang am).
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1.9 End-of-unit practice problems

Bai tap luyén tap
How many moles of CO, are contained in an 88.0 g sample of dry ice?

(A) 1.00 mol (C) 3.88 mol
(B) 2.00 mol (D) 0.500 mol

Lai giai chi tiét

-

88.0
M(CO,) = 12.01 + 2(16.00) = 44.01 g/mol. n.= == = 2.00 mol. (B)

Bai tap luyén tap

A 15.0 g sample of aluminum sulfide, Al, S, is analyzed. Find (a) the number of moles of Al,S;,
(b) the number of AI** jons present, and (c) the mass of sulfur contained in the sample.

Loi gidi chi tiét
M (Al,S3) = 2(26.98) + 3(32.07) = 53.96 + 96.21 = 150.17 g/mol.

(@ n = 150'17 = 0.0999 mol.
(b) Each formula unit has 2 AI®* ions: N (AIB+) = 0.0999 x 2 x 6.022 x 1023 = 1.20 x 1023 ions.

(c) Moles of S = 0.0999 x 3 = 0.2997 mol; m(S) = 0.2997 x 32.07 = 9.61 g.

Bai tap luyén tap

An ionic compound with formula XCl, has 0.250 mol weighing 27.75 g. Identify element X.

(A) Mg (C) Fe
(B) Ca (D) Zn

Loi giai chi tiet

27. ;
M = 2775 = 111.0 g/mol. M (X) = 111.0 — 2(35.45) = 111.0 — 70.90 = 40.1 g/mol, matching

0.250
calcium (40.08). (B).

Bai tap luyén tap

Naturally occurring silicon consists of three isotopes: 28Si (27.977 amu, 92.23%), 2°Si (28.976
amu, 4.68%), and 20Si (29.974 amu, 3.09%). Calculate the average atomic mass of silicon.

Loi giai chi tiét
m = (0.9223)(27.977) + (0.0468)(28.976) + (0.0309)(29.974)

= 25.808 4 1.356 + 0.926 = 28.09 amu.

This matches the periodic-table value for silicon.
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Bai tap luyén tap

Gallium has two isotopes, %°Ga (mass 68.926 amu) and "*Ga (mass 70.925 amu). The average
atomic mass of gallium is 69.72 amu. Find the percent abundance of each isotope.

Loi giai chi tiét
Let a = fractional abundance of 6°Ga:

68.926a + 70.925(1 — a) = 69.72.

68.926a + 70.925 — 70.925a = 69.72 = —1.999a = —1.205 = a = 0.603.
So %9Ga is ~ 60.3% abundant and "1Ga is ~ 39.7% abundant.

Bai tap luyén tap

A mass spectrometer is used to analyze a sample of pure neon gas. Sample A shows only
two peaks, at m/z = 20 and m/z = 22. Sample B shows three peaks, at m/z = 20, 21, and
22. Given that naturally occurring neon has three isotopes (?°Ne, 2!Ne, 22Ne), which sample’s
spectrum is consistent with a pure, natural sample of neon, and why?

(A) Sample A, because most neon atoms are producing its own peak

20 22
Ne or **Ne (C) Both are equally valid readings of the

(B) Sample B, because a natural sample con- ElE EEE

tains all isotopes present in nature, each (D) Neither, because neon is monoisotopic

Loi giai chi tiét

A mass spectrometer resolves every isotope present in the sample as a separate peak at its own
m/z. Since natural neon truly contains three isotopes (*°Ne, ?!Ne, 22Ne, with ?!Ne present
only in trace abundance ~ 0.27%), a correct spectrum of a natural sample must show three
peaks, with the 21 peak very short. Sample A is missing the trace isotope. (B).

Bai tap luyén tap

An unknown element X gives a mass spectrum with three peaks: m/z = 24 (23.985 amu,
78.99%), m/z = 25 (24.986 amu, 10.00%), m/z = 26 (25.983 amu, 11.01%). Calculate the aver-
age atomic mass and identify element X.

Loi giai chi tiét
m = (0.7899)(23.985) + (0.1000)(24.986) + (0.1101)(25.983)
= 18.946 + 2.499 + 2.861 = 24.31 amu.

This matches the standard atomic weight of magnesium (24.31 g/mol, more precisely 24.305),
so element X is magnesium (Mg) — the three peaks correspond exactly to its natural isotopes
24Mg, 2*Mg, and 2°Mg.
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Bai tap luyén tap

A chemist needs exactly 2.50 x 10?2 formula units of iron(lll) oxide, Fe,Oj, for a synthesis. (a)
What mass in grams should be measured out? (b) How many oxygen atoms does this sample
contain?

Loi giai chi tiet

M (Fe,03) = 2(55.85) + 3(16.00) = 111.70 + 48.00 = 159.70 g/mol.

2.50 x 1022

6.022 x 1023 = 0.04151 mol, so

(@ n =
m = 0.04151 x 159.70 = 6.63 g.

(b) Each formula unit contains 3 oxygen atoms, so the number of oxygen atoms is found directly
from the given particle count, without needing the molar mass:

N(O) = 3 x (2.50 x 10??) = 7.50 x 10?2 atoms.

Bai tap luyén tap

Lithium has two naturally occurring isotopes: SLi (mass 6.015 amu, abundance 7.59%) and “Li
(mass 7.016 amu, abundance 92.41%). What is the average atomic mass of lithium?

(A) 6.02 amu (C) 6.94 amu
(B) 6.50 amu (D) 7.02 amu

Lai giai chi tiét

m = (0.0759)(6.015) + (0.9241)(7.016) = 0.4565 + 6.4835 = 6.94 amu.

This matches the standard atomic weight of lithium used throughout this book. (C).

Bai tap luyén tap

Find the percent composition by mass of ammonium nitrate, NH,NO; (a common fertilizer),
and verify that the percentages sum to 100%.

Lai giai chi tiét

The formula contains 2 N atoms (one in NH}, one in NO;3), 4 H atoms, and 3 O atoms:

M = 2(14.01) 4 4(1.008) 4 3(16.00) = 28.02 + 4.032 + 48.00 = 80.05 g/mol.

28.02 4.032 48.00
%N = mxmo = 35.00%, %H = leOO = 5.04%, %0 = MXIOO = 59.96%.

Check: 35.00 + 5.04 + 59.96 = 100.00%. v’

Bai tap luyén tap

A phosphorus oxide is found by combustion analysis to be 43.64% P and 56.36% O by mass.
What is its empirical formula?
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(A) PO (C) P,O;
(B) P,O;4 (D) P,0,

Loi giai chi tiét
Assume 100 g of sample:

43.64 096.36
P) = =% _ 1 409 mol 0) = 22° _ 3523 mol.
n(P) = 3007 - MO =500

Divide by the smaller value (1.409):
P : 1.000, O :2.500 (~ 3).

Multiply both by 2 to clear the fraction: P : 2, O : 5, giving empirical formula P,O5.
(C).

Bai tap luyén tap

A gaseous hydrocarbon used in lighters is 82.66% C and 17.34% H by mass, with a molar mass
of 58.12 g/mol. Determine its molecular formula.

Loi giai chi tiét
Assume 100 g of sample:

9. 17.34
n(C) = % = 6.883 mol, n(H) = % — 17.20 mol.

Divide by the smaller value (6.883):
C : 1.000, H:2.500 (~ 3).

Multiply by 2: C: 2, H : 5, empirical formula C,Hs, with empirical formula mass

Mmpirical = 2(12.01) + 5(1.008) = 24.02 + 5.04 = 29.06 g/mol.
58.12
n= 2006 2.00 = molecular formula = C,Hg x 2 = C4Hy,.

(This is butane.)

Bai tap luyén tap

Copper(ll) sulfate pentahydrate, CuSO, - 5H,0, is a common blue crystalline hydrate. What
percent of its mass is water?

(A) 18.0% (C) 36.1%
(B) 28.9% (D) 45.2%
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Loi giai chi tiét

M (CuSO,) = 63.55+32.07+4(16.00) = 159.62g/mol, M (H,0) = 2(1.008)+16.00 = 18.02 g/mol.

M (CuSOQ, - 5H,0) = 159.62 + 5(18.02) = 159.62 + 90.10 = 249.72 g/mol.

90.10

(C).

Bai tap luyén tap

A 5.00 g mixture of NaCl and NaBr is dissolved in water and treated with excess silver nitrate
solution, precipitating both AgCl and AgBr. The combined, dried precipitate has a mass of
10.38 g. Find the percent NaCl by mass in the original mixture.

Loi gidi chi tiét
Let = = mass of NaCl (g), so (5.00 — ) = mass of NaBr. Each gram of NaCl (M = 58.44) yields
143.32 _ 9 459 g of AgCl (M = 143.32); each gram of NaBr (M = 102.89) yields 187-77 — 1.825

58.44 A . 102.89
g of AgBr (M = 187.77). The total precipitate mass gives:

2,452z + 1.825(5.00 — ) = 10.38.

2452z +9.125 — 1.8252 = 10.38 = 0.627z =1.2556 = x =2.00g.

2.00
NaCl = — x 100 = 40.0%.
%Na £ 00 x 100 0.0%

Bai tap luyén tap

A 25.0 g sample of brass (an alloy containing only copper and zinc) is dissolved in excess hy-
drochloric acid. Only the zinc reacts, via Zn(s) + 2HCl(aq) — ZnCl,(aq) + H,(g); copper does
not react with HCI. The reaction produces 0.185 mol of H, gas. What is the percent zinc by
mass in the brass sample?

(A) 32.6% (C) 65.4%
(B) 48.4% (D) 74.1%

Lai giai chi tiét

By the 1:1 stoichiometry of the reaction, n(Zn) = n(H,) = 0.185 mol.

m(Zn) = 0.185 x 65.38 = 12.10 g.

12.10
= —— x 100 = 48.4%.
%Zn o x 100 8.4%

(B).
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Bai tap luyén tap

A 10.00g sample of impure limestone is heated strongly until its mass stops chang-
ing. Assume the only mass loss comes from decomposition of the CaCO; component,
CaCO;(s) — CaO(s) + CO,(g), and that the impurity does not decompose. The sample loses
3.52g. Find the percent CaCO; by mass in the original impure sample.

Loi giai chi tiét
The mass lost is entirely CO, gas escaping:

3.52
CO,)=— =0. mol.
n( 2) 1401 0.0800

By the 1:1 stoichiometry, n(CaCO3;) = n(CO,) = 0.0800 mol. With M (CaCO3) = 40.08 +
12.01 + 3(16.00) = 100.09 g/mol:

8.01
10.00

m(CaCOjz) = 0.0800 x 100.09 = 8.01 g = %CaCO; = x 100 = 80.1%.

Bai tap luyén tap

Write the full ground-state electron configuration of neutral chromium (Cr, Z = 24) and of the
Cr3* ion. Explain the order in which electrons are removed to form the ion.

Lai giai chi tiét

Chromium is one of the Aufbau exceptions: instead of [Ar]4s23d?, the extra stability of a half-
filled 3d° subshell favors

Cr: 1s22s22p53s? 3p84s! 3d° = [Ar]ds'3d°.

To form Cr3*, three electrons are removed. As with all transition metals, the highest-n subshell
empties first: the single 45! electron is removed first, then two electrons from 3d°:

Cr3t . 1s522522p53523p°3d3 = [Ar]3d>.

Bai tap luyén tap

Which of the following is the correct ground-state electron configuration of the sulfide ion,
S% (S, Z = 16)?

(A) 1522522p53523p* (C) 1s5%2522p%3523p?
(B) 1522522p53523p¢ (D) 1522522p%3523p%452

Loi giai chi tiet

Neutral sulfur (16 electrons) is 1522s22p®3s23p*. Forming S?~ adds 2 electrons to reach 18
electrons total, filling the 3p subshell completely:

S2: 152252 2p% 352 3pF.

This is isoelectronic with argon. (B).
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Bai tap luyén tap
How many unpaired electrons are present in the ground-state Fe?* ion (Fe, Z = 26)?

(A) 0 (C) 4
(B) 2 (D) 6

Loi giai chi tiet

Neutral iron is [Ar]4s23d5. Forming Fe?* removes both 4s electrons first (transition-metal
cations always lose ns before (n — 1)d):

Fe?*: [Ar]3dS.

By Hund’s rule, the 6 electrons fill the 5 degenerate 3d orbitals singly first (giving 5 singly
occupied orbitals), and only the 6th electron pairs up in one of those orbitals, leaving 4 orbitals
singly occupied and 1 orbital doubly occupied. So Fe2* has 4 unpaired electrons. (C).

Bai tap luyén tap

Which of the following correctly represents the ground-state electron configuration of copper
(Cu, Z = 29)?

(A) [Ar]45234d° (C) [Ar]4s*3d"04p~"
(B) [Ar]4s!3d1° (D) [Ar]3d™

Loi giai chi tiet

Choice (A) is the naive Aufbau prediction, but copper is an exception: a completely filled 3d'°
subshell is extra stable, so one 4s electron shifts into 3d, giving [Ar]4s'3d'°. Choice (C) is not
physically meaningful (negative orbital occupancy), and choice (D) exceeds the 10-electron
capacity of the 3d subshell. (B).

Bai tap luyén tap

An unknown element’s PES spectrum shows five peaks. From highest to lowest binding energy,

the approximate binding energies (MJ/mol) and relative heights are: 189 (2), 17.6 (2), 12.6 (6),
2.15 (2), 1.06 (3). Identify the element.

Lai giai chi tiét

Five peaks in decreasing binding energy correspond to the subshells 1s, 2s, 2p, 3s, 3p. Assign-
ing the given heights:

152252 2p8 352 3p3.
Total electrons = 2+2+6+2+3 = 15,50 Z = 15: the element is phosphorus (P), configuration
[Ne]3s23p3.

~ ~
v g

Bai tap luyén tap

In the PES spectrum of a ground-state oxygen atom, which subshell's peak appears at the
highest binding energy?
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(A) 1s (C) 2p
(D) All three peaks appear at the same bind-
(B) 2s ing energy

Loi giai chi tiét
Binding energy decreases as n increases and, within the same shell, as [ increases, so 1s >

2s > 2p always. The 1s electrons are closest to the nucleus and least shielded, so they are
held most tightly. (A).

Bai tap luyén tap

Compare the PES spectrum of a ground-state neutral sodium atom to that of a ground-state
Na™ ion. How many peaks does each show, and how do the binding energies of the remaining
peaks compare?

Loi giai chi tiét

Neutral Na (1522s522p°3s') shows four peaks (1s,2s,2p, 3s) with height ratio 2 : 2 : 6 : 1.
Removing the single 3s electron to form Na* (isoelectronic with neon, 1522s522p6) eliminates
the 3s peak entirely, leaving three peaks (1s, 2s, 2p) with height ratio 2 : 2 : 6. Furthermore, the
remaining three peaks in Na™ appear at higher binding energy than the corresponding peaks
in neutral Na: the nuclear charge is unchanged, but with one fewer electron the remaining
electrons feel a greater effective nuclear charge per electron (less electron-electron repulsion
diluting the pull), so every remaining electron is held more tightly — consistent with cations
always being smaller and harder to ionize further than the parent atom.

Bai tap luyén tap

An unknown element’s PES spectrum shows five peaks with relative heights, from highest to
lowest binding energy, of 2 : 2 : 6 : 2 : 4. Identify the element.

(A) Silicon (C) Sulfur
(B) Phosphorus (D) Chlorine

Lai giai chi tiét

Five peaks = subshells 1s,2s, 2p, 3s,3p. Heights give configuration 1s22s522p%3523p?, total
electrons =2 +2+ 6 + 2 + 4 = 16, so Z = 16: sulfur (S), [Ne]3s23p*. (C).

Bai tap luyén tap

Rank potassium (K), calcium (Ca), sodium (Na), and magnesium (Mg) in order of decreasing
atomic radius.

(A) K> Ca > Na> Mg (C) Na> Mg >K>Ca
(B) Ca> K> Mg > Na (D) K> Na > Ca > Mg
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Loi giai chi tiét

K and Ca are in Period 4; Na and Mg are in Period 3, one shell smaller. Within Period 4, K
(Group 1) has a smaller Z.4 than Ca (Group 2) at the same shell, so K > Ca; likewise within
Period 3, Na > Mg. Since the whole n = 4 shell sits farther from the nucleus than n = 3, both
Period-4 elements are larger than both Period-3 elements. Using approximate empirical radii
K~ 227 pm, Ca ~ 197 pm, Na ~ 186 pm, Mg ~ 160 pm:

K > Ca > Na > Mg.
(A).

Bai tap luyén tap

An unknown main-group element Q has successive ionization energies (kJ/mol): IE;, = 577,
IE, = 1817, IE; = 2745, IE, = 11577. How many valence electrons does Q have, and to which
group does it belong?

Loi giai chi tiét

IE rises modestly from IE; through IE; (all removed from the valence shell), then jumps by more
than 4x from IE; to IE, (11577 /2745 ~ 4.2). This large jump marks the point where the valence
electrons are exhausted and the next electron must be pulled from the full, lower-energy core
shell. Since the jump occurs after the third ionization, Q has 3 valence electrons and belongs
to Group 13 — these are in fact the ionization energies of aluminum.

Bai tap luyén tap

A valence electron in ion A experiences an effective nuclear charge of +2¢ at a distance of 150
pm from the nucleus. A valence electron in ion B experiences an effective nuclear charge of
+4e at a distance of 100 pm. What is the ratio Fi5/F', of the Coulombic attractive forces, and
which ion would you expect to have the higher ionization energy?

(A) 1.5;ion A (C) 4.5;ion B

(B) 2.25; ion A (D) 9.0;ion B

Lai giai chi tiét

Since F = kQ,Q,/r? and the electron charge is the same —e¢ in both cases,

Fp Ze,p/TH  4/(100)2 4 x 1502 4 x 22500 90000

- _ = = = =45.
Fu Zega/ra  2/(150)2 2% 1002  2x 10000 20000

lon B’s electron is held 4.5x more strongly, so ion B has the higher ionization energy. (C).

Bai tap luyén tap

Explain why the first ionization energy of phosphorus (IE; ~ 1012 kJ/mol, [Ne]3s23p?) is greater
than that of sulfur (IE; ~ 1000 kJ/mol, [Ne]3s23p?), even though sulfur has one more proton.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 28



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Loi giai chi tiét

Phosphorus has a half-filled 3p3 subshell, with one electron in each of the three 3p orbitals
(Hund’s rule, no pairing) — a symmetric, minimum-repulsion arrangement that is extra stable
and therefore harder to ionize. Sulfur's fourth 3p electron must pair up in an already-occupied
orbital, and the resulting extra electron-electron repulsion in that orbital makes the paired
electron easier to remove than expected from nuclear charge alone. This repulsion effect
outweighs the modest increase in Z 4 from the additional proton, so IE;(P) > IE,(S) — the
same Group 15/16 pattern seen earlier with nitrogen and oxygen.

Bai tap luyén tap

Rank the following isoelectronic species (all 10 electrons, neon configuration) from largest to
smallest radius: Nat, 02—, Mg2+, N3, F—.

Loi giai chi tiét
All five species have the same 10 electrons and the same shielding pattern, so radius depends

only on nuclearcharge Z: N(Z =7) < O(Z=8)<F(Z=9) <Na(Z=11) <Mg(Z =12).
More protons pull the same 10-electron cloud in tighter, so ranking largest to smallest radius

N3- > 0% > F > Na® > Mg?*,

Bai tap luyén tap

I |

Predict the empirical formula formed between: (a) magnesium (Mg2*) and nitride (N3-); (b)
potassium (K*) and phosphide (P3-); (c) chromium(Ill) (Cr3*) and oxide (O%).

Lai giai chi tiét

(a) Criss-cross: Mg gets subscript 3, N gets subscript 2: Mg;N,. Check: 3(+2) +2(—3) = 0. v

(b) K gets subscript 3 (from P’s charge), P gets subscript 1 (omitted): K;P. Check: 3(+1) +
1(=3)=0. v
(c) Cr gets subscript 2, O gets subscript 3: Cr,O5. Check: 2(+3) + 3(—2) = 0. v/

Bai tap luyén tap
Rank NaCl, MgO, Ca0, and KBr in order of increasing lattice energy magnitude.

(A) KBr < NaCl < CaO < MgO (C) MgO < Ca0 < NaCl < KBr
(B) NaCl < KBr < MgO < CaO (D) KBr < NaCl < MgO < CaO

Loi giai chi tiét

NaCl and KBr both have charge product |Q,@,| = 1; between them, K™ and Br— are both larger
than Na* and CI~, giving a larger r, + r_ and therefore a smaller-magnitude lattice energy, so
KBr < NaCl. MgO and CaO both have charge product |Q,Q,| = 4, four times larger than the
1:1 salts, which dominates the Coulombic ratio and makes both far larger in magnitude than

NaCl or KBr; between them, Mg?* has a smaller radius than Ca?*, giving a smaller r,+r_and
therefore a larger-magnitude lattice energy, so CaO < MgO. Combining both comparisons:

KBr < NaCl < CaO < MgO.
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This matches approximate literature values (kJ/mol): KBr ~ 671, NaCl ~ 787, CaO ~ 3414,
MgO =~ 3795. (A).

Bai tap luyén tap

lon X2* is isoelectronic with argon. (a) Identify element X. (b) Write the empirical formula of
the ionic compound formed between X?* and nitride, N3~. (c) Would you expect the lattice
energy magnitude of this compound to be greater or less than that of NaCl? Explain.

Loi giai chi tiét

(a) Argon has 18 electrons. X2?* has 18 electrons, so neutral X has 18 + 2 = 20 electrons,
meaning Z = 20: X is calcium (Ca).

(b) Criss-cross: Ca gets subscript 3, N gets subscript 2: CazN,. Check: 3(+2) +2(—3) = 0. v
(c) Greater. NaCl has charge product |Q,Q,| = 1(1) = 1, while CagN,’s ions have charge
product |Q,Q,| = 2(3) = 6. Even though Ca?* and N3~ are somewhat larger than Na* and

Cl—, the six-fold larger charge product dominates the Coulombic ratio |Q,Q5|/(r, + r_), so
CazN, has a substantially larger lattice energy magnitude than NaCl.
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Molecular and lonic Compound Structure
and Properties

Muc tiéu Unit: Sau khi hoc xong Unit nay, hoc sinh c6 thé: (1) phan loai lién két ion, cdng hoa tri, kim
loai dua trén hiéu dd am dién AEN; (2) doc va giai thich dudng cong thé nang theo khoang cach lién hat
nhan, lién hé bac lién két véi do dai va nang luong lién két; (3) mé ta ciu trac tinh thé ion, sé phdi tri,
va du doan xu huéng nang luong mang tinh thé theo dién tich va ban kinh ion; (4) giai thich mé hinh
bién electron ctia kim loai va tinh chat dan dién, déo, dat mong; phan biét hop kim thay thé va hop kim
xen ké; (5) vé cong thirc Lewis day du, ké ca cac trudng hop ngoai [é quy tac bat tir (m& rong, thiéu,
electron 18); (6) tinh dién tich hinh thirc d€ chon cau tric cdng hudng tot nhat va xac dinh bac lién két
trung binh; (7) 4p dung thuyét VSEPR dé xac dinh hinh hoc electron, hinh hoc phan tl, lai hoa orbital,
va du doan dé phan cuc phan tir tir hinh hoc va mé-men ludng cuc lién két.

2.1 Types of chemical bonds

A chemical bond is the net attractive force that holds two or more atoms together in a stable ar-
rangement lower in potential energy than the separated atoms. All chemical bonding arises from the
same underlying electrostatics — attraction between nuclei and shared or transferred electrons —
but three limiting models are useful for classifying observed behavior: ionic, covalent, and metallic
bonding.

Three bonding models

¢ lonic bonding: electrons are transferred (not shared) from a low-electronegativity atom
(typically a metal) to a high-electronegativity atom (typically a nonmetal), producing a cation
and an anion that attract each other electrostatically. The result is an extended three-
dimensional lattice of alternating ions, not discrete molecules.

e Covalentbonding: electrons are shared between two atoms, typically both nonmetals, with
the shared electron density concentrated in the region between the two nuclei. Covalent
bonding produces discrete molecules (or, in network solids such as diamond and SiO,, an
extended covalent lattice).

e Metallic bonding: valence electrons are delocalized over an entire lattice of metal cations,
forming a shared “sea” of mobile electrons that binds the lattice together (Section 2.4).

- GIAI THICH TIENG VIET
Ba m6 hinh lién két — ion, cong hoa tri, kim loai — thuc chat déu la luc hat tinh dién gilra
hat nhan va electron, chi khac nhau & viéc electron duoc chuyén han (ion: kim loai nhudng
electron cho phi kim), dung chung gilra hai nguyén tir cu thé (cong hoa tri), hay dung chung
cho ca mang tinh thé (kim loai: electron “boi tu do” quanh cac cation kim loai).
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2.1.1 The electronegativity-difference continuum

Real bonds rarely fit a pure ionic or pure covalent extreme; instead, bond character forms a contin-
uum governed by the electronegativity difference, AEN = |EN , — EN|, between the two bonded
atoms (Pauling scale). A large AEN means one atom pulls the shared electron density strongly to-
ward itself, approaching complete electron transfer (ionic); a small or zero AEN means the electron
density is shared roughly evenly (covalent).

Approx. AEN  Bond classification Example

0 Nonpolar covalent (pure covalent) Cl — CI (AEN = 0)
Oto~ 04 Nonpolar covalent (essentially) C —H(AEN &~ 0.35)
~ (0.4to~ 1.7 Polar covalent H — CI (AEN =~ 0.96)
=>1.7 lonic Na — Cl (AEN ~ 2.23)

Classifying bond type from electronegativity difference

Using Pauling electronegativities (EN: H = 2.20, C = 2.55, N = 3.04, O = 3.44, F = 3.98,
Na = 0.93, Cl = 3.16, Ca = 1.00), classify the bonds in (a) CaO, (b) N,, (c) HF, (d) CO.

(@) CaO: AEN = |3.44 — 1.00| = 2.44 — large, ionic.

(b) N,: AEN = 0 (identical atoms) — nonpolar covalent.

(c) HF: AEN = |3.98 — 2.20| = 1.78 — right at the ionic/polar-covalent border; HF is conven-
tionally treated as a highly polar covalent molecule (it forms discrete molecules, not an ionic
lattice, and is a molecular gas/liquid, not a high-melting solid).

(d) CO: AEN = |3.44 — 2.55] = 0.89 — polar covalent.

GIAI THICH TIENG VIET
AEN chi la wéc lugng xu hudng, khong phai ranh gidi tuyét déi. Quy tac thuc dung: AEN nho
(dudi ~ 0.4) — cong hoa tri khong phan cuc; AEN trung binh (0.4-1.7) — céng hoa tri phan
cuc (electron léch vé nguyén t&r am dién hon nhung van dung chung); AEN I6n (trén ~ 1.7) —
ion (electron coi nhu chuyén han). Trugng hop bién nhu HF can xét thém tinh chat vat ly thuc
té€ (nhiét do soi, cd tao mang tinh thé ion hay khéng) ch& khéng chi dua vao con s6 AEN.

2.1.2 Polar vs. nonpolar covalent bonds

Within a single covalent bond, unequal sharing of electron density creates a bond dipole: the more
electronegative atom carries a partial negative charge ¢, and the less electronegative atom carries
a partial positive charge 6. A bond is nonpolar covalent when AEN =~ 0 (identical or near-identical
atoms, e.g. H — H, CI— Cl, C — C) and polar covalent when AEN is moderate and nonzero. The
direction of a bond dipole is conventionally drawn as an arrow pointing from §* toward 6, crossed at
the tail. Note that a molecule with polar bonds is not necessarily a polar molecule overall — molecular
polarity also depends on geometry (Section 2.7).

(1) L6i thwong gap: Students often equate “polar bond” with “polar molecule” A molecule can
contain highly polar bonds yet be nonpolar overall if the bond dipoles are arranged symmet-
rically and cancel by vector addition (e.g. CO,, CCl,, BF3). Bond polarity is a property of one
bond; molecular polarity requires summing all bond dipole vectors according to the molecular
geometry.

2.2 Intramolecular force and potential energy
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2.2.1 The bond-formation potential energy curve

When two isolated atoms are infinitely far apart, they exert no force on each other and the system’s
potential energy is defined as zero. As the atoms approach, two competing effects appear: (1) at-
traction between each nucleus and the other atom’s electrons (and, in a covalent bond, the buildup
of shared electron density between the nuclei) lowers the potential energy; (2) at very short range,
nucleus-nucleus repulsion and electron-electron repulsion sharply raise the potential energy. The
balance of these two effects produces a potential-energy curve with a single minimum.

Potential energy FE

repulsion dominates

E —0asr— oo

Internuclear distance r

Potential energy vs. internuclear distance for bond formation. The curve minimum defines the bond length r
(equilibrium internuclear distance) and the well depth D, defines the bond energy (energy required to separate the
bonded atoms back to » — o).

Reading the curve

e At large r (far right), £ — 0: no interaction, atoms behave as if independent.

e Asrdecreases, I drops (attraction dominates) until it reaches a minimum — this is the most
stable arrangement, the point of maximum net attraction before repulsion takes over.

¢ The internuclear distance at the minimum is the bond length (r).

e The depth of the well, measured from E = 0 down to the minimum, is the bond energy
(also called bond dissociation energy) — the energy that must be added to break the bond
and separate the atoms to r = .

e At r smaller than r, (left of the minimum), E rises steeply: nuclear and electron-cloud re-
pulsion dominate at very short range, so the atoms strongly resist further approach.

GIAI THICH TIENG VIET
Duong cong thé nang theo khodng cach lién hat nhan mé ta qua trinh hai nguyén tir tién lai
gan nhau: khi con xa, thé nang gan 0 (khéng tuong tac); khi tién gan, luc hat chiém wu thé, thé
nang gidm dan t&i diém cyc tiéu — dé chinh la do dai lién két r, (khoang cach bén nhat); do
sau clha “hé thé nang” do tir 0 xuéng day chinh |3 ning lugng lién két (nang lwong can dé phé
v& lién két). Néu ép hai nguyén tir lai gan hon r, lyc day gitra hai hat nhan va gilra cac dam
may electron sé ap dao, khién thé nang tang vot.

2.2.2 Bond order, bond length, and bond energy

Bond order is the number of shared electron pairs between two bonded atoms: 1 for a single bond,
2 for a double bond, 3 for a triple bond (and non-integer values are possible in resonance systems,
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Section 2.6). Increasing bond order packs more electron density between the same two nuclei,
pulling them into closer, more strongly held contact.

Higher bond order = shorter bond length = higher bond energy (stronger bond). This trend
holds when comparing bonds between the same pair of elements (e.g. C-C vs. C=C vs. C=C),
not necessarily across different element pairs.

Bond Bondorder Bond length (pm) Bond energy (kJ/mol)

c-C 1 154 347
C=C 2 134 614
c=C 3 120 839
Cc-0 1 143 358
C=0 2 123 799
N—N 1 145 163
N=N 2 125 418
N=N 3 110 945

Ranking bond length and energy from bond order

Without consulting a data table, rank the N — O bonds in NO* (bond order 3), NO (bond or-
der 2.5), and NO; (bond order 1.5, averaged over two resonance structures) from shortest to
longest and from strongest to weakest.

Higher bond order means more shared electron density holding the nuclei together, hence a
shorter, stronger bond. Ranking bond order: NO* (3) > NO (2.5) > NO; (1.5).

Shortest to longest bond: NO* < NO < NO3.

Strongest to weakest bond: NO* > NO > NO; (same order, since shorter bonds with higher
bond order are also stronger).

GIAI THICH TIENG VIET

ac lién két cang cao (don — déi — ba) nghia la cang nhiéu cap electron dung chung kéo hai
hat nhan lai gan nhau hon va gitr chat hon. Vi vay: bac lién két tang = do dai lién két gidm
= nang luvgng lién két tang. Quy tic nay ap dung khi so sanh ciing mét cip nguyén té (vi du
C-C, C=C, C=C(), khong nhat thiét ding khi so sanh cac cdp nguyén t6 khac nhau.

2.3 Structure of ionic solids

An ionic compound does not exist as discrete molecules; instead, cations and anions pack together
in a repeating three-dimensional crystal lattice that maximizes electrostatic attraction between op-
positely charged ions while minimizing repulsion between like-charged ions. Each ion is surrounded
by a fixed number of oppositely charged nearest neighbors, called its coordination number, which
depends on the relative sizes of the cation and anion.

@ e @ o .ction

e anion

Schematic 2-D slice of an ionic lattice (e.g. NaCl-type): cations and anions alternate on a regular grid so that every ion’s
nearest neighbors carry the opposite charge, maximizing net Coulombic attraction throughout the crystal.
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l Coordination number

The coordination number of an ion is the number of oppositely charged nearest-neighbor ions
immediately surrounding it in the lattice. Itis set primarily by the radius ratio of cation to anion:
when the cation and anion are similar in size, more anions can pack around each cation before
they touch each other, giving a higher coordination number.

¢ In the NaCl-type (rock-salt) lattice, each Na™ is surrounded by 6 Cl~ ions and each CI~ by 6
Na™ ions — coordination number 6:6 (octahedral arrangement).

¢ Inthe CsCl-type lattice, the larger Cs™ cation permits 8 nearest-neighbor Cl~ ions around it
(and vice versa) — coordination number 8:8 (cubic arrangement), because the larger cation-
to-anion radius ratio in CsCl allows more anions to fit around each cation without the anions
crowding each other.

The three-dimensional lattice (of which the 2-D grid above is one slice) repeats this local co-
ordination environment throughout the entire crystal, which is why ionic solids are best de-
scribed by a lattice formula unit ratio rather than a discrete molecule.

GIAI THICH TIENG VIET
0 phai tri (coordination number) 1a sé ion trai dau bao quanh gan nhat mot ion trong mang
tinh thé, phu thudc chu yéu vao ti Ié ban kinh cation/anion. Cation va anion kich thuéc gan
bang nhau cho phép nhiéu anion x&p quanh cation hon truéc khi cac anion cham nhau. Mang
NaCl c6 s6 phéi tri 6:6 (mdi ion c6 6 ion trai ddu bao quanh); mang CsCl, do Cs* I16n hon nhiéu,
c6 s6 phai tri 8:8.

2.3.1 Lattice energy

Lattice energy (A H\ ., Or U) is the energy released when gaseous cations and anions come to-
gether to form one mole of a solid ionic lattice (by convention, often reported as the energy re-
quired to do the reverse — separate the solid into gaseous ions — making it a large positive num-
ber; either sign convention describes the same underlying stability). Lattice energy is well modeled
by Coulomb’s law, since the dominant interaction is simple electrostatic attraction between point

charges:
oo @0
T

where @, Q, are the magnitudes of the ionic charges and r is the distance between ion centers (sum
of ionic radii).

Lattice energy trends

e Charge dominates: lattice energy increases sharply as ionic charge magnitude increases,
because Coulomb’s law depends on the product QQ, Q.. Doubling either ion’s charge roughly
doubles the lattice energy; a 2 + /2— pair (e.g. MgO) has vastly higher lattice energy than a
1+ /1— pair (e.g. NaCl) even at similar ionic radii.

¢ Radius matters inversely: lattice energy increases as the sum of ionic radii » decreases (ions
pack closer, so the 1/r term grows). Smaller ions of the same charge give higher lattice
energy.

e Charge effects are typically far larger in magnitude than radius effects, so charge is the
dominant factor when ranking lattice energies of compounds with different charge combi-
nations.
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GIAI THICH TIENG VIET

Nang lugng mang tinh thé tuan theo dinh luadt Coulomb: E o % Hai quy tac can nhé: (1)

dién tich ion cang I&n thi nang lvgng mang cang cao — vi day Iéq'l'ch Q, x Q4, anh hudng rat
manh (so sanh MgO (2 + /2—) v&i NaCl (1 + /1—) thay ngay chénh Iéch I6n); (2) ban kinh ion
cang nhé (ion ap sat nhau hon) thi nang lvgng mang cang cao. Khi so sanh nhiéu hgp chat, uu
tién xét dién tich trudc vi dnh hudng cua dién tich thuong 16n hon nhiéu so vai ban kinh.

Ranking lattice energies

Rank NaF, MgO, NaCl, and CaO in order of increasing lattice energy.

Step 1 — identify charges. NaF and NaCl are 1 + /1— pairs; MgO and CaO are 2 + /2— pairs.
Since @, Q), dominates, both 2 + /2— compounds will have substantially higher lattice energy
than either 1 + /1— compound.

Step 2 — rank within each charge group by radius. Between NaF and NaCl: F~ (radius ~ 133
pm) is smaller than CI~ (radius ~ 181 pm), so r is smaller in NaF, giving NaF the higher lattice
energy of the two. Between MgO and CaO: Mg?* (radius ~ 72 pm) is smaller than Ca?* (radius
~ 100 pm), so MgO has the smaller r and higher lattice energy.

Step 3 — combine. Increasing lattice energy: NaCl < NaF < CaO < MgO.

2.3.2 Melting point trends in ionic solids

Because ionic bonding is strong and non-directional throughout the lattice, ionic solids generally
have high melting points, and melting point trends parallel lattice-energy trends: compounds with
higher lattice energy require more thermal energy to disrupt the lattice and require a higher temper-
ature to melt. MgO (lattice energy very high due to 2 + /2— charges and small ionic radii) melts at
2852°C, whereas NaCl (1 + /1—) melts at only 801°C.

Ranking melting points

Based on lattice energy reasoning, which compound should have the higher melting point: KBr
or Al,O3?

(A) KBr, because K* is a larger cation (C) They are equal, since both are ionic solids

(B) Al,O5, because it involves 3 + /2—
charges, giving a much larger Q,Q, prod- (D) KBr, because Br is a larger anion so the
uct than the 1 + /1— pair in KBr lattice is denser

Lai giai chi tiét

(B). KBris a 1 + /1— ionic compound; Al,O5 contains AI** and O?~ ions, s0 Q,Q, =3 x2 =6
compared to Q;Q, = 1 x 1 = 1 for KBr. Since lattice energy x @, Q,/r and the charge term
dominates over the modest radius differences here, Al,O5 has a far higher lattice energy and
correspondingly a much higher melting point (Al,O; melts near 2072°C; KBr melts near 734°C).

2.4 Structure of metals and alloys

2.4.1 The electron-sea model

In a metallic solid, each metal atom’s valence electrons are not localized to a single bond or a sin-
gle atom; instead they are delocalized over the entire lattice, forming a mobile “sea” of electrons
that flows freely among a fixed lattice of positively charged metal cations (metal nuclei plus core
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electrons). The metallic bond is the electrostatic attraction between the stationary cations and this
shared, mobile electron sea.

Electron-sea model: fixed metal cations (navy, labeled +) occupy lattice sites; delocalized valence electrons (pink dots)
move freely throughout the entire structure, binding the lattice non-directionally.

Metallic properties explained by the electron sea

o Electrical conductivity: the delocalized electrons are free to drift in response to an applied
electric field, carrying current with little resistance — this works in the solid and molten
state, since the mobile electrons do not depend on a rigid crystal shape.

e Thermal conductivity: the same mobile electrons rapidly transport kinetic energy (heat)
throughout the lattice by colliding and transferring energy.

e Malleability and ductility: because the electron sea is non-directional (unlike a covalent
or ionic bond tied to a specific pair/arrangement of ions), layers of metal cations can slide
past one another under stress without breaking any specific, oriented bond — the mobile
sea simply re-forms around the cations in their new positions. This is why metals can be
hammered into sheets (malleable) or drawn into wires (ductile) rather than shattering, unlike
ionic solids (see pitfall below).

o Metallic luster: the mobile electrons readily absorb and re-emit photons across a broad
range of visible wavelengths, giving metals their characteristic shine.

- GIAI THICH TIENG VIET
M® hinh “bién electron” hinh dung kim loai la mang cac cation (ion duwong) cé dinh, “ngdm” trong
mot “bién” electron hoa tri di chuyén tu do khap toan bo khéi kim loai. Vi electron khéng dinh
c6 dinh vao mot lién két cu thé, cac |6p cation c6 thé truot 1én nhau ma bién electron van bao
quanh va gilr chung lai — day la ly do kim loai déo (kéo thanh day) va dat mong (dap thanh 13)
duoc, khac han tinh thé ion sé v& vun khi bij 1éch 16p (vi 16p ion cung dau ap sat nhau sé day
nhau manh).

(1) L6i thwong gap: Do not confuse the malleability of metals with the brittleness of ionic solids.
In anionic lattice, shifting one layer relative to another brings like-charged ions into direct con-
tact, causing strong repulsion that shatters the crystal. In a metal, the nondirectional electron
sea re-accommodates any new cation arrangement, so metals deform smoothly instead of
fracturing.

2.4.2 Alloys: substitutional and interstitial

An alloy is a mixture (solid solution) of a metal with one or more other elements, engineered to
modify the properties of the pure metal.
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Two alloy types

e Substitutional alloy: solute atoms of similar atomic radius to the host metal replace host
atoms at regular lattice sites. Example: brass (Cu with Zn substituted into the copper lattice;
Cu radius &~ 128 pm, Zn radius ~ 134 pm — comparable sizes allow substitution).

¢ Interstitial alloy: small solute atoms fit into the gaps (interstices) between the larger host
metal atoms, without replacing them. Example: steel (Fe lattice with small C atoms occu-
pying interstitial sites; C radius ~ 77 pm is much smaller than Fe radius ~ 126 pm).

Both alloy types typically make the pure metal harder and less malleable than the pure element,
because the intruding atoms (substitutional or interstitial) disrupt the uniform, orderly layers
of the pure metal lattice, making it harder for planes of atoms to slide past one another. Steel
(Fe + interstitial C) is markedly harder and stronger than pure iron; brass (Cu + substitutional
Zn) is harder than pure copper.

Predicting alloy type from atomic radii

Sterling silver is an alloy of silver (Ag, atomic radius ~ 144 pm) with a small amount of copper
(Cu, atomic radius ~ 128 pm). Predict whether this is a substitutional or interstitial alloy, and
predict how its hardness compares to pure silver.

The atomic radii of Ag (144 pm) and Cu (128 pm) are reasonably comparable in size (within about
10-15%), so Cu atoms can replace Ag atoms at regular lattice sites — this is a substitutional
alloy. Because the Cu atoms are a different size than Ag and disrupt the uniform stacking of
the pure silver lattice, sterling silver is harder and more durable than pure silver, which is why
silver used in jewelry and tableware is usually alloyed rather than pure (99.9% “fine” silver is
very soft).

. GIAI THICH TIENG VIET

Hop kim thay thé (substitutional): nguyén tir la c6 kich thudc gan bang nguyén tir kim loai
chu nén thay thé truc ti€p vao vi tri nat mang (vi du: déng thau brass = Cu thay bang Zn, kich
thudc hai nguyén tlr gan bang nhau). Hop kim xen ké (interstitial): nguyén ti la rat nhé nén
chui vao khe hé gilra cac nguyén tr kim loai ch ma khong thay thé (vi du: thép = Fe véGi C
nhd xen vao khe). Ca hai loai déu lam mang tinh thé kém déu dan hon, khién cac I6p nguyén
tlr khé truot 1én nhau — hop kim thudng cirng hon kim loai nguyén chat.

2.5 Lewis diagrams

A Lewis structure (Lewis dot diagram) represents the bonding and lone-pair electrons in a molecule or
polyatomic ion, showing every valence electron as either a bonding pair (a line, or two dots, between
two atom symbols) or a lone pair (two dots on one atom).

Systematic method for drawing Lewis structures

1. Count total valence electrons: sum the group-number valence electrons of every atom in
the formula. For a polyatomic anion, add one electron per unit of negative charge; for a
polyatomic cation, subtract one electron per unit of positive charge.

2. Choose a skeleton structure: the least electronegative atom (other than H, which is always
terminal) is usually the central atom, since it can form the most bonds; more electronegative
atoms surround it as terminal atoms. Connect each terminal atom to the central atom with
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a single bond (using 2 electrons per bond).

3. Distribute remaining electrons as lone pairs, starting with the terminal (outer) atoms, giving
each an octet (8 electrons total, bonding + lone pair), then placing any leftover electrons on
the central atom.

4. Check the central atom’s octet. If the central atom has fewer than 8 electrons, convert one
or more terminal-atom lone pairs into additional bonding pairs (double or triple bonds) with
the central atom until it, too, has an octet (subject to the recognized exceptions below).

5. Verify: total electrons shown (bonding pairs x2 + lone pairs x2) must equal the count from
step 1.

. GIAI THICH TIENG VIET

Quy trinh vé céng thic Lewis: (1) dém téng electron hoa tri (cdng s6 nhédm cla mbi nguyén
tlr; ion am thi cong thém electron theo dién tich, ion duong thi trir bét); (2) chon nguyén tir
trung tdm — thuong la nguyén tlir kém am dién nhat (trir H luén & ngoai); (3) ndi cadc nguyén tir
ngoai v&i trung tam bang lién két don; (4) phan bé electron con lai lam c3p electron riéng, uu
tién cho nguyén tlr ngoai du bat tir trwdc, du thi ddt vao trung tam; (5) néu nguyén tur trung
tam chua du 8 electron, chuyén c3p riéng clia nguyén tlir ngoai thanh lién két déi/ba vdi trung
tam.

Lewis structure of a simple molecule: CO,

Draw the Lewis structure of carbon dioxide, CO,.

Step 1: Valence electrons = 4(C) + 2 x 6(0) =4 + 12 = 16.

Step 2: Cis less electronegative than O, so C is central: O — C — O skeleton uses 2 bonds = 4
electrons, leaving 12.

Step 3: Give each O three lone pairs (6 electrons each, 12 total) — all 16 electrons used, but
count electrons on C: C has only 4 bonding electrons (from the two single bonds), an incomplete
octet.

Step 4: Convert one lone pair from each O into a second bond to C: each C-O single bond
becomes a C=0 double bond. Now C has 4 bonding pairs = 8 electrons (octet, satisfied by two
double bonds), and each O has 2 lone pairs + one double bond = 4 + 4 = 8 electrons (octet).
Result: O = C = O, linear skeleton, each O bearing two lone pairs, C with no lone pairs. Total
electrons: 2 double bonds (8 e™) + 4 lone pairson O (8e™) =16e~ V.

2.5.1 The octet rule and its exceptions

The octet rule states that main-group atoms tend to gain, lose, or share electrons to achieve 8 va-
lence electrons (a noble-gas configuration), which is a particularly stable arrangement. Most Lewis
structures for period-2 nonmetals (C, N, O, F) obey the octet rule strictly, but three recognized cat-
egories of exceptions occur.

Octet rule exceptions

e Expanded octet: central atoms from period 3 or below (accessible d orbitals or simply large
enough atomic/ionic radius) can accommodate more than 8 electrons. Examples: SF4 (S
has 12 electrons, 6 bonding pairs, no lone pairs), PCl5 (P has 10 electrons, 5 bonding pairs).
Expanded octets are never seen for period-2 elements (C, N, O, F) — they lack the orbital
capacity/size for more than 8 electrons around them.
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¢ Incomplete octet: some central atoms are stable with fewer than 8 electrons, most com-
monly Be (group 2, often only 4 electrons, e.g. BeCl, with 2 bonding pairs and no lone pairs)
and B (group 13, often only 6 electrons, e.g. BF; with 3 bonding pairs and no lone pairs on
B).

e Odd-electron species (free radicals): molecules with an odd total number of valence elec-
trons cannot possibly pair every electron into a lone pair or bonding pair — one electron is
necessarily unpaired. Examples: NO (5+6 = 11 valence electrons, odd), NO, (54+2x 6 = 17
valence electrons, odd).

GIAI THICH TIENG VIET

Quy tac bat tur (octet) 1a xu huéng chung nhu’ng c6 ba nhém ngoai lé can nhd: (1) bat tir mé
réng — nguyén tr trung tdm chu ky 3 trd xudng (nhu' S, P, Cl, Xe) cé thé chira nhiéu hon 8
electron, vi du SF, (12 electron quanh S), PCl; (10 electron quanh P); ngoai Ié nay khéng bao
gi® xay ra véi nguyén té chu ky 2 (C, N, O, F); (2) thiéu bat tlir — Be va B thuong bén véi it hon
8 electron, vi du BeCl, (4 electron), BF; (6 electron); (3) electron 1é (g6c¢ tw do) — phan tir c6
téng s6 electron hoa trj lé (nhu NO, NO,) chac chin c6 mét electron khéng thé ghép cap.

Expanded octet: SF

Draw the Lewis structure of sulfur hexafluoride, SF,, and identify why it requires an expanded
octet.

Valence electrons = 6(S) + 6 x 7(F) = 6 4+ 42 = 48. Six S-F single bonds use 12 electrons,
leaving 36 electrons (= 18 lone pairs) for the six F atoms — exactly 3 lone pairs (an octet,
6 +2 = 8) on each F. Total on S: 6 bonding pairs = 12 electrons around the central S atom — an
expanded octet, possible because S is a period-3 element with sufficient orbital capacity (and
larger atomic radius) to accommodate 6 bonding domains, unlike a period-2 element such as
OorN.

Incomplete octet: BF;

Draw the Lewis structure of boron trifluoride, BF;.

Valence electrons = 3(B) + 3 x 7(F) = 3 + 21 = 24. Three B-F single bonds use 6 electrons,
leaving 18 electrons (9 lone pairs) distributed as 3 lone pairs on each F (each F: 6 + 2 = 8§,
octet satisfied). Boron ends up with only 3 bonding pairs = 6 electrons — an incomplete octet.
Although a resonance structure with one B=F double bond could technically give B a full octet,
formal-charge analysis (Section 2.6) shows this is not favored: it would place a negative formal
charge on B and a positive formal charge on the highly electronegative F, which is chemically
unreasonable. BF; is best represented with an incomplete octet on B.

Odd-electron species: NO

Draw a reasonable Lewis structure for nitric oxide, NO.

Valence electrons = 5(N)+6(O) = 11, an odd number. Placing a N=O double bond (4 bonding
electrons) leaves 7 electrons to distribute: give O two lone pairs (4 electrons, total on O =
4+ 4 = 8, octet) and N one lone pair plus one unpaired (single) electron (2 + 1 = 3 nonbonding
electrons on N, total on N = 443 = 7, one short of an octet). The unpaired electron makes NO
a stable free radical — it cannot satisfy the octet rule on both atoms simultaneously because
11 is odd and cannot be split into whole pairs.
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2.6 Resonance and formal charge

2.6.1 Formal charge

When more than one Lewis structure can be drawn for the same skeleton (same atom connectiv-
ity), formal charge (FC) is used to evaluate which structure is the most reasonable (lowest-energy)
representation. Formal charge is the hypothetical charge an atom would carry if every bonding pair
were split equally between the two bonded atoms (i.e. ignoring real electronegativity differences):

1

FC = (valence electrons of free atom) — (nonbonding electrons) 5 (bonding electrons).

Rules for choosing the best Lewis structure using formal charge

1. The sum of all formal charges in a structure must equal the overall charge on the species
(neutral molecule: sum = 0; ion: sum = the ion’s charge).

2. The best structure minimizes the magnitude of formal charges on all atoms (formal charges
as close to zero as possible).

3. When formal charges cannot all be zero, negative formal charge should reside on the more
electronegative atom (consistent with that atom’s greater electron-attracting ability).

4. Structures with large formal charges (e.g. +2 or more) on adjacent atoms, or with like
charges on adjacent atoms, are disfavored.

. GIAI THICH TIENG VIET

Dién tich hinh thirc (formal charge) |a dién tich gia dinh néu ta chia déu mbi cip electron lién
két cho hai nguyén tir (bé qua dé am dién thuc té€), dung dé so sanh va chon cong thirc Lewis
hop ly nhat khi c6 nhiéu cach vé. Cong thirc: FC = (electron hoa tri ctia nguyén tir tv do) —
(electron khong lién két) — %(electron lien két). Cau trac tot nhat 13 ciu triac cé dién tich hinh
thirc gan 0 nhat, va néu budc phai cé dién tich am thi nén dat & nguyén tr am dién hon.

Formal charge calculation: NO3

Calculate the formal charge on every atom in one Lewis structure of the nitrate ion, NO3,
drawn with one N=O double bond and two N-O single bonds (one O carrying the negative
charge as a single-bonded, three-lone-pair oxygen).

Total valence electrons: 5(N) + 3 x 6(O) + 1(extra for charge) =5+ 18 + 1 = 24.

Skeleton: N central, bonded to three O atoms: one N=O double bond, two N-O single bonds.
Double-bonded O gets 2 lone pairs; each single-bonded O gets 3 lone pairs. Electron count
check: 1 double bond (4 e~) +2 single bonds (4 e~) +2 lone pairs on double-bonded O (4 ™)
+2 x 3 lone pairs on single-bonded O’s (12 e ) =4+ 4+ 4+ 12 =24 V.

FC on N (4 bonding pairs total around N: forms 1 double + 2 single bonds = 4 bonding pairs, 8
bonding electrons; 0 lone pairs): FC=5—-0—1(8) =5—4 = +1.

FC on double-bonded O (2 lone pairs = 4 nonbonding e~; 1 double bond = 4 bonding e™):
FC=6-4—1(4)=6—4—2=0.

FC on each single-bonded O (3 lone pairs = 6 nonbonding e~; 1 single bond = 2 bonding e™):
FC=6-6— %(2) =6 —6—1 = —1 (each of the two single-bonded O atoms).

Check: sum of formal charges = (+1) + 0+ (—1) + (—1) = —1, matching the ion’s overall 1—
charge v.
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2.6.2 Resonance structures and the resonance hybrid

When a molecule or ion can be represented by two or more valid Lewis structures that differ only
in the placement of electrons (never in the position of atoms), these structures are called resonance
structures, connected by a double-headed resonance arrow («+). No single resonance structure is
the “real” molecule; the true structure is a resonance hybrid, an average of all contributing structures,
with bonding and electron density intermediate between them.

O=N(-0")—0" +3 O0-N(=0)—0" +» O—N(-0")=0
Three equivalent resonance structures of NOj: the double bond location shifts among the three oxygens, but each
individual structure has the same connectivity and the same formal-charge pattern (4+-1 on N, 0 on the doubly-bonded O,
—1 on each singly-bonded O).

Structure FCon N FCondouble-bond O FC on each single-bond O
Structure | (N=0,) +1 0(0,) —1,—1(0,, O3)
Structure Il (N=0,) +1 0(0,) —1,-1(0,, Oy)
Structure Il (N=0O,) +1 0(O,) —1,-1(04,0,)

All three structures are equally valid contributors (equivalent formal-charge patterns), so the true bonding is an
equal-weighted average — the resonance hybrid.

Bond order from resonance is the average bond order across all equivalent resonance struc-
total N-O bond ting double bond 2
ota onds (counting double bonds as )' For NO3: each of the

number of N-O linkages
three resonance structures has one N=O (bond order 2) and two N-O (bond order 1 each),
so the total bond order summed over the three linkages is 2 + 1 + 1 = 4 in any one struc-

ture; averaged appropriately across the three equivalent resonance forms, each N-O linkage

24+41+1 . .
has average bond order % = 1.33. Experimentally, all three N-O bonds in NO3 are

tures: bond order =

observed to have identical length (124 pm, intermediate between a typical N-O single bond
~ 140 pm and N=0O double bond ~ 120 pm), confirming the resonance hybrid model rather
than any single resonance structure.

. GIAI THICH TIENG VIET

Cong hudng (resonance) xay ra khi mét phan tir/ion cé thé vé duoc nhiéu céng thirc Lewis
hop Ié, chi khac nhau & vi tri electron (vi tri nguyén tir gilr nguyén). Khéng cé cong thirc nao
13 “that” — cau trac that 1a dang lai cdng huéng (resonance hybrid), trung binh cla tat ca cac
cong thirc. V&i NOg, ca ba lién két N-O déu dai bang nhau trén thurc té€ (124 pm, ndm gitra lién
két don va d6i), chirng minh cau trdc that la trung binh cta 3 cong thirc cong hudng, véi bac
lién két trung binh = 1.33 cho méi lién két N-O.

Bond order and formal charge in SOZ~

Draw the best Lewis structure for the sulfate ion, SOZ{, using an expanded octet on S, and
find the average S-O bond order.

Valence electrons: 6(S) + 4 x 6(O) + 2(charge) = 6 + 24 + 2 = 32.

Best structure: S is central, bonded to 4 O atoms. To minimize formal charges, place two S=0O
double bonds and two S-0 single bonds (rather than all single bonds).

FCon S (expanded octet, 6 bonding pairs = 12 bonding e, 0 lone pairs): 6—0— %(12) =6—6=
0.

FC on double-bonded O (2 lone pairs, 1 double bond): 6 — 4 — %(4) =0.
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FC on single-bonded O (3 lone pairs, 1 single bond): 6 — 6 — %(2) = —1 (two such O atoms).
Sum of formal charges: 0 + 0+ 0 + (—1) + (—1) = —2, matching the ion charge v'. (By
symmetry, resonance distributes the two double bonds equally among all four O atoms across
four equivalent resonance structures.)

Average S-0 bond order: each resonance structure has 2 double bonds (order 2) and 2 single

22)+20) _6_ ¢

bonds (order 1) among 4 S-0O linkages: 1 1

(1) L6i thuong gap: A common sign error: when computing formal charge, students forget
that only half the bonding electrons count toward each atom (bonding electrons are shared, so
each bonded atom “owns” half). Forgetting the % factor, or counting all bonding electrons as
belonging to one atom, produces formal charges that are far too large and do not sum to the
correct overall charge. Always finish by checking that the sum of all formal charges equals the
net charge of the species.

Choosing the best resonance structure by formal charge: CIO3

Compare two candidate Lewis structures for chlorate, CIO3: Structure A has all three CI-O
bonds as single bonds (with Cl bearing one lone pair). Structure B has one CI=O double bond
and two CI-0 single bonds (with Cl bearing no lone pairs, using an expanded octet). Which is
favored?

Valence electrons: 7(Cl) +3 x 6(O) +1 =7+ 18 + 1 = 26.

Structure A (all single bonds; Cl has 3 bonding pairs +1 lone pair = 8 electrons around Cl): FC
onCl=7-2—1(6) = 7—2—3 = +2. Each O (single bond, 3 lone pairs): FC = 6—6—1(2) = —1.
Sum: 42+ 3(—1) = —1 v/, but Cl carries a large 42 formal charge.

Structure B (one CI=0O double bond, two CI-O single bonds, no lone pairs on Cl, expanded
octet with 4 bonding pairs = 8 electrons around Cl): FConCl=7—0—1(8) =7 —4 = +1.
FC on double-bonded O: 6 — 4 — 1(4) = 0. FC on each single-bonded O: 6 — 6 — 1(2) = —1
(two such O). Sum: +1+0+ (—1) + (—1) = -1 V.

Conclusion: Structure B is favored — it minimizes the magnitude of formal charges (largest
magnitude +1, vs. +2 in Structure A). Chlorine, a period-3 element, can support the expanded

octet needed to lower its formal charge. (In reality resonance distributes the double-bond

.. 24141
character among all three O atoms, giving an average CI-O bond order of % = 1.33,

analogous to NO;3 )

2.7 VSEPR and bond hybridization

Valence Shell Electron Pair Repulsion (VSEPR) theory predicts molecular shape from the principle
that electron domains (regions of electron density: bonding pairs, whether single/double/triple, and
lone pairs) around a central atom arrange themselves in three-dimensional space to be as far apart
as possible, minimizing electron-electron repulsion.

2.7.1 Electron-domain geometry vs. molecular geometry

The electron-domain geometry is the arrangement of all electron domains (bonding 4+ lone pairs)
around the central atom. The molecular geometry (also called molecular shape) describes only the
positions of the atoms (bonded nuclei), ignoring lone pairs even though lone pairs still occupy space
and push bonding pairs away, compressing bond angles below the ideal electron-domain values.
Lone pairs occupy more space than bonding pairs (they are held by only one nucleus rather than
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shared between two), so each lone pair compresses adjacent bond angles slightly more than a bond-
ing pair would.

(1) L6i thuong gap: The single most common VSEPR error is reporting the electron-domain
geometry when asked for the molecular geometry (or vice versa) once lone pairs are present.
For NH; (3 bonding pairs +1 lone pair), the electron-domain geometry is tetrahedral, but the
molecular geometry — describing only the 4 atoms — is trigonal pyramidal. Always identify
how many domains are lone pairs before naming the final molecular shape.

Counting electron domains: SO,

Determine the number of electron domains around the central S atom in SO,, and its electron-
domain and molecular geometries.

Valence electrons on S (before bonding) = 6. Drawing the Lewis structure (18 total valence
electrons: 6 + 2(6) = 18), the best resonance structure places one S=O double bond and one
S-0 single bond, with one lone pair remaining on S. Counting domains around S: the double
bond counts as one electron domain (multiple bonds count once, regardless of bond order), the
single bond is a second domain, and the lone pair is a third domain — 3 electron domains total
(2 bonding +1 lone pair).

Electron-domain geometry: trigonal planar (3 domains).

Molecular geometry: with one domain being a lone pair, the 3 atoms (S and 2 O) trace out a
bent (angular) shape, bond angle slightly less than 120°C due to lone-pair compression (actual
~ 119°C).

GIAI THICH TIENG VIET

an phan biét ré hinh hoc electron (electron-domain geometry — tinh luén ca cap electron
riéng) va hinh hoc phan tir (molecular geometry — chi tinh vi tri cac nguyén tl, bo qua cap
riéng du né van chiém khéng gian va ddy cac cdp lién két lai gan nhau hon). Vi du NH; ¢6 hinh
hoc electron la t& dién (4 mién: 3 lién két N-H + 1 cap riéng), nhung hinh hoc phan tir (chi
nhin N va 3 H) 1a chép tam giac (trigonal pyramidal). L6i thudng gap nhat cla hoc sinh 13 nham
Ian hai khai niém nay.

2.7.2 VSEPR geometry reference table

Dom. L.p. Angle Electron-domain Molecular geom. Example / hyb.
geom.
2 0 180°C Linear Linear BeCl, / sp
3 0 120°C Trigonal planar Trigonal planar BF; / sp?
3 1 < 120°C Trigonal planar Bent SO, / sp?
4 0 109.5°C Tetrahedral Tetrahedral CH, / sp3
4 1 < 109.5°C  Tetrahedral Trigonal pyramidal NH; / sp®
4 2 < 109.5°C  Tetrahedral Bent H,O / sp?
5 0 120/90°C  Trig. bipyramidal Trig. bipyramidal PCl; / sp3d
5 1 ~ 120/90°C  Trig. bipyramidal Seesaw SF, / sp3d
5 2 ~ 90°C Trig. bipyramidal T-shaped CIF; / sp3d
5 3 180°C Trig. bipyramidal Linear XeF, / sp3d
6 0 90°C Octahedral Octahedral SF, / sp3d?
6 1 < 90°C Octahedral Square pyramidal BrFs / sp3d?
6 2 90°C Octahedral Square planar XeF, / sp3d?
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Why lone pairs occupy trigonal bipyramidal equatorial positions preferentially

In a trigonal bipyramidal electron-domain geometry (5 domains), lone pairs always occupy
equatorial positions rather than axial ones. Equatorial positions have only two 90°C neighbors
(the two axial positions), while axial positions have three 90°C neighbors (the three equatorial
positions). Since lone pairs are bulkier and repulsion is strongest at 90°C, placing a lone pair
equatorially minimizes the number of close, high-repulsion 90°C interactions. This is why SF,
(seesaw), CIF; (T-shaped), and XeF, (linear, both lone pairs equatorial, 180°C apart) all place
their lone pair(s) equatorially.

. GIAI THICH TIENG VIET

Trong hinh hoc luéng chép tam giac (5 mién electron), cip electron riéng ludn uu tién nam &
vi tri xich dao (equatorial) thay vi truc (axial), vi vi tri xich dao chi cé 2 hang xém & goc 90°C
(hai vi tri truc), trong khi vi tri truc cé t&i 3 hang xém & géc 90°C (ba vi tri xich dao). Cap riéng
cong kénh hon lién két nén dat & xich dao gitp giam thi€u luc day & goc hep 90°C.

2.7.3 Hybridization

Hybridization describes how an atom’s atomic orbitals mathematically combine (mix) to form a new
set of equivalent hybrid orbitals matching the number and geometry of its electron domains. The
number of hybrid orbitals always equals the number of electron domains (bonding domains + lone
pairs) around that atom.

Electron domains Hybridization Orbitals mixed

2 sp 1s+1p
3 sp? 1s+2p
4 sp3 1s+3p
5 sp3d 1s+3p+1d
6 sp3d? 1s+3p+2d

Hybridization is determined purely by electron-domain count, not molecular geometry. An
atom with 4 electron domains is sp®-hybridized whether those domains are 4 bonds (CH,), 3
bonds +1 lone pair (NH3), or 2 bonds +2 lone pairs (H,0) — all three are sp?.

2.7.4 Sigma and pi bonds

Every single covalent bond consists of exactly one sigma (o) bond, formed by the head-on, end-
to-end overlap of two orbitals (hybrid-hybrid, hybrid-s, or s-s) along the internuclear axis, giving
electron density concentrated directly between the two nuclei with cylindrical symmetry about the
bond axis. A double bond consists of one ¢ bond plus one pi (7) bond; a triple bond consists of one o
bond plus two 7 bonds. A = bond forms from the sideways overlap of unhybridized, parallel p orbitals
(one on each atom) above and below (or in front of and behind) the internuclear axis, concentrating
electron density off the bond axis in two lobes.

Single bond = 1 0. Double bond = 10 + 1 7. Triple bond = 10 + 2 7. An atom involved in a
double bond has one p orbital left unhybridized (for the = bond) and is sp? hybridized (using 3
hybrid orbitals for o bonds/lone pairs). An atom in a triple bond has two unhybridized p orbitals
(for two 7 bonds) and is sp hybridized.
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o and 7 bond count: acetylene C,H,

Ethyne (acetylene), H — C = C — H, is a linear molecule with a carbon-carbon triple bond.
Count the total number of o and 7 bonds, and state the hybridization of each carbon.

Each Cis bonded to 1 H and 1 other C via a triple bond — that is 2 electron domains per car-
bon (the triple bond counts as one domain, the C-H bond is the second), so each carbon is
sp hybridized, linear electron-domain geometry (180°C), leaving 2 unhybridized p orbitals per
carbon for 7 bonding.
Bond inventory: 2 C-H bonds (1 ¢ each = 20) + the C=C triple bond (1o + 2 7). Total: 3¢
bonds and 2 7 bonds.

2.7.5 Molecular polarity from geometry and bond dipoles

A molecule is polar if it has a net, nonzero dipole moment — the vector sum of all individual bond
dipoles does not cancel to zero. This requires both: (1) at least one polar bond (nonzero AEN), and
(2) a molecular geometry that does not allow those bond dipoles to cancel by symmetry.

Predicting polarity

1. Draw the correct Lewis structure and determine the molecular geometry (VSEPR).
2. ldentify whether each bond is polar (nonzero AEN) or nonpolar.

3. If all bonds to the central atom are identical (same terminal atom, same bond type) and ar-
ranged symmetrically (linear, trigonal planar, tetrahedral, square planar, octahedral, trigonal
bipyramidal — all with no lone pairs on the central atom and all identical terminal atoms),
the bond dipoles cancel by symmetry and the molecule is nonpolar, even though individual
bonds are polar.

4. If terminal atoms differ, or a lone pair on the central atom breaks the symmetry (as in
bent, trigonal pyramidal, seesaw, T-shaped shapes), the dipoles do not fully cancel and
the molecule is polar.

- GIAI THICH TIENG VIET

Mot phan tlir phan cuwe can dong thai hai diéu kién: (1) cé it nhat mét lién két phan cuc (AEN
# 0), va (2) hinh hoc phan tir khéng d6i xirng du dé triét tiéu hét cac véc-to mé-men ludng cuc
lién két. Néu nguyén tir trung tam khong cé cap electron riéng va tat ca nguyén tlr ngoai giong
hét nhau, sap x&p d&i x(rng (thang, tam giac phang, t&r dién, vudng phang, bat dién, ludng chép
tam giac) thi cdc mé-men ludng cuc lién két sé triét tiéu 1an nhau — phan tir khéng phan cuc
du tirng lién két déu phan cuc. Nguoc lai, néu cé cap electron riéng & trung tam (pha vo doi
x(rng) hodc cac nguyén tlr ngoai khac nhau, phan tir sé phan curec.

Full VSEPR analysis: XeF,

Determine the Lewis structure, electron-domain geometry, molecular geometry, hybridization,
and polarity of XeF,.

Valence electrons: 8(Xe)+4 x 7(F) = 8428 = 36. Xe is central, bonded to 4 F by single bonds
(8 electrons), each F gets 3 lone pairs (24 electrons, octet complete on each F); remaining elec-
trons on Xe: 36 — 8 — 24 = 4, i.e. 2 lone pairs on Xe.

Electron domains on Xe: 4 bonding +2 lone pairs = 6 domains.

Electron-domain geometry: octahedral. Hybridization: sp3d?.

Molecular geometry: with 2 lone pairs placed on opposite (trans/axial) sides to minimize re-
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pulsion, the 4 F atoms occupy the remaining 4 positions in one plane — square planar, bond
angles 90°C.

Polarity: all 4 terminal atoms are identical (F) and arranged with perfect square-planar symme-
try around Xe, so the 4 polar Xe-F bond dipoles cancel exactly by symmetry (opposite bonds
point in exactly opposite directions). XeF, is nonpolar, despite having polar individual bonds.

Full VSEPR analysis: H,0

Determine the Lewis structure, electron-domain geometry, molecular geometry, hybridization,
and polarity of H,O.

Valence electrons: 6(O)+2(1)(H) = 8. Ois central, bonded to 2 H by single bonds (4 electrons);
remaining 4 electrons form 2 lone pairs on O.

Electron domains on O: 2 bonding +2 lone pairs = 4 domains.

Electron-domain geometry: tetrahedral. Hybridization: sp3>.

Molecular geometry: bent, with bond angle compressed below the ideal 109.5°C by the two
lone pairs (actual ~ 104.5°C).

Polarity: the two O-H bond dipoles point toward O (O more electronegative) and, because
the molecule is bent (not linear), these two dipole vectors do not cancel — they add to a net
dipole pointing from the midpoint of the two H atoms toward O. H,O is polar.

Full VSEPR analysis: PCl;

Determine the electron-domain geometry, molecular geometry, hybridization, and polarity of
PCls.

Valence electrons: 5(P) +5 x 7(Cl) = 5+ 35 = 40. P is central, bonded to 5 Cl by single bonds
(10 electrons); each Cl gets 3 lone pairs (30 electrons total), using all 40 electrons; no lone pairs
remain on P.

Electron domains on P: 5 bonding, 0 lone pairs.

Electron-domain geometry = molecular geometry: trigonal bipyramidal (3 equatorial Cl at
120°C to each other, 2 axial Cl at 90°C to the equatorial plane and 180°C to each other). Hy-
bridization: sp3d.

Polarity: all 5 terminal atoms are identical Cl, and the trigonal bipyramidal arrangement is
symmetric (the three equatorial dipoles cancel among themselves by 120°C symmetry in their
plane, and the two axial dipoles point in exactly opposite directions and cancel each other).
PCl; is nonpolar.

Full VSEPR analysis: CH,ClI,

Determine the molecular geometry, hybridization, and polarity of dichloromethane, CH,Cl,.

Cis central, bonded to 2 H and 2 Cl atoms by single bonds (4 bonding domains, 0 lone pairs on
C, since C forms exactly 4 bonds to satisfy its octet with no electrons left over).
Electron-domain geometry = molecular geometry: tetrahedral. Hybridization: sp3.

Polarity: although the electron-domain and molecular geometries are the same symmetric
tetrahedron as CH, or CCl,, here the 4 terminal atoms are not all identical — 2 are H and 2 are
Cl. The C-CI bond dipoles (CI more electronegative than C) and C-H bond dipoles (C more
electronegative than H, so these point the opposite way relative to C) do not cancel, because
the molecule lacks the required symmetry (a tetrahedron with all-identical substituents is re-
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quired for cancellation). CH,Cl, is polar, even though its shape is "just” tetrahedral.

(1) L6i thuwong gap: Do not assume that any molecule with a symmetric-sounding geometry
name (tetrahedral, trigonal planar, etc.) is automatically nonpolar. Symmetry cancellation of
bond dipoles requires identical terminal atoms/groups arranged symmetrically around a central
atom with no lone pairs breaking the symmetry. CH,Cl, and CHCIl; are both tetrahedral yet
polar, because their terminal atoms are not all the same.

2.8 Comparing types of solids

The four broad categories of solids — ionic, molecular, covalent-network (atomic), and metallic —
differ dramatically in physical properties because of the different nature of the particles and forces
holding them together.

Solid type Particles Forces Melting pt. Example (m.p.)
lonic Cations, an- Electrostatic High NaCl (801°C)

jons (Coulombic)
Molecular Molecules IMFs (LDF, dipole, H-  Low H,O (0°C), I, (114°C)

bond)

Covalent- Atoms Covalent bonds Very high Si0,  (1713°C), diamond
network throughout (3550°C)
Metallic Cations + e~ Metallic bonding Varies Fe (1538°C), Hg (—39°C)

sea (mod.-

high)

GIAI THICH TIENG VIET
Bén loai tinh thé ran co tinh chat rat khac nhau vi ban chat hat va luc lién két khac nhau: tinh
thé ion (luc Coulomb gilra cac ion, nhiét dé ndng chay cao); tinh thé phan tir (chi cé luc lién
phan tlr yéu nhu LDF, luéng cuc, lién két hydro gilr cac phan tir lai, nén nhiét dé néng chay
thap); tinh thé céng hoa tri mang ludi (toan bo tinh thé 13 mét mang lién két cdng hoa tri lién
tuc, vi du kim cuong, thach anh SiO,, nhiét do6 nong chay cuc cao); tinh thé kim loai (bién
electron, nhiét d6 néng chay dao dong tuy kim loai).

2.9 Practice problems

Bai tap luyén tap

Which of the following bonds is most polar, based on Pauling electronegativities (H = 2.20,
C =255 N=23.04,0 = 3.44, F = 3.98, Cl = 3.16)?

(A) C—H (C) O—H
(B) N—H (D) H-—F

AEN values: C-H = 0.35; N-H = 0.84; O-H = 1.24; H-F = 1.78. The largest AEN, and
therefore the most polar bond, is (D) H-F.
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Bai tap luyén tap

On a potential-energy vs. internuclear-distance curve for bond formation, what does the in-
ternuclear distance at the minimum of the curve represent?

(A) The bond energy (C) The ionization energy
(B) The bond length (D) The point where repulsion first appears

Lai giai chi tiét

(B). The minimum of the potential-energy curve is the most stable (lowest-energy) internu-
clear separation, defined as the bond length r,. The depth of the well (not the z-coordinate)
represents the bond energy.

Bai tap luyén tap

Rank the following in order of increasing bond length: C=C,C—-C,C=C.

Loi giai chi tiet

Higher bond order means shorter bond length (more shared electron density pulls the nuclei
closer). Bond order: triple (3) > double (2) > single (1). Increasing bond length is therefore the
reverse: C=C<C=C<C-C

Bai tap luyén tap

Which pair of ionic compounds would you expect to have the higher lattice energy, and why:
LiF or CsI?

Loi gidi chi tiét

Both are 1 4+ /1— compounds, so the charge product ;Q, = 1 is identical for both — the
comparison comes down to ionic radius. Li™ (= 76 pm) and F~ (=~ 133 pm) are both much
smaller than Cs* (=~ 167 pm) and I~ (~ 220 pm). Since lattice energy o 1/r and LiF has the

much smaller sum of ionic radii, LiF has the higher lattice energy (and correspondingly the
higher melting point: LiF melts at 845°C vs. Csl at 621°C).

Bai tap luyén tap

A metallurgist alloys pure gold (Au, radius ~ 144 pm) with a small amount of silver (Ag, radius
~ 144 pm) to make white gold-like jewelry alloys, and separately alloys iron (Fe, radius ~ 126
pm) with a small amount of carbon (C, radius ~ 77 pm) to make steel. Classify each alloy type
and explain the reasoning.

Loi giai chi tiet

Au + Ag: the atomic radii are essentially identical (144 pm each), so Ag atoms can directly
replace Au atoms at regular lattice positions — this is a substitutional alloy.

Fe + C: carbon’s atomic radius (77 pm) is far smaller than iron’s (126 pm) — too small to substitute
at a regular lattice site, but small enough to fit into the interstitial gaps between the larger Fe
atoms — this is an interstitial alloy. In both cases, the intruding atoms disrupt the uniform
stacking of the pure metal, making the alloy harder and less malleable than the pure metal.
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Bai tap luyén tap

Explain, using the electron-sea model, why metals conduct electricity in both the solid and
molten states, while ionic compounds conduct electricity only when molten or dissolved (not
as solids).

Loi gidi chi tiét

In a metal, valence electrons are delocalized over the entire lattice and are free to drift under
an applied electric field regardless of whether the cations are held in a rigid solid lattice or
free to move in a liquid — the mobile electron sea itself is what carries current, so both phases
conduct. In an ionic solid, the charge carriers would have to be the ions themselves (there
is no delocalized electron sea), but the ions are locked into fixed lattice positions and cannot
move to carry current; only when the lattice is disrupted by melting or dissolution can the ions
move freely and carry current.

Bai tap luyén tap

For the molecule OF,: (a) draw the Lewis structure, (b) state the number of valence electrons,
(c) determine electron-domain and molecular geometry, (d) determine hybridization on O, (e)
predict polarity.

, Loi giai chi tiét
(b) Valence electrons = 6(O) + 2 x 7(F) = 6 + 14 = 20.

(a) O central, bonded to 2 F by single bonds (4 electrons); each F gets 3 lone pairs (12 electrons);
remaining 4 electrons = 2 lone pairs on O. Structure: F — O — F with 2 lone pairs on O and 3
lone pairs on each F.

(c) 2 bonding +2 lone pairs on O = 4 domains: electron-domain geometry tetrahedral; molec-
ular geometry bent (angle ~ 103°C, compressed by the two lone pairs).

(d) 4 domains = sp? hybridized O.

(e) Both O-F bonds are polar (AEN = |3.98 — 3.44| = 0.54) and point toward the more elec-
tronegative F; because the molecule is bent, not linear, the two bond dipoles do not cancel.
OF, is polar.

Bai tap luyén tap

Which of the following molecules is an exception to the octet rule due to an incomplete octet
on the central atom?

(A) SF, (C) PCIs
(B) BCl, (D) co,

Lai giai chi tiét

(B). BCl;: valence electrons = 3 + 3(7) = 24; three B-Cl single bonds (6 e~) plus 3 lone pairs
on each CI (18 e™) uses all 24, leaving boron with only 3 bonding pairs (6 electrons) — an in-
complete octet, characteristic of group-13 boron. SF, and PCl; are expanded-octet examples;
CO, satisfies the octet rule normally.
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Bai tap luyén tap

Draw the Lewis structure of NO, (nitrogen dioxide) and explain why it cannot satisfy the octet
rule on nitrogen.

Lai giai chi tiét

Valence electrons = 5(N) + 2 x 6(O) = 5 + 12 = 17, an odd number. Since electrons can
only be arranged as bonding pairs or lone pairs (each contributing an even number, 2, to any
single atom’s total), an odd overall electron count makes it impossible for every atom to reach
a filled-shell (even) electron count simultaneously. A reasonable structure places one N=O
double bond and one N-O single bond, with one unpaired (lone) electron remaining on N
(giving N a total of 4 + 2 + 1 = 7 electrons around it, one short of an octet). NO, is therefore
a stable odd-electron free radical.

Bai tap luyén tap

Draw the best Lewis structure for the cyanide ion, CN—, including formal charges on both
atoms, and state the C-N bond order.

Loi gidi chi tiét
Valence electrons = 4(C) + 5(N) + 1(charge) = 10. To give both C and N an octet with only
10 electrons, a triple bond is required: : C = N :—, with one lone pair on C and one lone pair

on N.
FC on C (1 lone pair = 2 nonbonding e ; triple bond = 6 bondinge™): 4—2— %(6) =4-—-2-3=

—1.
FCon N (1 lone pair = 2 nonbonding e; triple bond = 6 bonding e™): 5—2—%(6) =5-2-3=0.
Sum: —1 + 0 = —1, matching the overall ion charge v'. This is the preferred structure since

it places the formal negative charge on carbon (less electronegative — this initially seems less
ideal, but any structure without the triple bond leaves an atom without an octet, which is
strongly disfavored; the triple-bond structure with formal charges —1 on C and 0 on N is the
accepted best Lewis structure for cyanide). C-N bond order = 3 (triple bond, no resonance
needed since only one skeleton is possible).

Bai tap luyén tap

For the ion SCN~ (thiocyanate, skeleton S-C-N), one valid resonance structure places a S=C
double bond and a C=N triple bond. Verify the total valence electron count and compute the
formal charge on every atom.

Loi gidi chi tiét
Valence electrons = 6(S) + 4(C) + 5(N) + 1(charge) = 16.
Structure: S = C = N~ would be one resonance form, but let's verify the stated form S=C,
C=N is not simultaneously possible on the same carbon (carbon can have at most 4 bonds to-
tal). The consistent resonance structure is =S — C = N (single S-C, triple C-N)or S = C = N~
(double S=C, double C=N). Using =S — C = N: S has 1 single bond +3 lone pairs (6 nonbonding
e); C has 1 single bond +1 triple bond (0 lone pairs); N has 1 triple bond +1 lone pair.
Electron count: S-C single (2) + C=N triple (6) + S lone pairs (6) + N lone pair (2) = 2+6+6+2 =
16 V.
FC on S (3 lone pairs, 1 single bond): 6 — 6 — %(2) — —1.
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FC on C (0 lone pairs, 1 single +1 triple = 4 bonding pairs, 8 bondinge™): 4 — 0 — %(8) =0.
FC on N (1 lone pair, 1 triple bond): 5 — 2 — %(6) =0.

Sum: —1 4+ 0+ 0 = —1 v/, matching the ion’s charge. This structure (negative charge on S,
the less electronegative but larger, more polarizable atom of the terminal pair) is generally
considered the major resonance contributor for thiocyanate.

Bai tap luyén tap

What is the electron-domain geometry, molecular geometry, and hybridization of the central
atom in CIF5?

(A) Trigonal bipyramidal, T-shaped, sp3d (C) Octahedral, square planar, sp3d?
(B) Tetrahedral, trigonal pyramidal, sp3 (D) Trigonal bipyramidal, seesaw, sp3d

Loi giai chi tiét

(A). Valence electrons on Cl (central) = 7 + 3(7) = 28; three CI-F single bonds (6 e~), each F
gets 3 lone pairs (18 e ), remaining 4 electrons = 2 lone pairs on Cl. Total domains on Cl: 3
bonding +2 lone pairs = 5 domains = trigonal bipyramidal electron-domain geometry, sp3d
hybridization. With 2 lone pairs occupying equatorial positions (to minimize 90°C repulsions)
and 3 F atoms in the remaining positions, the molecular shape is T-shaped.

Bai tap luyén tap

Predict the molecular polarity of CCl, and CHCl;, and explain why they differ despite both
having a tetrahedral electron-domain geometry.

Loi giai chi tiét

CCl,: Cis bonded to 4 identical Cl atoms with no lone pairs — perfectly symmetric tetrahedral
arrangement of 4 identical bond dipoles, which cancel exactly by vector symmetry. Nonpolar,
despite each individual C-Cl bond being polar.

CHCl;: Cisbonded to 3 Cland 1 H — the terminal atoms are not all identical, so the tetrahedral
symmetry required for cancellation is broken (the C-H bond dipole points opposite to the net
pull of the three C-ClI dipoles, but the magnitudes differ so they do not fully cancel). Polar.
The lesson: having the same geometry name does not guarantee the same polarity outcome
— identical terminal atoms are required for dipole cancellation.

Bai tap luyén tap

A student claims that because SF, has a trigonal bipyramidal electron-domain geometry — the
same electron-domain geometry as PCls, a nonpolar molecule — SF, must also be nonpolar.
Evaluate this claim.

Loi giai chi tiét

The claim is incorrect. PCl; has 5 bonding domains and 0 lone pairs on P, giving a molecular
geometry identical to its electron-domain geometry (trigonal bipyramidal) with perfect sym-
metry among 5 identical Cl atoms, so its bond dipoles cancel. SF,, by contrast, has 4 bonding

domains +1 lone pair on S (5 total electron domains, also trigonal bipyramidal electron-domain
geometry), but the lone pair occupies one equatorial position, leaving a seesaw molecular ge-
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ometry. The lone pair breaks the symmetry that would otherwise allow the S-F bond dipoles
to cancel, so the seesaw arrangement’s dipoles sum to a nonzero net dipole. SF, is polar,
despite sharing the same electron-domain geometry (and same central-atom hybridization,
sp3d) as the nonpolar PCls. Molecular polarity must be judged from the molecular geometry
(including lone-pair effects), not the electron-domain geometry alone.

Bai tap luyén tap

Which of the following correctly lists the number of sigma and pi bonds in a molecule of
formaldehyde, H,C = O?

(A) 20,27 (C) 40,07
(B) 30,17 (D) 30,27

|
(B). Formaldehyde has 2 C-H single bonds (1 ¢ each = 2 ¢) and 1 C=0 double bond (1 ¢ + 1 7).

Total: 30 bonds and 17 bond. Carbon is sp? hybridized (3 electron domains: 2 C-H bonds +
1 C=0 domain), with one unhybridized p orbital forming the = bond with oxygen.

Bai tap luyén tap

Rank MgCl,, MgO, and NaCl in order of decreasing melting point, and justify using lattice
energy reasoning.

Charges: MgQO is 2+ /2—; MgCl, is 2+ /1— (per ion pair, effectively Q,Q, = 2 x 1 = 2); NaCl is
1+ /1—. Since lattice energy (and thus melting point) is dominated by the charge product, MgO
(Q,Q, = 4) > MgCl, (Q,Q, = 2) > NaCl (Q,Q, = 1). Decreasing melting point: MgO (2852°C)
> MgCl, (714°C) > NaCl (801°C). (Note: MgCl,’s melting point is actually slightly lower than
NaCl's in real data because ionic radius and some covalent character in Mg-Cl bonding modify
the simple Coulombic prediction — but MgQ'’s dramatically higher @, Q. correctly predicts it
as the clear highest-melting compound of the three.)

Bai tap luyén tap

Determine the Lewis structure, molecular geometry, hybridization, and polarity of the ion NH; .

Loi giai chi tiét

Valence electrons = 5(N) +4(1)(H) — 1(charge, cation) = 5+ 4 — 1 = 8. N is central, bonded
to 4 H by single bonds (8 electrons total), using all 8 electrons — no lone pairs on N.

Electron domains: 4 bonding, 0 lone pairs = tetrahedral electron-domain and molecular ge-
ometry, bond angle 109.5°C, sp3 hybridization.

FCon N:5 -0 — %(8) = 5 — 4 = +1, matching the overall +1 charge (each H has FC
=1-0-1(2)=0)

Polarity: 4 identical H atoms symmetrically arranged around N with no lone pairs — bond
dipoles cancel by symmetry. Nonpolar (as a standalone symmetric ion; its charge, not a per-
manent dipole, is what drives its interactions).

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 53



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Bai tap luyén tap

A Lewis structure for POf’f can be drawn with all four P-O bonds as single bonds; this gives
formal charges of +1 on P and —1 on each of the four O atoms. An alternative structure places
one P=0 double bond and three P-0 single bonds (using an expanded octet on P). Compute
the formal charges for the alternative structure and state which is preferred.

Lai giai chi tiét

Valence electrons: 5(P) + 4 x 6(O) + 3(charge) =5+ 24 4 3 = 32.

All-single-bond structure: P has 4 bonding pairs +0 lone pairs: FC =5 —0 — %(8) = +1. Each
O (single bond, 3 lone pairs): FC =6 — 6 — 1(2) = —1. Sum = +1 + 4(—1) = —3 v, but this
places 5 nonzero formal charges (magnitude 1 each) spread across the ion.

Double-bond structure: P now has 4 bonding pairs total (1 double +3 single = 4 bonding
domains, & bonding electrons, 0 lone pairs — expanded to 10 electrons is not needed here since
the double bond does not add extra domains, only extra shared electrons): bonding electrons
around P = 2(2) + 3(2) = 10; FC(P) = 5 — 0 — (10) = 5 — 5 = 0. FC on the double-bonded
O (2 lone pairs, 1 double bond): 6 — 4 — %(4) = (. FC on each of the three single-bonded O (3
lone pairs, 1 single bond): 6 —6 — 1(2) = —1. Sum: 04+ 0+ 3(—1) = -3 v.

Conclusion: the double-bond structure gives P a formal charge of exactly 0 (vs. +1) and reduces
the total number of atoms bearing nonzero formal charge from 5 to 3, so by the “minimize
formal charge magnitude” rule it is the preferred structure. (As with sulfate, resonance actually
delocalizes the double-bond character equally among all four oxygens in real PO3~, giving an
average P-O bond order of 1.25.)

Bai tap luyén tap

Which molecular geometry and hybridization describes the central Be atom in gaseous BeCl,?

(A) Bent, sp? (C) Linear, sp
(B) Trigonal planar, sp? (D) Tetrahedral, sp?

Loi giai chi tiet

(C). Valence electrons = 2(Be)+2 x 7(Cl) = 16; Be forms 2 single bonds to Cl using 4 electrons,
and the remaining 12 electrons become 3 lone pairs on each Cl. Be ends up with 0 lone pairs
and 2 bonding domains — an incomplete octet (only 4 electrons around Be), 2 electron domains
= linear geometry, 180°C bond angle, sp hybridization.

Bai tap luyén tap
Determine the Lewis structure, electron-domain geometry, molecular geometry, hybridization,
and polarity of CH,.

Lo gidi chi tiét

Valence electrons = 4(C) + 4(1)(H) = 8. Cis central, bonded to 4 H by single bonds, using all
8 electrons — no lone pairs on C.

Electron domains: 4 bonding, 0 lone pairs = electron-domain geometry = molecular geometry
= tetrahedral, bond angle 109.5°C, sp> hybridization.

Polarity: 4 identical H atoms arranged symmetrically around C with no lone pairs to break

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 54



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

the symmetry — the (weakly polar, AEN = 0.35) C-H bond dipoles cancel exactly. CH, is
nonpolar.

Bai tap luyén tap

Determine the Lewis structure, electron-domain geometry, molecular geometry, hybridization,
and polarity of NH;.

Loi giai chi tiet

Valence electrons = 5(N) + 3(1)(H) = 8. N is central, bonded to 3 H by single bonds (6 elec-
trons), leaving 2 electrons as 1 lone pair on N.

Electron domains: 3 bonding +1 lone pair = 4 domains = electron-domain geometry tetra-
hedral, sp? hybridization.

Molecular geometry: with 1 domain a lone pair, the 4 atoms (N and 3 H) form a trigonal pyra-
midal shape, bond angle ~ 107°C (compressed from 109.5°C by the lone pair).

Polarity: the three N-H bond dipoles point toward the more electronegative N, and the lone
pair breaks the symmetry that would otherwise allow cancellation (unlike a hypothetical planar
NH,;, the pyramidal shape means the three dipoles combine into a net dipole along the axis
through N and the lone pair). NH; is polar.

Bai tap luyén tap

An unknown period-3 central atom X forms the neutral molecule XF, with no lone pairs on
X. What is the electron-domain geometry, molecular geometry, and hybridization of X, and
which specific real molecule does this describe?

(A) Octahedral, octahedral, sp3d?; describes (C) Octahedral, square pyramidal, sp3d?; de-

SF¢ scribes BrF;
(B) Trigonal bipyramidal, seesaw, sp3d; de- (D) Tetrahedral, tetrahedral, sp3; describes
scribes SF, CF,

Loi giai chi tiét

(A). Six bonding domains and zero lone pairs on X requires exactly 6 electron domains, giving
an octahedral electron-domain geometry (identical to molecular geometry, since there are no
lone pairs), with 90°C bond angles and sp3d? hybridization. A period-3 (or lower) central atom
forming 6 bonds to fluorine with no lone pairs is exactly the case of SF, sulfur hexafluoride.

Bai tap luyén tap

Draw the resonance structures of ozone, O5 (skeleton O-0O-0O, bent), compute the formal
charge on every atom in one resonance structure, and state the average O-0O bond order.

Loi giai chi tiét

Valence electrons: 3 x 6 = 18.

Structure: central O bonded to two terminal O atoms, one by a double bond and one by a
single bond, to satisfy octets on all three with 18 electrons: central O has 1 lone pair, double-

bonded terminal O has 2 lone pairs, single-bonded terminal O has 3 lone pairs. Electron count:
1 double bond (4) +1 single bond (2) +1 lone pair on central O (2) +2 lone pairs on double-bond
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O (4) +3 lone pairs on single-bond O (6) =4 +2+2+4+6 =18 V.

FC on central O (1 lone pair, 3 bonding pairs [1 double + 1 single] = 6 bonding e™): 6—2—%(6) =
6—2—3=+1.

FC on double-bonded terminal O (2 lone pairs, 1 double bond): 6 — 4 — %(4) =0.

FC on single-bonded terminal O (3 lone pairs, 1 single bond): 6 — 6 — %(2) =—1.

Sum: +1 40+ (—1) = 0 v/, matching the neutral molecule. A second, equivalent resonance
structure swaps which terminal O carries the double bond; the true structure is the resonance

hybrid, with both O-0 bonds of equal length, average bond order = % = 1.5.

Bai tap luyén tap

Which of the following correctly identifies the hybridization of the central atom and the molec-
ular geometry of BrFs?

(A) sp3d, seesaw (C) sp3d?, octahedral
(B) sp3d?, square pyramidal (D) sp3d, T-shaped

Loi giai chi tiét

(B). Valence electrons on Br (central) = 7+5(7) = 42; five Br-F single bonds (10 e ™), each F gets
3 lone pairs (30 e7), remaining 2 electrons = 1 lone pair on Br. Total domains on Br: 5 bonding
+1 lone pair = 6 domains = octahedral electron-domain geometry, sp3d? hybridization. With

1 lone pair occupying one of the six octahedral positions, the remaining 5 F atoms form a
square pyramidal molecular shape.

Bai tap luyén tap

Two isoelectronic-type ionic compounds, KCl and CaS, have similar ionic radii (K™ ~ 138 pm,
Ca?t ~ 100 pm, CI~ ~ 181 pm, S~ ~ 184 pm). Predict which has the higher lattice energy and
higher melting point, and justify.

Loi giai chi tiét

KClisal+ /1— pair (Q,Q4 = 1); CaSis a 2 + /2— pair (Q,Q, = 4). The sum of ionic radii is
comparable for both compounds (KCl: 138 + 181 = 319 pm; CaS: 100 + 184 = 284 pm — ac-
tually slightly smaller for CaS, reinforcing the same conclusion), so the charge term dominates
decisively. CaS has the much higher lattice energy (its Q,Q, is 4x larger, and its ionic radii
sum is if anything smaller) and correspondingly the higher melting point (CaS melts at 2525°C
vs. KCl at 770°C).

Bai tap luyén tap

A covalent-network solid such as quartz (SiO,) has a melting point of 1713°C, while the molec-
ular solid iodine (I,) melts at only 114°C, even though both are held together by bonds involving
shared electrons. Explain the enormous difference in melting point.

Loi giai chi tiet

In SiO,, every Si and O atom throughout the entire crystal is connected by strong covalent
bonds in a continuous three-dimensional network — melting requires breaking a large fraction
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of these strong covalent (Si-O) bonds throughout the lattice, which demands a very large
amount of energy. In solid |,, by contrast, the covalent bonds are only within each discrete I,
molecule (very strong, but few in number and irrelevant to melting); the molecules themselves
are held to each other in the solid only by weak London dispersion forces. Melting I, only
requires overcoming these weak intermolecular forces between molecules, not breaking any
covalent bond, so its melting point is far lower than a covalent-network solid’s.

Bai tap luyén tap

Rank the following central-atom electron-domain counts with their correct hybridization: (i) 2
domains, (ii) 5 domains, (iii) 6 domains, (iv) 3 domains.

(A) (i) sp, (i) sp3d, (iii) sp®d?, (iv) sp? (C) (i) sp?, (ii) sp>d?, (iii) sp*d, (iv) sp

(B) (i) sp?, (ii) sp?, (iii) sp°d, (iv) sp (D) (i) sp, (i) sp>d?, (iii) sp*d, (iv) sp?

Loi giai chi tiét
(A). The number of hybrid orbitals always equals the number of electron domains: 2 — sp,

3 — sp%, 4 — sp3, 5 — spid, 6 — sp3d?. Matching: (i) 2 — sp, (i) 5 — sp3d, (i) 6 — sp3d?, (iv)
3 — sp.

Bai tap luyén tap

For the molecule HCN (skeleton H-C=N, linear): (a) draw the Lewis structure and verify the
electron count, (b) state the hybridization of C, (c) count the total number of o and 7 bonds,
(d) predict polarity.

Loi gidi chi tiét
(a) Valence electrons = 1(H) 4+ 4(C) + 5(N) = 10. C is central: one C-H single bond (2 e~) and
one C=N triple bond (6 ) uses 8 electrons; the remaining 2 electrons form 1 lone pair on N.
Check: 2+6+2=10 /.
(b) C has 2 electron domains (the C-H bond and the C=N domain) = sp hybridized, linear,
180°C.
(c) C-H single bond: 1 0. C=N triple bond: 10 + 2 7. Total: 20 and 2 = bonds.
(d) The molecule is linear with two different terminal atoms (H and N) on either side of C, so
the C-H and C=N bond dipoles do not cancel (they are not identical in magnitude, and even
if the molecule is linear, the two bonds are chemically different). HCN is polar.

Bai tap luyén tap

Which pair of substances would you expect to have the most similar melting points, based on
the type of solid each forms: (I) CO, (dry ice) and SiO, (quartz); (Il) NaCl and KBr; (l1l) Fe (iron)
and Ar (solid argon)?

(A) Pair |, because both contain the same el- comparable ), @, and similar ionic radii

ements (C) Pair lll, because both are elements

(B) Pair Il, because both are ionic solids with (D) All three pairs should be similar
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(B). CO, is a molecular solid (held by weak LDF, melts/sublimes around —78°C) while SiO, is
a covalent-network solid (melts near 1713°C) — despite superficially similar formulas, these
are governed by completely different types of forces and have wildly different melting points,
ruling out Pair |. Fe is a metallic solid (melts at 1538°C) while Ar is a molecular (atomic) solid
held only by very weak LDF (melts at —189°C) — ruling out Pair Ill. NaCl and KBr are both
1 + /1— ionic solids with comparable ionic radii and identical charge products, so Coulombic

lattice energies (and melting points: NaCl 801°C, KBr 734°C) are indeed the most similar of the
three pairs.
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Intermolecular Forces and Properties

Muc tiéu Unit: Nhan dién va so sanh cac luc lién phan tir (London, ludng cuc-luéng cuc, lién két hydro,
ion-ludng cuc); phan loai chat ran va tinh chat; doc gidn dé pha; stir dung phuong trinh khi ly tuéng
PV = nRT va dinh luat Dalton; thuyét déng hoc phan tir va phan bé Maxwell-Boltzmann; dinh luat
Graham; sai léch cta khi thuc; ndng dé dung dich (molarity, % khéi luvgng, ppm, phan mol) va pha loang;
quy tac dé tan va cac phuong phap tach hén hop; quang phé dién tir, hiéu (rng quang dién, va dinh luat
Beer-Lambert.

3.1 Intermolecular forces

The physical properties of a substance in its condensed phases — melting point, boiling point, viscos-
ity, surface tension, vapor pressure — are governed not by the strong covalent or ionic bonds within
a molecule or formula unit, but by the much weaker attractive forces between particles. These are
collectively called intermolecular forces (IMFs), or more generally van der Waals forces. Because
IMFs are typically 10-100 times weaker than covalent or ionic bonds, condensed phases held to-
gether by IMFs alone (molecular solids, liquids) melt and boil at far lower temperatures than ionic or
covalent-network solids.

3.1.1 London dispersion forces

Every atom and molecule, polar or nonpolar, possesses London dispersion forces (LDF), also called
induced-dipole-induced-dipole forces. At any instant, the electron cloud surrounding a nucleus is
not perfectly symmetric; a fleeting, instantaneous dipole forms as electron density momentarily
concentrates on one side of the atom or molecule. This instantaneous dipole induces a matching
induced dipole in a neighboring particle, and the two weakly attract. Because these dipoles flicker
in and out of existence on a femtosecond timescale, LDF is a fluctuating, statistical effect — but
averaged over time it produces a real, always-attractive net force.

Khai niém cét 16i

The strength of LDF depends on how easily a particle’s electron cloud can be distorted — its
polarizability. Polarizability increases with:

o Larger electron count / molar mass: more electrons, especially loosely-held outer electrons
far from the nucleus, are easier to displace into a temporary dipole.

o Larger surface area / molecular shape: elongated, chain-like molecules can align surface-
to-surface, maximizing contact and instantaneous-dipole interaction, whereas compact,
spherical isomers of the same molar mass pack more tightly and touch over a smaller area,
giving weaker net LDF.

Consequently, LDF strength (and hence boiling point) generally rises down a family of nonpolar
substances of increasing molar mass — e.g. the halogens F, (gas) — Cl, (gas) — Br, (liquid) —
I, (solid) at room temperature, or the noble gases He through Rn.
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GIAI THICH TIENG VIET
Luc phan tan London (LDF) tén tai & moi phan tl, k& ca phan tlr khéng phan cuwc, vi tai mét
thoi diém bat ky dam may electron co thé Iéch tam thdi sang mot phia, tao ra lwéng cuc tirc
thoi, tir dé cam rng ludng cuc & phan tir bén canh. LDF cang manh khi phan t&r cang nhiéu
electron (khéi lugng mol 16n) va cé dién tich bé mit tiép xuc 16n (phan tir dai, mach thang
manh hon phan t&r cau gon cung khéi lugng mol, vi mach thang ap sat nhau tét hon).

3.1.2 Dipole-dipole forces

A polar molecule has a permanent dipole moment because of unevenly distributed electron density
(asymmetric distribution of polar bonds — see Unit 2 for VSEPR/polarity). Dipole-dipole forces arise
when the positive end of one polar molecule is attracted to the negative end of a neighboring polar
molecule. Because this attraction is a permanent, oriented interaction rather than a fluctuating one,
dipole-dipole forces are generally stronger than LDF between molecules of comparable size and
mass — though LDF is always present as well, superimposed on the dipole-dipole attraction.

Comparing boiling points of similar-mass molecules

N, (M = 28.0 g/mol, nonpolar) boils at —196°C; CO (M = 28.0 g/mol, polar, small dipole from
the C-0 bond) boils at —192°C. Explain the difference.

Both molecules have essentially identical molar mass, so their LDF contributions are nearly
equal. CO has a permanent (if modest) dipole moment due to the electronegativity difference
between C and O, adding a dipole-dipole component absent in the perfectly symmetric, non-
polar N,. The extra attractive force in CO raises its boiling point slightly above that of N,, even
though the difference is small because the C-O dipole itself is weak.

GIAI THICH TIENG VIET
uc ludng cuc-ludng cuc chixuat hién gitra cac phan tir phan cuwc (c6 moé-men ludng cuc vinh
vién, do hinh hoc phan tir khdng déi xirng). Day la luc dinh huwéng 6n dinh (dau duong hat dau
am cla phan tlr ké bén), nén thudng manh hon LDF & cac phan tlr cé khoéi lvgng mol tuong
duwong. Tuy nhién phan tir phan cuc van cé LDF — hai loai luc nay cong dén véi nhau.

3.1.3 Hydrogen bonding

Hydrogen bonding is an especially strong type of dipole-dipole attraction that occurs specifically
when a hydrogen atom is bonded directly to one of the three highly electronegative, small atoms
N, O, or F, and that H interacts with a lone pair on an N, O, or F atom of a neighboring molecule.
The N-H, O-H, and F-H bonds are extremely polar (large AEN, small atomic size concentrates the
partial positive charge on H into a very small area), and the small size of N, O, F allows very close
approach, so the resulting dipole-dipole attraction is unusually strong — roughly 5-10% the strength
of a covalent bond, far stronger than typical dipole-dipole forces.

Hydrogen bonding requires both conditions simultaneously: H covalently bonded to N, O, or F
and a nearby N, O, or F (with a lone pair) on another molecule. A C-H bond, even in a molecule
that also contains O or N elsewhere, does not itself hydrogen-bond (C is not electronegative
enough and the bond is not polar enough).

Hydrogen bonding anomaly in Group 16 and 17 hydrides

Explain why H,O (M = 18.0 g/mol) boils at 100°C, dramatically higher than H,S (M = 34.1
g/mol, boils at —60°C), even though H,S has the larger molar mass.
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Molar mass alone would predict H,S (heavier, more polarizable) to have the higher boiling
point from LDF considerations. But O-H bonds in water hydrogen-bond extensively (each
water molecule can form up to 4 hydrogen bonds via its 2 O-H bonds and 2 lone pairs), while
S is too large and insufficiently electronegative for S-H to hydrogen-bond. The extra, very
strong hydrogen-bonding network in water overwhelms the mass/LDF trend, giving water an
anomalously high boiling point among the Group 16 hydrides.

GIAI THICH TIENG VIET
ién két hydro la dang dac biét manh cta luc luéng cuc-ludng cuc, chi xay ra khi H lién két
truc tiép véi N, O, hoac F (nhé quy tic "N-H, O-H, F-H”), va H d6 tuong tac véi cp electron
riéng cta N/O/F & phan t&r khac. Day la ly do nuéc (H,0) c6 diém soi bat thudng cao so voi
cac hydride cung nhém 16 khac (H,S, H,Se, H,Te) — chi cé nudc hinh thanh mang luéi lién
két hydro rong khap.

3.1.4 lon-dipole forces

An ion-dipole force is the attraction between a charged ion and the oppositely-charged end of a
polar molecule’s dipole. Thisis the dominant force responsible for the dissolution of ionic compounds
in water: water molecules orient their partially negative O atom toward dissolved cations and their
partially positive H atoms toward dissolved anions, a process called hydration. lon-dipole forces
are stronger than any purely-molecular IMF (hydrogen bonding included) because they involve a full
ionic charge rather than just a partial charge.

Relative strength ordering (typical): ion-dipole > hydrogen bonding > dipole-dipole > Lon-
don dispersion. This ordering assumes comparable particle sizes; a sufficiently large, highly
polarizable nonpolar molecule can have stronger net IMF (via LDF alone) than a small polar
molecule — e.g. large nonpolar I, is a solid at room temperature while small polar HCl is a gas.

(1) L6i thwong gap: A very common error is thinking that polar molecules "don’t have” London
dispersion forces, or that only nonpolar molecules have LDF. Every atom and molecule has
LDF — it is present in addition to any dipole-dipole or hydrogen-bonding interactions a polar
molecule may also have. When ranking total IMF strength, do not ignore the LDF contribution
even in strongly polar or hydrogen-bonding substances; for large polar molecules, LDF can be
the single largest contributor to the total intermolecular attraction.

Ranking IMF strength across a mixed set

Rank the following in order of increasing boiling point, with reasoning: Ne, HCI, CH;OH
(methanol), NaCl.

Ne: nonpolar noble gas atom, only very weak LDF (few electrons) = lowest b.p. (—246°C).
HCI: polar, LDF + dipole-dipole (no H-bonding, since Cl is not N/O/F) = b.p. —85°C.
CH3OH: has an O-H bond, so hydrogen bonds in addition to LDF and dipole-dipole = b.p.
65°C.

NaCl: an ionic solid, held by full ionic (Coulombic) bonding throughout an extended lattice —
far stronger than any intermolecular force = b.p. 1465°C.

Order: Ne < HCl < CH;0H < NaCl.

3.2 Properties of solids
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ENGLISH

Compound IMFs present Notes
CH, (b.p. LDF only Nonpolar, small, low polarizability
—161.5°C)
CgHqg (octane, LDF only Same family as CH,; far more electron-
b.p. 126°C) (stronger) s/surface area
PH, (b.p. LDF + weak P-H nota hydrogen-bond donor
—88°C) dipole-dipole
H,S (b.p. LDF + dipole- S-H nota hydrogen-bond donor
—60°C) dipole
NH; (b.p. LDF + dipole- N-H hydrogen-bonds
—33°C) dipole + H-bond
H,O (b.p. LDF + dipole- Extensive H-bond network
100°C) dipole + H-bond

(x2 donors, x2

acceptors)

HF (b.p. 20°C) LDF + dipole- Smallest hydrogen halide, yet highest
dipole + H-bond b.p. among HX

Table 3.1: *
Boiling-point trends illustrating IMF type and strength. Note NH; boils lower than H,O despite both hydrogen-bonding:
H,O has two O-H donors and two lone pairs, forming a denser hydrogen-bond network per molecule than NH;’s one
lone pair.

3.2.1 Crystalline versus amorphous solids

In a crystalline solid, particles (atoms, ions, or molecules) are arranged in a highly ordered, repeating
three-dimensional pattern called a crystal lattice. Crystalline solids have sharp, well-defined melting
points because all the particle-particle interactions being broken are essentially identical, so they
all give way at the same temperature. In an amorphous solid (e.g. glass, many plastics, rubber),
particles are arranged with no long-range order — a "frozen liquid” structure. Amorphous solids
soften gradually over a range of temperatures rather than melting sharply, because the variety of
local particle environments means different regions break down at slightly different temperatures.

3.2.2 The four types of crystalline solids

Crystalline solids are classified by the type of particle at each lattice point and the force holding them
together.

Khai niém cét 16i

¢ lonic solids: lattice points are cations and anions, held by strong, nondirectional Coulombic
(ionic) attraction throughout the lattice. Example: NaCl, CaF,.

e Molecular solids: lattice points are discrete molecules, held together by intermolecular
forces (LDF, dipole-dipole, hydrogen bonding) — the covalent bonds within each molecule
are strong, but the forces between molecules are comparatively weak. Example: ice (H,O),
dry ice (CO,), sucrose.

¢ Network covalent (covalent-network) solids: every atom is joined to its neighbors by co-
valent bonds extending throughout the entire crystal — essentially one giant covalently-
bonded molecule. Example: diamond (C), quartz (SiO,), silicon carbide.

¢ Metallic solids: lattice points are metal cations immersed in a delocalized "sea” of valence
electrons free to move throughout the structure. Example: Cu, Fe, alloys.
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ENGLISH

Solid type Melting point Electrical conduc- Hardness Solubility
tivity
lonic High Poor as solid; good Hard, brittle  Often soluble in
molten or aqueous water (polar sol-
(mobile ions) vent)
Molecular Low to moderate Poor (no free Soft Soluble in solvents
charge carriers) of similar polarity
(“like dissolves
like”)
Network cova- Very high Usually poor (ex- Very hard Insoluble in virtu-
lent ception: graphite ally all solvents
conducts within its
layers)
Metallic Variable (low, Excellent, solid or Variable; Insoluble (exceptin
e.g. Hg, to very molten (delocal- malleable/- other liquid metals)
high, e.g. W) ized electrons) ductile

. GIAI THICH TIENG VIET

B&n loai chat ran két tinh: ion (mang ion, dan dién khi néng chay/hoa tan vi ion di chuyén tu
do, nhung KHONG dan dién & trang thai ran); phan tir (cac phan tir lién két véi nhau bang luc
lién phan tir yéu, nén nhiét dé ndng chay thap, mém); cdng hoa tri mang lugi (toan b tinh thé
13 mot mang lién két cong hoa tri lién tuc, cuc ky cirng va ndng chay & nhiét dé rat cao, vi du
kim cuong, thach anh); kim loai (mang cation kim loai trong "bién electron” tu do, dan dién tét
& moi trang thai, déo, dé dat mong).

(1) L6i thueng gap: Graphite is a network covalent solid but conducts electricity — an apparent
exception. Within each hexagonal carbon layer, one electron per carbon is delocalized across
the sheet (similar to metallic bonding confined to two dimensions), allowing conduction parallel
to the layers; conduction perpendicular to the layers is poor because adjacent layers are held
only by weak LDF. Do not generalize "network covalent = never conducts” without noting this
exception.

Classifying an unknown solid from its properties

A solid has a melting point of 3550°C, does not conduct electricity as a solid or when melted,
and is insoluble in water. Classify its solid type.

Extremely high melting point rules out molecular (too low) and most ionic solids (typically 300-
1000°C). No conductivity even when molten rules out ionic (molten ionic solids conduct via
mobile ions) and metallic (always conducts). The combination of very high melting point, no
conductivity in any state, and insolubility is characteristic of a network covalent solid (this
description matches diamond).

3.3 Solids, liquids, and gases

The three common states of matter differ in the average spacing between particles, the strength of
the forces holding them in place, and the freedom of particle motion.
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e Solid: particles are closely packed in fixed, ordered (or amorphous) positions; they vibrate
in place but do not translate freely. Solids have a fixed shape and fixed volume, and are
essentially incompressible.

e Liquid: particles remain close together (similar spacing to a solid) but are free to slide past
one another. Liquids have a fixed volume but take the shape of their container, and are
nearly incompressible.

e Gas: particles are separated by large distances (roughly 10x the particle diameter or more)
and move independently at high speed, with negligible attractive forces between them un-
der ordinary conditions. Gases expand to fill their container’s volume and shape completely
and are highly compressible.

3.3.1 Phase diagrams

A phase diagram plots pressure (vertical axis) against temperature (horizontal axis) and shows which
phase (solid, liquid, or gas) is thermodynamically stable at each (P,T') combination. Lines on the
diagram represent conditions of two-phase equilibrium; a point where two phases coexist means
both are present simultaneously.

Pressure, P
A

Supercritical
Critical porrfluid

Solid

Gas

Triple point

» Temperature, T’

Generic phase diagram: solid, liquid, and gas regions meet at the triple point (all three phases coexist in equilibrium); the
liguid-gas boundary terminates at the critical point, beyond which no distinct liquid/gas phase boundary exists
(supercritical fluid).

Triple point: the unique (P,T) at which solid, liquid, and gas coexist in equilibrium simulta-
neously. Critical point: the (P,T) beyond which the liquid and gas phases become indis-
tinguishable (a supercritical fluid) — above the critical temperature, no amount of pressure
can condense the gas into a distinct liquid phase. Moving vertically at fixed T' (increasing P)
or horizontally at fixed P (increasing T') traces a path across the diagram that crosses phase
boundaries, predicting phase changes.

- GIAI THICH TIENG VIET
Gian d6 pha biéu dién mién tén tai cta ran, ldng, khi theo ap suat va nhiét do. Diém ba (triple
point) 1a noi ca ba pha cung tén tai can bang. Diém t&i han (critical point) 13 gigi han trén cta
dudng long-khi; vuot qua diém nay, khéng con phan biét dugc pha léng va khi (goi la chat
luu siéu t&i han). Dudng ranh gidi rin-16ng ctia nuéc cé doé déc am (nghiéng trai) — diém bat
thuong vi da kém dac hon nudce 16ng, nén tang ap suat tai nhiét dé gan 0°C c6 thé lam da tan
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chay thay vi déng dac thém.

Reading a phase diagram

Using the generic phase diagram above (triple point near low P, T critical point at higher
P, T), asubstance sits initially in the liquid region at moderate P and T'. If temperature is held
constant while pressure is steadily decreased, which phase transition(s) will it undergo?

Moving straight down (decreasing P at constant T) starting from the liquid region eventually
crosses the liquid-gas boundary line; below that boundary lies the gas region. The substance
therefore undergoes vaporization (liquid — gas) as pressure drops below the equilibrium vapor
pressure at that temperature. If the constant-T" vertical line is drawn to the left of the triple
point’s temperature, decreasing pressure from a solid starting point instead crosses directly
into the gas region without passing through liquid — this is sublimation.

3.4 Theideal gas law, PV = nRT
The ideal gas law relates the four macroscopic state variables of a gas sample:

PV = nRT,

where P is pressure (atm), V' is volume (L), n is amount (mol), T" is absolute temperature (K, never °C),
and R = 0.08206 L:atm/(mol-K) is the ideal gas constant (equivalently R = 8.314 J/(mol-K) when using
SI pressure/volume units). This single equation subsumes Boyle’s Law (P, V; = P,V, at constant
n,T), Charles’s Law (V, /T; = V, /T, at constant n, P), Gay-Lussac’s Law (P, /T, = P, /T, at constant
n, V), and Avogadro’s Law (V; /n; = V,/n, at constant P, T).

P, P.

A = ;—VQ At STP (0°C = 273.15 K, 1
atm), one mole of an ideal gas occupies exactly 22.4 L — the standard molar volume. This value
applies only at 0°C and 1 atm; it is a common error to apply 22.4 L/mol at room temperature
(25°C) or any other condition.

Combined gas law (fixed amount of gas, n constant):

(!) Léi thueng gap: 22.4L/mol is valid only at STP (0°C, 1 atm) for an ideal gas. At room temper-
nRT _ (1)(0. 08206)(298)

ature (25°C = 298 K), one mole of ideal gas at 1 atm occupies V =

24.5 L — noticeably different. Always check whether a problem specifies STP before reach-
ing for 22.4 L/mol; when in doubt, use PV = nRT directly with the given temperature and
pressure.

Solving for pressure

Arrigid 5.00 L cylinder contains 0.750 mol of N, gas at 22°C. Find the pressure inside the cylin-
der.

Convert temperature to kelvin: T' = 22 + 273 = 295 K.

nRT _ (0.750)(0.08206)(295)  18.16

P = = =
|4 5.00 5.00

= 3.63 atm.
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Solving for volume

How many liters does 2.50 mol of CO, gas occupy at 1.20 atm and 310 K?

v nRT _ (2.50)(0.08206)(310)  63.60
P 1.20 - 1.20

Solving for moles and mass

A sealed flask holds O, gas at 3.00 atm and 290 K in a volume of 8.00 L. Find the number of
moles and the mass of O, present.

=53.0 L.

PV (3.00)(8.00)  24.00
 RT  (0.08206)(290)  23.80

Mass: m =n x M = (1.008)(32.00 g/mol) = 32.3 g.

Molar mass and density of a gas from PV=nRT

A 0.622 g sample of an unknown gas occupies 500.0 mL at 1.00 atm and 25.0°C. Find the molar
mass of the gas.

T =25.0+273 =298 K; V = 0.5000 L. First find moles:

= 1.008 mol.

n

p 1.00)(0. .
V _ (1.00)(0.5000) _ 05000 _ o0 et

"T RT T (0.08206)(298)  24.45

Molar mass:
~m 0.622 g

~n " 0.02045 mol

This value is close to the molar mass of NO (30.0 g/mol), a plausible identity for the unknown
gas.

= 30.4 g/mol.

GIAI THICH TIENG VIET
huong trinh khi ly twéng PV = nRT la cong cu trung tam: tir day suy ra cong thirc tinh

khéi lugng mol cta khi chua biét bang cach tim n tir P, V, T r6i chia khéi lugng mau cho n:
T 3 2
M = % Ludn doéi nhiét do sang Kelvin (T'(K) = T'(°C) + 273) trudc khi thay vao cong thirc

— day 12 16i sai phd bién nhat khi giai bai tap khi.

3.4.1 Dalton'’s Law of partial pressures

In a mixture of non-reacting gases, each gas exerts a partial pressure P, — the pressure it would exert
alone in the same container at the same temperature. Dalton’s Law states that the total pressure is
the sum of the partial pressures:

]Dtota|:P1+P2+P3+"'

Because each gas occupies the full container volume at the same temperature, mole fraction and
pressure fraction are equal: P, = x; Pyt Where x; = n,; /Ngtal-
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Dalton’s Law: partial pressures from moles

A 10.0 L tank at 300 K contains 0.400 mol N,, 0.100 mol O,, and 0.0500 mol CO,. Find the
partial pressure of each gas and the total pressure.

Total moles: nyy, = 0.400 4 0.100 + 0.0500 = 0.550 mol.

Mo RT _ (0.550)(0.08206)(300) _ 13.54

P, = = = 1.354 atm.
fotal 1% 10.0 10.0
0.400 0.100 0.0500
Mole fractions: ¥(N,) = —— = 0.727, ¥(0,) = —— = 0.182, ¥(CO,) = ——— = 0.0909.
X(N2) = 55 X(02) = =55 X(CO2) = =5

P(N,) = 0.727(1.354) = 0.985atm, P(O,) = 0.182(1.354) = 0.246atm, P(CO,) = 0.0909(1.

Check: 0.985 + 0.246 + 0.123 = 1.354 atm = Py v

- GIAI THICH TIENG VIET
Dinh luat Dalton: ap suat téng ctia hdn hop khi bang téng ap suat riéng phan cta tirng khi thanh
phan, va ap suét riéng phan ctia mot khi ti 1é vai phan mol ctia né trong hon hgp (P, = x; Piotal)-
Bai todn "khi thu qua nuéc” (collected over water) thudng yéu cau trir dp suat hoi nuwdce bao
hoa khéi ap suat téng do duoc dé tim ap suat khi khé.

3.5 Kinetic molecular theory

The kinetic molecular theory (KMT) of gases explains macroscopic gas behavior (pressure, the gas
laws) in terms of particle-level motion, resting on several idealized postulates.

B Postulates of KMT

1. Gas particles are in constant, random, straight-line motion until they collide.

2. The volume of the gas particles themselves is negligible compared to the volume of the
container (particles are treated as point masses).

3. Gas particles exert no attractive or repulsive forces on one another (no intermolecular
forces).

4. Collisions between particles, and between particles and container walls, are perfectly elas-
tic — no kinetic energy is lost in a collision.

5. The average kinetic energy of gas particles is directly proportional to the absolute temper-
ature (in kelvin) of the gas, and is the same for all gases at a given temperature regardless
of molar mass: KE = %RT (per mole).

Because average kinetic energy depends only on absolute temperature and KE = %m??, at a
fixed temperature a lighter gas particle must move faster, on average, than a heavier one to have the
same average kinetic energy.

3.5.1 The Maxwell-Boltzmann speed distribution

Not all particles in a gas sample move at the same speed; collisions constantly redistribute kinetic
energy among particles. The Maxwell-Boltzmann distribution plots the fraction of particles (vertical
axis) against particle speed (horizontal axis), producing a characteristic asymmetric curve: it rises
from zero (very few particles are at rest), climbs to a peak at the most probable speed, then tails off
gradually toward high speed (a long right-hand tail, since no upper speed limit exists, but very few
particles reach extremely high speeds).
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Maxwell-Boltzmann speed distributions. Raising temperature (or decreasing molar mass) shifts the peak to higher
speed, broadens and flattens the curve, and shifts more of the area under the curve into the high-speed tail — while the
total area (100% of particles) stays fixed.

Effect of increasing temperature (fixed gas): the curve shifts right (higher most-probable speed)
and flattens/broadens (a wider spread of speeds), because more particles gain enough energy
to move quickly.

Effect of increasing molar mass (fixed temperature): the curve shifts left (lower most-probable
speed) and narrows/sharpens, because heavier particles move slower on average and the
spread of possible speeds is more constrained at the same average kinetic energy.

GIAI THICH TIENG VIET

uong phan bé Maxwell-Boltzmann mo ta ti 1é phan tram phan tir khi cé mot téc dé nhat
dinh. Khi tang nhiét dd, dinh dudng cong dich sang phai (t6c dd phé bién ting) va dudng cong
det/rong ra (da dang toc d6 haon). Khi so sanh hai khi & cing nhiét do, khi cé khoi luvgng mol
nhé hon sé cé dudng cong dich sang phai hon (téc d6 trung binh I&n hon) — vi dong nang
trung binh nhu nhau & cung T, khéi lwong nho hon budc téc dd phai Ién hon dé bu lai.

3.5.2 Graham's Law of effusion

Effusion is the escape of gas particles through a tiny opening into a vacuum (or region of lower
pressure). Graham’s Law states that the rate of effusion of a gas is inversely proportional to the

square root of its molar mass:
rate, | M,
rate, \| M,

Lighter gases effuse (and diffuse) faster than heavier gases, directly reflecting their higher average
speeds at a given temperature.

Graham’s Law: ratio of effusion rates

Compare the effusion rate of H, (M = 2.02 g/mol) to that of O, (M = 32.00 g/mol) at the

same temperature.
rate(H,) M(O,) 32.00
= 2 = =+v15.84 = 3.98.
rate(O,) M(H,) 2.02

Hydrogen gas effuses about 3.98 times faster than oxygen gas under identical conditions.
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Graham'’s Law: finding an unknown molar mass

An unknown gas effuses 0.462 times as fast as O, gas at the same temperature and pressure.
Find the molar mass of the unknown gas.

rateunk) | M(O,) B 32.00
rate(0,) _ \ Munk) "4 T\ M(unky

32.00 32.00
h sides: 0.2134 = —— M (unk) = = 150. l.
Square both sides: 0.213 M(unk) = M (unk) 09134 50.0 g/mo

GIAI THICH TIENG VIET

VN
Dinh luat Graham: t6c do thoat khi (effusion) ti Ié nghich v&i can bac hai cta khéi lugng mol.
rate; M, 2 o L s
= ,/—= — cha y khoi lvgng mol nam
rate, M,
chéo so véi tdc do (khi 1 & t&r s6 t8c do6 nhung M, & mau s can), day 1a diém hoc sinh dé
nham khi thay sé.

Khi cang nhe thoat ra cang nhanh. Céng thirc

3.6 Deviation from ideal gas behavior

Real gases only approximate the ideal gas law; deviations become significant under conditions that
violate the KMT assumptions of negligible particle volume and no intermolecular attraction.

Real gases deviate most from ideal behavior at:

e High pressure: particles are forced close together, so their own finite volume becomes
a non-negligible fraction of the total volume, and intermolecular attractions (which act at
short range) become significant.

e Low temperature: particles move more slowly, spending more time near one another, so
intermolecular attractive forces have more effect on their trajectories and can no longer be
ignored. Near the point of condensation, deviation is most severe.

The van der Waals equation adds two correction terms to the ideal gas law to account for these
effects qualitatively:

n2
(P + av2> (V —nb) =nRT.

The term an?/V? is added back to the measured pressure because intermolecular attractions pull
particles toward each other and away from the container walls, making the measured pressure lower
than what an ideal gas at the same n, V, T would exert — the correction compensates for this "lost”
pressure. The term nb is subtracted from the container volume because the particles themselves
occupy real volume, so the space actually available for particle motion is less than the full container
volume V.

GIAI THICH TIENG VIET
Khi thuc 1éch khéi khi ly tuéng nhiéu nhat & ap suat cao (thé tich riéng cta phan tlr khéng con
bo qua duoc) va nhiét dd thap (luc hat gilra cadc phan tir tréd nén dang ké vi phan tlr chuyén
dong cham, & gan nhau lau hon). Phuong trinh van der Waals hiéu chinh hai yéu té nay: cong
thém an?/V? vao ap suat do dugc (bl cho ap suat "mat di” do Iyc hat phan tir), va trir nb khoi
thé tich binh chira (bu cho thé tich riéng ctia phan t).
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Ranking gases by ideality

Rank He, CH,, and NH; from most to least ideal behavior at the same moderate pressure and
temperature.

Ideal behavior is favored by small particle size (small b) and weak intermolecular attraction
(small a). He is a small, monatomic, nonpolar noble gas with minimal LDF — closest to ideal.
CH, is nonpolar but larger, with somewhat stronger LDF than He. NH; is polar and hydrogen-
bonds, giving it the strongest intermolecular attractions of the three and the largest deviation
from ideal behavior. Order (most to least ideal): He > CH, > NHj.

(1) L6i thueng gap: Do not assume that a gas with a larger molar mass automatically deviates
more from ideality — the size/volume correction (b) does tend to increase with molar mass,
but the attraction correction (a) depends on polarity and hydrogen-bonding ability, not simply
mass. A small polar/hydrogen-bonding gas like NH; (A = 17.0 g/mol) deviates more than a
larger but nonpolar gas like CH, (M = 16.0 g/mol) would suggest from mass alone — always
consider IMF type, not just size.

3.7 Solutions and mixtures

A solution is a homogeneous mixture in which one substance (the solute, present in smaller amount)
is dispersed uniformly throughout another (the solvent, present in larger amount) at the molecular
or ionic level. Solutions can form from combinations of any two phases: gas-in-gas (air), gas-in-liquid
(carbonated water, CO, in water), liquid-in-liquid (ethanol in water), solid-in-liquid (salt water), and
solid-in-solid (metal alloys such as brass).

3.7.1 Molarity and dilution

The most common concentration unit in AP Chemistry is molarity:

mol solute
L solution”

When a solution is diluted by adding solvent, the moles of solute stay constant, so MV, = M,V,
(moles before = moles after).

Molarity from mass and volume

A solution is prepared by dissolving 14.6 g of NaCl (M = 58.44 g/mol) in enough water to
make 250.0 mL of solution. Find its molarity.

14.
n(NaCl) — 587464 — 0.2499 mol.
0.2499 mol
= ——— =1.00M.
0.2500 L

Dilution calculation

How many milliliters of 6.00 M H,SO, stock solution are needed to prepare 250.0 mL of 0.500
M H,S0O,?

M,V,  (0.500)(250.0)
M, 6.00

Measure 20.8 mL of the 6.00 M stock and dilute with water to a total volume of 250.0 mL.

Ml‘/l — M2V2 = Vl — — 208 mL
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GIAI THICH TIENG VIET

Molarity M — m — chti y mau s 13 thé tich dung dich, khong phai thé tich dung
méi. Khi pha lodng, s6 mol chat tan khéng dai, chi cé thé tich tang 1én, dan dén céng thirc
M,V; = M,V,. Day la céng thirc dung cuc nhiéu trong phong thi nghiém dé pha dung dich
chuan tir dung dich goc (stock solution).

3.7.2 Solubility rules for ionic compounds (qualitative)

Generally soluble: compounds of Na*, K*, NH; (nearly all salts of these cations); all nitrates
(NO3) and acetates; most chlorides, bromides, iodides (exceptions: Ag™, Pb2t, Hg%*); most
sulfates (exceptions: BaZ*, Sr2t, Pb%*t, Ca2* is only slightly soluble).

Generally insoluble: most carbonates, phosphates, hydroxides, and sulfides (exceptions again
include Na*, K*, NH; salts, which remain soluble).

3.8 Representations of solutions

3.8.1 Particulate representations

At the particulate level, a dissolved ionic solute is represented as fully separated, individually hy-
drated cations and anions dispersed throughout the solvent (reflecting complete dissociation of a
strong electrolyte). A dissolved molecular solute (e.g. glucose, ethanol) is represented as intact,
whole molecules dispersed throughout the solvent — the molecule does not break apart into ions,
since no ionic bonds exist to dissociate.

(1) L6i thuwong gap: When asked to draw or interpret a particulate diagram of a dissolved ionic
compound like MgCl,, do NOT draw intact "MgCl,” formula units floating in solution. A strong
electrolyte dissociates completely: the correct picture shows separate Mg?* ions and twice
as many Cl~ ions (reflecting the 1:2 stoichiometry), each individually surrounded by oriented
water molecules.

3.8.2 Concentration units beyond molarity

Khai niém cét 16i
mass of solute

e Mass percent: %(m/m) = — x 100%.
mass of solution

mass solute

— T % 105; b =
mass solution PP

e Parts per million / billion: for very dilute solutions, ppm =
mass solute

mass solution ) i i
per liter of solution (since 1 L of dilute aqueous solution has a mass of ~ 1000 g).

x 10°. For aqueous solutions near room temperature, 1 ppm ~ 1 mg solute

n;

¢ Mole fraction: x; = (dimensionless; all mole fractions in a mixture sum to 1).

Ttotal

Mass percent and ppm

A solution contains 0.0250 g of lead dissolved in 500.0 g of water. Express the concentration
as mass percent and as ppm.

Total solution mass ~ 500.0 + 0.0250 = 500.0 g (solute mass is negligible next to solvent mass
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here). 0.0250
%(m/m) 000 x 100 = 0.00500%
0.0250
e 1 6 = . .
ppm £00.0 x 10 50.0 ppm

Mole fraction

A solution is made from 36.0 g of water (M = 18.0 g/mol) and 46.0 g of ethanol, C,H;OH
(M = 46.0 g/mol). Find the mole fraction of ethanol.

. 46.
n(H,0) = % —200mol,  n(CHsOH) = % — 1.00 mol.
1. 1.
y(ethanol) = —00 L0 gaq

©2.00+1.00 3.00

. GIAI THICH TIENG VIET

Ba don vi ndong do hay bi nham I1an: % khéi lwgng dung khéi lwong chat tan chia khéi lwong
dung dich (khéng phai dung mai); ppm/ppb 1a ma& rong cta % khoi lvong cho dung dich rat
lodng (nhan 10° hodc 10° thay vi 100); phan mol y,; ding sé mol, khong phai khoi lugng, va
luébn nam trong khoang 0 dén 1, téng cac phan mol trong hén hop ludn bang 1.

() Léi thueng gap: A frequent mistake is computing mole fraction using masses directly (as if
it were mass percent) instead of converting to moles first. Mole fraction requires a mole-based
ratio; two solutes of very different molar mass can have very different mole fractions even
with identical masses present.

3.9 Separation of solutions and mixtures

Different physical methods separate mixtures by exploiting differences in physical properties be-
tween the components.

Khai niém cét 16i

e Filtration: separates an insoluble solid from a liquid (or solution) by passing the mixture
through a porous barrier that retains solid particles but allows liquid to pass through.

¢ Distillation: separates components of a liquid mixture based on differences in boiling point.
The mixture is heated; the component with the lower boiling point vaporizes preferentially,
and the vapor is then cooled and condensed separately, enriching the distillate in the more
volatile component. Fractional distillation uses a column with many theoretical "plates” to
achieve sharper separation between components of similar boiling point.

e Chromatography: separates components of a mixture based on differences in how strongly
each component interacts with a stationary phase versus a moving mobile phase. Compo-
nents that interact more strongly with the stationary phase travel more slowly (lag behind);
components that partition more into the mobile phase travel farther/faster.
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3.9.1 Chromatography and the retention factor

In paper or thin-layer chromatography, a spot of the mixture is placed near the bottom of a strip
(stationary phase, e.g. paper or a silica-coated plate), and the bottom edge is dipped in a solvent
(mobile phase) that travels up the strip by capillary action, carrying the mixture’s components at
different rates. The retention factor R, quantifies how far a given component traveled relative to

the solvent front: .
distance traveled by the spot

f ~ distance traveled by the solvent front

Ry is always between 0 (component does not move at all — very strongly retained by the stationary
phase) and 1 (component moves exactly with the solvent front — essentially no retention). Under
fixed conditions (same solvent, same stationary phase, same temperature), Ry is a characteristic,
reproducible property of a given substance, useful for identification.

Calculating retention factor

On a chromatography plate, the solvent front travels 8.40 cm from the origin. A particular
compound’s spot is found 5.46 cm from the origin. Find its R, value.

5.46
Ry = o7\ = 0.650.

- GIAI THICH TIENG VIET
Sac ky (chromatography) tach hdn hop dua trén mirc do tuong tac khac nhau gitra tirng thanh
phan véi pha tinh (stationary phase) va pha dong (mobile phase, thudng 13 dung méi di chuyén).
quang dudng vét di chuyén
quang duong dung méi di chuyén
0 dén 1. Chung cat (distillation) tdch hén hop ldng dua trén khac biét diém soi; loc (filtration)
tach ran khong tan khéi 16ng dua trén kich thuéc hat.

Hé so luu (retention factor) Ry = , luén nam trong khoang

3.10 Solubility

3.10.1 “Like dissolves like”

The general principle governing solubility is that substances with similar types of intermolecular
forces tend to be miscible/soluble in one another, while substances with very different IMF char-
acter tend to be immiscible/insoluble. Polar solutes (and ionic compounds) dissolve readily in polar
solvents (like water) because the solvent’s dipoles or ion-dipole attractions can effectively replace
the solute-solute attractions being broken. Nonpolar solutes dissolve in nonpolar solvents (like hex-
ane) because only comparable-strength LDF need to be overcome and re-formed.

Predicting solubility from structure

Predict whether I, (nonpolar) is more soluble in water (polar) or in carbon tetrachloride, CCl,
(nonpolar).

I, is a nonpolar molecule held together only by LDF. Dissolving it in water would require break-
ing water’s extensive hydrogen-bond network to accommodate a nonpolar solute that cannot
form comparably strong ion-dipole or hydrogen-bonding interactions with water — energeti-
cally unfavorable. In CCl,, only LDF-type interactions are involved on both sides, so the solute
can dissolve without disrupting stronger interactions. |, is far more soluble in CCl, than in wa-
ter.
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3.10.2 Temperature and pressure effects on solubility

Solid solutes in liquids: solubility usually increases with increasing temperature (dissolution
of most ionic/molecular solids is endothermic; adding heat shifts the dissolution equilibrium
toward more dissolved solute), though there are exceptions.

Gas solutes in liquids: solubility usually decreases with increasing temperature. Dissolving a
gas is generally exothermic (the gas particles lose significant kinetic energy/entropy on entering
the liquid), so increasing temperature drives dissolved gas back out of solution — this is why
a warm carbonated beverage goes flat faster and why heated water releases dissolved air as
tiny bubbles before it even boils.

Pressure effect on gas solubility — Henry’s Law: the solubility of a gas in a liquid is directly
proportional to the partial pressure of that gas above the liquid: Cy,, = ky P,,,. Higher partial
pressure of a gas above a liquid drives more of that gas into solution (this is why carbonated
beverages are bottled under high CO, pressure, and why deep-sea divers must decompress
slowly to avoid excess dissolved N, forming bubbles in the blood as pressure drops).

. GIAI THICH TIENG VIET

D6 tan cla chat ran trong chat 16ng thudng ting khi nhiét do ting. Nguoc lai, do tan cta chat
khi trong chat 16ng thudng giam khi nhiét do tang (nwdc am gilr it khi hoa tan hon nuéce lanh).
Dinh luat Henry: do tan cta khi ti 1é thuan véi ap suat riéng phan cta khi dé phia trén bé mat
chat long — ap suat cang cao, khi hoa tan cang nhiéu (ing dung: nuédc ngot c6 ga duoc dong
chai dudi ap suat CO, cao).

3.11 Spectroscopy and the electromagnetic spectrum

Electromagnetic radiation carries energy in discrete packets called photons. The energy of a photon
relates to its frequency f and wavelength X by:

where h = 6.626 x 1073* J-s (Planck’s constant) and ¢ = 3.00 x 108 m/s (speed of light). Because E
and f are directly proportional while £ and X are inversely proportional, higher-frequency (shorter-
wavelength) radiation carries more energy per photon.

Increasing wavelength

A

Increasing frequency / energy

Y

Radio Micro- IR Visible uv X-ray Gamma
wave

The electromagnetic spectrum, arranged from lowest energy/frequency (radio, longest wavelength) to highest
energy/frequency (gamma rays, shortest wavelength).

Order of increasing energy/frequency (decreasing wavelength) across the EM spectrum: radio
< microwave < infrared (IR) < visible < ultraviolet (UV) < X-ray < gamma ray. Within the visi-
ble region, red light has the longest wavelength/lowest energy and violet light has the shortest
wavelength/highest energy.
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Photon energy from wavelength

Find the energy of a single photon of green light with A = 520 nm.
Convert to meters: A =520 x 107 m = 5.20 x 1077 m.

h 626 x 10734)(3. 108 1. 10725
:£:(666x0 )(3.00 x 0): 988 x 10 38951019 )

E
A 5.20 x 107 5.20 x 10-7

3.11.1 Absorption and emission spectra; electronic transitions

When an atom or molecule absorbs a photon whose energy exactly matches the energy gap between
two allowed electronic energy levels, an electron is promoted from a lower to a higher energy level —
this produces dark lines (missing wavelengths) in an absorption spectrum viewed against a continu-
ous light source. When an electron relaxes from a higher to a lower energy level, it emits a photon of
energy exactly equal to the gap between those levels, producing bright lines at specific wavelengths
in an emission spectrum. Because energy levels in an atom are quantized (only specific discrete
values are allowed), both absorption and emission spectra consist of sharp lines at characteristic
wavelengths rather than a continuous range — each element has a unique spectral "fingerprint.”

GIAI THICH TIENG VIET

Nang lugng photon £ = hf = %: tan s6 cang cao (budc song cang ngan) thi ning luong

moi photon cang I&n. Thi tv nang luong ting dan trén phé dién tir: radio < vi séng < héng
ngoai < anh sang kha ki€én < tlr ngoai < tia X < tia gamma. Phé hap thu xuat hién vach téi
khi electron nhay l1én mirc nang luong cao hon (hap thu photon ding nang luong); phé phat
xa xuat hién vach sang khi electron roi xuéng murc thap hon (phat ra photon). Méi nguyén té
¢6 phé vach dic trung riéng vi cdc mirc ndng lwong bi luong tir hoa.

3.12 The photoelectric effect

The photoelectric effect is the emission of electrons from a metal surface when light of sufficiently
high frequency strikes it. Each metal has a characteristic work function ¢ — the minimum energy
needed to eject an electron from that metal’s surface. Light below a certain threshold frequency
fo (where hf, = ¢) cannot eject any electrons at all, no matter how intense the light is, because
no single photon carries enough energy to overcome ¢ (photons do not "add up” their energy from
different absorption events). Above the threshold frequency, any excess photon energy beyond ¢
becomes the ejected electron’s kinetic energy:

KE .« =hf—¢.

Increasing light intensity at a fixed frequency above threshold increases the number of photons
striking the surface per second, and therefore the number of electrons ejected per second
(photocurrent) — but does not change the maximum kinetic energy of each individual ejected
electron, since each electron is ejected by a single photon of the same fixed energy i f. Only
increasing the frequency of the light increases K E,,,,,.

Threshold frequency and work function

The work function of sodium metal is ¢ = 3.65 x 10~'? J. Find the threshold frequency below
which the photoelectric effect cannot occur.
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¢  3.65x 10719 "
=T 20T - 551 x 104 Hz.
Jo= 3 = G626 x 10791 0ot X 10T Hz

Maximum kinetic energy of ejected electrons

Light of wavelength 200.0 nm strikes a metal with work function ¢ = 4.20 x 10~'? J. Find the
maximum kinetic energy of the ejected electrons.

First find the photon energy: A = 2.000 x 10~7 m.
he  (6.626 x 10734)(3.00 x 10%)

— — — —19
Ephoton = - = 5000 < 107 =9.939 x 10719 J.

KPE = Ephoton — ¢ = 9.939 x 10719 —4.20 x 10712 = 5.74 x 10719 J.

Since Epnoton > ¢, €jection does occur, and the excess energy above the work function be-
comes the electron’s kinetic energy.

. GIAI THICH TIENG VIET

Hiéu rng quang dién: chi khi tan sé anh sang vugt tan sé ngudng f, ((ng véi cong thoat
¢ = hf,) thi electron mai bj bat ra khoi bé mat kim loai, vi moi electron chi hap thu nang lugng
tir mot photon duy nhat (khong cong don tir nhiéu photon yéu). Tang cudng dd anh sang (s6
photon/gidy) & cling tan s6 chi lam ting s6 lugng electron bat ra (dong quang dién), KHONG
lam ting dong nang cuc dai cia moi electron — chi ting tan s6 mdi lam tang KE,,, = hf — ¢.

(1) L6i thueng gdp: A very common mistake is assuming brighter (more intense) light ejects
faster electrons. Intensity only controls the number of photons per second, not the energy of
each individual photon. KE,,, depends solely on frequency (via h f — ¢); intensity affects only
the rate of electron ejection (photocurrent), never KE, ...

3.13 The Beer--Lambert Law

The Beer-Lambert Law relates how much light a solution absorbs to its concentration, forming the
basis of quantitative spectrophotometric analysis:

A = ebe,

where A is absorbance (dimensionless), ¢ is the molar absorptivity (M—'cm™!, a constant specific to
the absorbing species at a given wavelength), b is the path length of light through the sample (cm,
typically the width of a standard cuvette, 1.00 cm), and ¢ is the molar concentration of the absorb-
ing species (M). Because A is directly proportional to c at fixed ¢ and b, absorbance measurements
provide a direct, convenient way to determine unknown concentrations.

3.13.1 Calibration curves

In practice, ¢ is often not known precisely, so a calibration curve is constructed: several solutions
of known concentration are prepared, their absorbances are measured, and A is plotted against c.
Because the Beer-Lambert Law predicts a straight line through the origin (slope = ¢b), a linear re-
gression fit to the standards gives an equation A = (slope) ¢ + (intercept). The absorbance of an
unknown sample is then measured under the same conditions, and its concentration is read directly
off the calibration line (interpolated, not extrapolated, for reliable results).
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I I

e Standards
—— Linear fit
A Unknown

0.5 |- N

Absorbance, A

0 | | | | |
0 2 4 6 8 10 12

Concentration, ¢ (LM)

Beer-Lambert calibration curve: five standards of known concentration give a linear fit A = 0.0800 ¢ (M~! - uM units
combine into a fitted slope through the origin). An unknown sample with measured A = 0.575 is read off the line at
c~7.19 uM.

Finding concentration directly from A = cbc

A solution has measured absorbance A = 0.512 at a wavelength where the molar absorptiv-
ity is e = 8.60 x 103 M~'ecm—1, measured in a standard 1.00 cm cuvette. Find the concentration.

A 0.512
- —5.95 x 1075 M.
b (8.60 x 103)(1.00) %

Using a calibration curve to find an unknown concentration

A calibration curve constructed from five standard solutions gives the linear regression equa-
tion A = 0.0800 ¢ + 0.002 (with ¢ in uM and the intercept near zero, as expected from Beer's
Law). An unknown sample measured under the same conditions gives A = 0.575. Find its
concentration.

Solve the regression equation for c:

~A—0.002 0575—0.002  0.573
~0.0800  0.0800  0.0800

=7.16 uM.

This matches (within rounding) the value read directly off the calibration graph above.

- GIAI THICH TIENG VIET
Dinh luat Beer-Lambert A = ebe: dd hap thu quang ti 1é thuin véi nong do (khi e, b ¢6 dinh).
Trong thuc hanh, ngudi ta thuong KHONG tinh truc tiép bang cong thirc ma dung dudng
chuan (calibration curve): do dé hap thu ciia mét day dung dich chuan da biét néng do, vé do
thi A theo ¢, tim phuong trinh héi quy tuyén tinh, réi do do hap thu mau chua biét va ndi suy
(khéng ngoai suy) nong do tir dudng chuan dé.

(1) Lé6i thuong gip: Reading a concentration off a calibration curve by extrapolating far beyond
the range of the standard solutions used to build it is unreliable — the linear relationship of
Beer's Law can break down at high concentration (light scattering, instrument saturation), so an
unknown'’s absorbance should fall within the measured range of standards whenever possible.
If it does not, the standards should be re-prepared to bracket the unknown, or the unknown
should be diluted into range.
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3.14 Practice Problems

Bai tap luyén tap

Which of the following best explains why Br, is a liquid at room temperature while Cl, is a gas,
given that neither molecule is polar?

(A) Br, has stronger dipole-dipole forces forces

(C) Br, forms hydrogen bonds

(B) Br, has alarger, more polarizable electron
cloud, giving stronger London dispersion (D) Br, has ion-dipole forces with itself

Loi giai chi tiet

Both Cl, and Br, are nonpolar, so only LDF applies to either. Br, has more electrons and
a larger, more easily distorted electron cloud than Cl,, producing stronger LDF and hence a
higher boiling point (sufficient to be liquid at room temperature). (B).

Bai tap luyén tap

Explain, in terms of intermolecular forces, why n-pentane (b.p. = 36°C) has a higher boiling
point than its branched isomer neopentane (b.p. = 9.5°C), even though both have the identical
molecular formula CsH,, (identical molar mass).

Lai giai chi tiét

Both molecules are nonpolar and have identical molar mass, so they experience LDF of com-
parable intrinsic strength based on electron count. However, n-pentane’s long, straight chain
allows extended surface-to-surface contact between neighboring molecules, maximizing the
net LDF attraction. Neopentane’s compact, nearly spherical shape (a central carbon with four
methyl branches) minimizes the contact surface area between molecules, weakening the net
LDF and lowering its boiling point relative to the straight-chain isomer.

Bai tap luyén tap

A 3.00 L container holds 0.500 mol of an ideal gas at 27°C. Find the pressure in atm.

(A) 3.42 atm (C) 1.37 atm
(B) 4.10 atm (D) 8.21 atm

Loi giai chi tiet
T =27+273=300K P =

Bai tap luyén tap

A gas sample occupies 12.0 L at 1.50 atm and 290 K. If the temperature is raised to 350 K and
the pressure is increased to 2.00 atm, find the new volume.

nRT _ (0.500)(0.08206)(300)  12.31

v 300 = 4.10 atm. (B).
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Loi giai chi tiét

. P. P.
Combined gas law: A = 2—‘/2
Tl T2
PV, T. (1.50)(12.0)(350) 6300
Vo="212= = =[109L|.
7 TP, (290)(2.00) 580

Bai tap luyén tap

A gas mixture at a total pressure of 2.20 atm contains He and Ar in a 3:1 mole ratio. Find the
partial pressure of each gas.

Lai giai chi tiét

. 3 1
Mole fractions: x(He) = 1= 0.750, x(Ar) = 1= 0.250.

P(He) = 0.750(2.20) =[1.65atm|,  P(Ar) = 0.250(2.20) =[0.550 atm

Bai tap luyén tap

A 1.243 g sample of an unknown gas occupies 750.0 mL at 0.985 atm and 27.0°C. Find its molar
mass.

(A) 28.0 g/mol (C) 40.9 g/mol
(B) 32.6 g/mol (D) 44.1 g/mol

Lai giai chi tiét

PV (0.985)(0.7500)  0.7388 1.243
T=300Kn="- = = = 0.03001 mol. M =
" T RT T (0.08206)(300) _ 24.62 0.03001

closest to (C) 40.9 g/mol.

= 41.4 g/mol,

Bai tap luyén tap

Compare the root-mean-square speeds of He atoms and Ar atoms in the same container at
the same temperature. Which statement is correct?

(A) They have equal speeds since T is the (C) Ar atoms move faster because they have
same more electrons

(B) He atoms move faster because they have
lower molar mass (D) Cannot be determined without pressure

Lai giai chi tiét

At equal T, average kinetic energy is equal for both gases (KE = %RT, independent of iden-
tity). Since KE = %mvz, the lighter atom (He, M = 4.00) must have a higher average speed
than the heavier atom (Ar, M = 39.95) to share the same kinetic energy. (B).
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Bai tap luyén tap

Use Graham’s Law to find the ratio of effusion rates of CH, (M = 16.0 g/mol) to CO, (M = 44.0
g/mol) at the same temperature.

Lai giai chi tiét

-

rate(CH,)  [M(CO,) /440 B
rate(CO,) — | 3(CHy) — V 160 = V275 = (166

Methane effuses about 1.66 times faster than carbon dioxide.

Bai tap luyén tap

An unknown gas effuses 1.34 times faster than Cl, gas (M = 70.90 g/mol) under identical
conditions. Find the molar mass of the unknown gas.

(A) 39.5 g/mol (C) 95.0 g/mol
(B) 52.9 g/mol (D) 127 g/mol

Loi giai chi tiet

-

rate(uunk) [ M(Cl,) _ [70.90 o ~70.90 -
m = M(unk) = 1.34 = Mk’ Squaring: 1.796 = W = M(unk) =
70.90

796 = 39.5 g/mol. (A)

Bai tap luyén tap

Which set of conditions causes a real gas to deviate most from ideal behavior?

(A) Low pressure, high temperature (C) Low pressure, low temperature

(B) High pressure, high temperature (D) High pressure, low temperature

Loi gidi chi tiét
Deviation is greatest when particle volume and intermolecular attraction both matter most:
high pressure crowds particles together (volume effect), and low temperature slows them

down, letting attractive forces act (attraction effect). (D).

Bai tap luyén tap

A student states that SF, should deviate from ideal gas behavior less than H,O vapor at com-
parable conditions, despite SF4’s much larger molar mass. Evaluate this claim.

Loi giai chi tiét

The claim is reasonable. Although SF, (M = 146.1 g/mol) is far heavier than H,O (M = 18.0 g/-
mol) and therefore has a larger excluded-volume correction b, SF is a nonpolar, symmetric oc-
tahedral molecule with only LDF between its molecules. Water vapor, by contrast, hydrogen-

bonds extensively, giving it a much larger attractive-force correction a per particle relative to
its small size. Since deviation from ideality depends on both particle volume and attractive-
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force strength, water’s strong hydrogen bonding can make it deviate more than the larger but
weakly-interacting SF, especially near water’s condensation point. The claim can be correct,
illustrating that molar mass alone does not predict ideality — IMF character matters at least as
much.

Bai tap luyén tap
25.0 mL of 4.00 M stock KOH is diluted to a final volume of 1.00 L. Find the resulting molarity.

(A) 0.0400 M (C) 0.400 M
(B) 0.100 M (D) 1.00 M

Lai giai chi tiét

_ M,V; _ (4.00)(25.0)
-V, 1000

Bai tap luyén tap

A solution is prepared by dissolving 22.0 g of CaCl, (M = 110.98 g/mol) in enough water to
make 400.0 mL of solution. Find the molarity of CaCl, and the molarity of chloride ion, CI~, in
the solution.

M, = 0.100 M. (B).

Loi giai chi tiet

22.0 0.1982
Each formula unit releases 2 Cl~ ions on complete dissociation: M (Cl~) = 2 x 0.496 =

0991 M|

Bai tap luyén tap

-

Predict the qualitative solubility (soluble / insoluble) in water of: (a) AgNO,, (b) PbSO,, (c)
K,COs, (d) CaCOs.

Loi giai chi tiét

~

(a
(b
(c
(d

AgNOg: all nitrates are soluble regardless of cation = soluble.

PbSO,: sulfates are soluble except with Ba?*, Sr?+, Pb?*, Ca?* = insoluble.

K,COj: carbonates are generally insoluble, but K™ salts are always soluble = soluble.
CaCOj: a carbonate with no soluble-cation exception = insoluble.

—_— =

Bai tap luyén tap

A solution contains 0.0180 g of a trace contaminant in 600.0 g of total solution. Express its
concentration in ppm.

(A) 3.00 ppm (C) 300 ppm
(B) 30.0 ppm (D) 0.0300 ppm
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Loi giai chi tiét

00180 .
m = 5000 10% = 30.0 ppm. (B).

Bai tap luyén tap

A mixture of 18.0 g water and 90.0 g glucose (C4H,,0,4, M = 180.0 g/mol) is prepared. Find
the mole fraction of water.

(A) 0.667 (C) 0.167
(B) 0.500 (D) 0.833

Loi giai chi tiet
18.0 90.0

n(H,0) = 180 = 1.00 mol; n(glucose) = 1800 = 0.500 mol. Total moles = 1.50 mol.

1.00
x(H0) = 75 =[0.667].

(A\). (Choices (C) 0.167 and (D) 0.833 are the mass fractions of water and glucose, respectively
— a common mix-up between mass fraction and mole fraction; choice (B) 0.500 comes from
incorrectly treating the two components as present in equal moles.)

Bai tap luyén tap

Classify the following solid by its expected properties: melting point 1085°C, excellent elec-
trical conductivity both as a solid and when molten, malleable (can be hammered into sheets
without shattering).

(A) lonic solid (C) Network covalent solid
(B) Molecular solid (D) Metallic solid

Loi giai chi tiét

Conductivity in the solid state (not just molten) rules out ionic solids (which only conduct
molten/dissolved) and network covalent solids (generally nonconductors). Malleability (bend-
s/deforms without breaking) rules out the brittle ionic and hard, brittle network-covalent op-
tions. Delocalized electrons allow both solid-state conductivity and malleability — character-
istic of a metallic solid (this description matches copper). (D).

Bai tap luyén tap

Quartz (SiO,) has an extremely high melting point (1713°C), is very hard, and does not conduct
electricity in any state. Explain these properties in terms of its solid-state structure.

Loi giai chi tiét

Quartz is a network covalent solid: every Si atom is covalently bonded to four O atoms (and
each O bridges two Si atoms) in a continuous three-dimensional covalent network extending
throughout the entire crystal. Melting requires breaking a very large number of strong covalent
Si-O bonds throughout the lattice (not just overcoming weak intermolecular forces), which de-
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mands enormous thermal energy — hence the very high melting point. The rigid, fully-bonded
network resists deformation, giving high hardness. Because all valence electrons are localized
in fixed covalent bonds (none delocalized), there are no mobile charge carriers, so quartz does
not conduct electricity as a solid; unlike an ionic solid, melting it does not free mobile ions
either, since the bonding remains covalent throughout, so it remains a nonconductor even
molten.

Bai tap luyén tap

On the generic phase diagram (triple point at low P, T’; solid-liquid boundary with a steep
positive slope; critical point at higher P, T), a sample begins in the solid region at a pressure
below the triple-point pressure. Holding pressure constant, temperature is slowly increased.
Which phase transition occurs?

(A) Melting (solid — liquid) (C) Deposition (gas — solid)

(B) Sublimation (solid — gas) (D) No phase change occurs

Lai giai chi tiét

At a pressure below the triple-point pressure, there is no temperature at which the liquid phase
is stable — the horizontal path (constant P, increasing T') starting in the solid region crosses
directly into the gas region, skipping the liquid phase entirely. This transition is sublimation.

(B).

Bai tap luyén tap

Water’s solid-liquid phase boundary has a negative slope (unlike most substances). Explain
what this implies about the relative densities of ice and liquid water, and predict what happens
to an ice cube at 0°C when subjected to a large increase in pressure at constant temperature.

Loi giai chi tiét

A negative-slope solid-liquid boundary means that, moving from the solid region across the
boundary into the liquid region requires an increase in pressure at constant temperature (or
the boundary tilts left with increasing P, so the liquid region expands to lower temperatures
as P rises). Since increasing pressure favors the phase with smaller volume (denser phase), and
increasing pressure pushes the system from solid into liquid here, liquid water must be denser
than ice. Consequently, applying sufficient pressure to an ice cube sitting exactly at 0°C can
push the system across the solid-liquid boundary into the liquid region, causing the ice to melt
under pressure alone, with no change in temperature.

Bai tap luyén tap

A mixture of two colored dyes is spotted onto chromatography paper. After development, the
solvent front has traveled 9.60 cm from the origin. Dye A’s spot is 7.68 cm from the origin;
dye B’s spot is 2.40 cm from the origin. Find the R, value of each dye, and state which dye
interacts more strongly with the stationary phase.
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Loi giai chi tiét

7.68 2.40
Re(A) =560 = (0800},  Ry(B)= 960 0.250]

Dye B has the smaller R, meaning it traveled a much shorter relative distance — it is more
strongly retained by (interacts more strongly with) the stationary phase, while dye A partitions
more readily into the mobile phase and travels closer to the solvent front.

Bai tap luyén tap

A chemist needs to separate ethanol (b.p. 78°C) from water (b.p. 100°C) in a homogeneous
liguid mixture, and separately needs to remove suspended, insoluble sand particles from a
saltwater mixture. Identify the best separation technique for each task.

(A) Distillation for both mixture

(B) Filtration for both (D) Filtration for the ethanol/water mixture;

(C) Distillation for the ethanol/water mix- distillation for the sand/saltwater mix-
ture; filtration for the sand/saltwater ture

Loi giai chi tiét
The ethanol/water mixture is a homogeneous solution of two liquids with different boiling
points — this calls for distillation, which separates based on volatility differences. Sand is an
insoluble solid suspended in a liquid (saltwater) — this calls for filtration, which separates based
on physical state/particle size, not boiling point (filtration cannot separate ethanol from water,

since both pass through a filter as a homogeneous solution). (C).

Bai tap luyén tap

Rank the following types of electromagnetic radiation from lowest to highest photon energy:
visible light, X-ray, radio wave, ultraviolet.

(A) radio < visible < UV < X-ray (C) visible < radio < UV < X-ray
(B) X-ray < UV < visible < radio (D) radio < UV < visible < X-ray

Loi giai chi tiét
Photon energy increases with frequency (decreases with wavelength) in the order radio <
microwave < IR < visible < UV < X-ray < gamma. Selecting from this ordering: radio <

visible < UV < X-ray. (A).

Bai tap luyén tap

An X-ray photon has wavelength A\ = 0.154 nm (a wavelength commonly used in X-ray diffrac-
tion). Find its energy in joules.

Lai giai chi tiét

-

A=0.154 x 107 m = 1.54 x 10719 m.

g he _ (6.626 x 103%)(3.00 x 10%)  1.988 x 10~
N 1.54 x 1010 T 1.54 x 1010

=[1.29 x 10715 J|.
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This is roughly 10* times more energetic than a visible-light photon, consistent with X-rays
lying far to the high-energy end of the EM spectrum.

Bai tap luyén tap

A metal has a threshold frequency of 4.60 x 10'* Hz. If light of frequency 7.50 x 10'4 Hz strikes
the metal, find (a) the work function of the metal and (b) the maximum kinetic energy of the
ejected electrons.

Loi giai chi tiét

(@) ¢ = hf, = (6.626 x 10734)(4.60 x 10'*) = \ 3.05 x 10719 J |,
(b) KE ., = hf—¢ = (6.626x10734)(7.50x 10'4)—3.05x 107 % = 4.970x 10719—-3.05x 10719 =

[1.92 x 1010 J |

Bai tap luyén tap

In a photoelectric-effect experiment, the frequency of incident light is held constant above
the threshold frequency while the intensity is doubled. What happens to (a) the number of
electrons ejected per second and (b) the maximum kinetic energy of the ejected electrons?
(A) Both double (C) (a) stays the same, (b) doubles

(B) (a) doubles, (b) stays the same (D) Both stay the same

7 Loi gidi chi tiét
Intensity reflects the number of photons striking the surface per second, not the energy per
photon. Doubling intensity doubles the number of photons (and hence roughly doubles the
number of electrons ejected per second, since each ejection event still consumes one photon).
Because each photon still carries the same fixed energy i f (frequency unchanged), KE,,,, =
hf — ¢ is unaffected. (B).

Bai tap luyén tap

A calibration curve for a colored complex gives the linear regression A = 1.25 x 10* ¢ (c in M,
with the fit forced through the origin as expected from Beer’s Law, path length 1.00 cm). An
unknown sample of this complex gives A = 0.665. Find its concentration.

(A) 5.32 x 107> M (C) 1.88 x 1074 M
(B) 8.31 x 10° M (D) 5.32 x 1074 M

Lai giai chi tiét

A 0.665

¢ slope  1.25 x 104 5-32> 10

(A).
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Bai tap luyén tap

Two solutions of the same absorbing species are measured in cuvettes of different path length:
solution 1 in a 1.00 cm cuvette gives A = 0.400; solution 2, at the same concentration, is
measured in a 2.50 cm cuvette. Predict A for solution 2.

Loi giai chi tiét

Since A = ebc and ¢, ¢ are identical between the two measurements, A scales directly with

path length b:
b 2.50
Ay = A ><b£:0400><1—00:.
1 .

Bai tap luyén tap
Rank the following compounds from lowest to highest boiling point, briefly justifying the order:
CH3F (M = 34.0), CH;OH (M = 32.0), C,H, (M = 30.1).

j Loi giai chi tiét

C,Hg: nonpolar (symmetric, C-H and C-C bonds only), LDF only = lowest boiling point
(—89°C).

CH,F: polar (C-F bond dipole not canceled), LDF + dipole-dipole, but F is not bonded to H so
no hydrogen bonding = intermediate boiling point (—78°C).

CH3;OH: has an O-H bond, so it hydrogen-bonds in addition to LDF and dipole-dipole, de-
spite having the smallest molar mass of the three = highest boiling point (65°C).

Order: C,H, < CH3F < CH3;OH. This illustrates that hydrogen bonding can dominate over
both molar mass and simple bond polarity in determining relative boiling points.

Bai tap luyén tap

A nonpolar organic solute is added separately to (i) hexane (C4Hq4, nonpolar) and (ii) water
(polar, hydrogen-bonding). In which solvent is the solute expected to be more soluble, and
why?

(A) Water, because water is a universal sol- (C) Equal solubility in both
vent

(B) Hexane, by the “like dissolves like” princi- (D) Neither — nonpolar solutes are always in-
ple soluble

Loi giai chi tiét

“Like dissolves like”: a nonpolar solute disperses readily among nonpolar solvent molecules
held together only by comparably weak LDF, requiring no disruption of strong solvent-solvent
interactions. Dissolving it in water would require breaking part of water’s extensive hydrogen-
bond network without gaining comparably strong solute-water attractions in return (a non-
polar solute cannot hydrogen-bond or align favorably with water’s dipoles) — energetically
unfavorable. (B).

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 86



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Bai tap luyén tap

A can of carbonated soda is sealed under high CO, partial pressure. Using Henry’s Law and
the temperature-dependence of gas solubility, explain (a) why the soda fizzes vigorously when
opened, and (b) why a warm can of soda goes flat faster than a cold one even while both remain
sealed and then opened similarly.

Loi giai chi tiét

(a) Henry's Law: dissolved gas concentration is proportional to the partial pressure of that gas
above the liquid, Cco, = ko, Before opening, the sealed can maintains a high partial pres-
sure of CO, in the headspace, keeping a correspondingly high concentration of dissolved CO,
in solution at equilibrium. Opening the can releases the pressurized headspace gas, sharply
dropping Peo, to roughly atmospheric levels; the dissolved CO, concentration is now far above
its new equilibrium solubility, so excess gas rapidly leaves solution as visible bubbles (fizzing).
(b) Gas solubility in a liquid decreases as temperature increases (dissolution of a gas is generally
exothermic). A warm can therefore holds less dissolved CO, at equilibrium even at the same
sealed pressure, and loses its dissolved gas to the headspace/atmosphere more readily once
opened — going flat faster than a cold can, which can hold more dissolved gas at the same
pressure.

Bai tap luyén tap

A 250.0 mL flask contains O, gas collected over water at 24.0°C and a total (measured) pressure
of 0.995 atm. The vapor pressure of water at 24.0°C is 0.0298 atm. Find the partial pressure of
dry O, gas and the number of moles of O, collected.

| Loi gidi chi tiét

By Dalton’s Law, the measured total pressure of gas collected over water is the sum of the
partial pressure of the dry gas and the vapor pressure of water at that temperature: P, ., =
Po, + Py,0- Solving for the partial pressure of dry O,:

Po, = Pigta — Pr,o = 0.995 — 0.0298 =[0.965 atm .

Converting temperature to Kelvin, T' = 24.0 + 273 = 297 K, and using V' = 0.2500 L, apply
the ideal gas law to the dry O, alone (the water vapor has already been removed via its partial
pressure):

PV (0.9652)(0.2500)  0.2413

= = = =19.90 x 1073 mol|.
RT ~ (0.08206)(207) _ 24.37 a

n
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Chemical Reactions

Muc tiéu Unit: Nhan biét bang chirng ctia phan (rng hoa hoc va ap dung dinh luat bao toan khéi lwong
dé can bang phuong trinh hoa hoc; viét phuong trinh phan t, phuong trinh ion day du va phuong
trinh ion thu gon dua trén quy tic do tan; phan biét bién d6i vat ly va bién déi hoa hoc; giai bai toan
chat gidi han (limiting reactant), hiéu suat ly thuyét va hiéu suat phan trdm; thuc hién tinh toan chuan
dé acid-base dé xac dinh ndng do chua biét; phan loai phan (rng (téng hop, phan huy, thé don dua
trén day hoat dong hoa hoc, thé dbi, d6t chay); ndm dinh nghia acid-base theo Brgnsted-Lowry va cip
acid-base lién hgp; gan s6 oxi hoa va can bang phuong trinh oxi hod-khir bang phuong phap ban phan
(rng trong moi trudng acid, xac dinh chat oxi hoa va chat khr.

4.1 Introduction to reactions

A chemical reaction converts one or more reactants into one or more products through the break-
ing and forming of chemical bonds, rearranging atoms into new substances with new chemical and
physical properties. A chemical equation is the symbolic shorthand for this process: reactant formu-
las on the left, product formulas on the right, connected by a reaction arrow (—), with state symbols
(s), (1), (9), (aq) indicating the physical state of each species.

4.1.1 Evidence of chemical change

Because a chemical reaction produces genuinely new substances, it is typically detectable through
one or more observable signs. No single sign is proof by itself (each can also accompany a purely
physical process), but their combination is strong evidence that a reaction has occurred.

ll Observable evidence of a chemical reaction

e Color change — a new substance often absorbs/reflects light differently than the reactants
(e.g. colorless Pb?*(aq) and I~ (aq) combining to form bright yellow solid Pbl,).

¢ Gas evolution — bubbling or fizzing not caused by boiling (e.g. Zn(s) reacting with acid to
release H,(g)).

e Precipitate formation — an insoluble solid appears from two clear solutions.

e Temperature change — heat is absorbed (endothermic) or released (exothermic) as bonds
break and form, changing the internal chemical energy of the system.

o Light emission — chemiluminescence or a flame.

e Odor change — formation of a volatile substance with a new smell.

- GIAI THICH TIENG VIET
M6t phan (rng hoa hoc thudng di kém cac diu hiéu quan sat dugc: déi mau, sti bot khi, xuat
hién két tua, thay doi nhiét dé (toa nhiét/thu nhiét), phat sang, hoac déi mui. Tuy nhién, tirng
dau hiéu riéng 1é khéng phai 1 bang chirng tuyét déi (vi du dun séi nudc ciing sinh bot khi
nhuwng dé chi 1a bién déi vat ly) — can xem xét tong thé va déi chiéu vai viéc ¢o hinh thanh chat
m&i hay khong.
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4.1.2 Conservation of mass

The law of conservation of mass states that mass is neither created nor destroyed in a chemical
reaction: the total mass of all reactants consumed equals the total mass of all products formed. At
the atomic level, this is because a chemical reaction only rearranges existing atoms into new bonding
patterns — no atoms are created, destroyed, or converted into other elements. Consequently, a
correctly balanced chemical equation must show the same number of atoms of each element on the
reactant and product sides.

Conservation of mass at the macroscopic level (total mass reactants = total mass products) and
conservation of atoms at the particulate level (same count of each element on both sides of
a balanced equation) are two expressions of the same underlying principle. A coefficient in a
balanced equation reports the relative number of moles (or particles) reacting/forming — never
a mass ratio directly, since different substances have different molar masses.

4.1.3 Balancing chemical equations

Balancing an equation means inserting whole-number coefficients in front of each formula so that
the atom count of every element matches on both sides. Only coefficients may be adjusted — never
the subscripts within a formula, since changing a subscript changes the identity of the substance
itself (e.g. changing H,O to H,O, produces hydrogen peroxide, a completely different compound).

Systematic balancing strategy

1. Balance elements that appear in only one reactant and one product first, saving elements
that appear in multiple species (often H and O) for later.

2. Balance polyatomic ions that survive unchanged through the reaction as a single unit rather
than atom-by-atom, when possible.

3. For combustion reactions specifically, balance C, then H, then O last (O frequently requires
a coefficient adjustment on O,, sometimes fractional before scaling to whole numbers).

4. If a fractional coefficient is unavoidable partway through, multiply every coefficient in the
equation by the fraction's denominator to clear it.

5. Verify by counting every atom of every element on both sides — and, for equations involving
ions, verify that total charge also balances (Section 4.3).

GIAI THICH TIENG VIET
Can bang phuong trinh hoa hoc nghia 13 thém hé sé (khéng phai chi s6) trudc mbi cong thirc
sao cho s& nguyén ti mdi nguyén t8 & hai v& bang nhau. Chién luvgc thudng dung cho phan
irng d6t chay: can bang C truéc, roi H, dé O lai sau cung vi O xuat hién & nhiéu chat; néu hé s6
ra phan sé (thudng gap vai O,), nhan toan bd phuong trinh véi mau sé dé dua vé s6 nguyén
nho nhat.

Balancing a combustion equation

Balance the combustion of propane, C;Hg, with oxygen gas to form carbon dioxide and water.

Step 1 — write the skeleton equation.
CsHg(g) + O(g) — CO,(g) + H,O(g)
Step 2 — balance carbon. There are 3 C atoms in C3Hg, so place a coefficient of 3 on CO,:

C3H8 —+ 02 — 3C02 + H20
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Step 3 — balance hydrogen. There are 8 H atoms in C3Hg; each H,O carries 2 H atoms, so 4
waters are needed:
C3H8 + 02 — 3(:02 + 4H20

Step 4 — balance oxygen last. The right side now has 3(2) + 4(1) = 6 + 4 = 10 O atomes, all
supplied by O, on the left, so the coefficient on O, is 10/2 = 5:

| C3Hg(8) + 50,(g) — 3CO,(g) + 4H,0(g) |

Check: C:3 =3; H: 8 = 8; O: 5(2) = 10 and 3(2) + 4(1) = 10. Balanced.

4.2 Net ionic equations

Many important reactions in chemistry occur in aqueous solution, where ionic compounds and cer-
tain molecular compounds separate into freely-moving ions. Writing every spectator ion out in full
obscures which species actually participate in the chemistry — the net ionic equation strips away
everything that does not change, showing only the actual chemical transformation.

4.2.1 Strong electrolytes and dissociation

A strong electrolyte dissociates (or ionizes) essentially completely into ions when dissolved in water,
producing a solution that conducts electricity well. Strong electrolytes include:

Categories of strong electrolytes

¢ Soluble ionic compounds (salts) — apply the solubility rules (Section 4.2, table below) to
decide whether a given ionic compound dissolves; if soluble, it dissociates 100% into its
constituent ions.

e Strong acids — HCI, HBr, HI, HNO,, H,SO, (first proton), HCIO,, HCIO4 — ionize com-
pletely, e.g. HCl(aq) — H* (aq) + Cl~ (aq).

e Strong bases — Group 1 hydroxides (LIOH, NaOH, KOH, ..) and Ca(OH),, Sr(OH),,
Ba(OH), — whatever amount dissolves, dissociates completely into metal cation and OH".

By contrast, weak electrolytes (weak acids, weak bases) ionize only partially and remain pre-
dominantly as intact molecules in solution, while nonelectrolytes (most molecular compounds
— sugars, alcohols, and other covalent compounds without acid/base character) dissolve with-
out forming any ions at all. Weak and nonelectrolyte species are written as intact molecular
formulas in every version of an equation, never split into ions.

. GIAI THICH TIENG VIET

Chat dién li manh phan li hoan toan thanh ion trong nudc: mudi tan (theo quy tic do tan),
acid manh (7 acid manh can nhé: HCI, HBr, HI, HNO,, H,SO, (nac 1), HCIO,, HCIO,), va base
manh (hydroxide nhém 1 va Ca(OH),, Sr(OH),, Ba(OH),). Chat dién li yéu (acid yéu, base yéu)
chi phan li mét phan — viét dudi dang phan tir nguyén ven trong phuong trinh ion, KHONG
duoc tach thanh ion.

4.2.2 Solubility rules
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lon Solubility Exceptions

Group 1 cations Soluble none

(Lit,Na*™, K™, Rb™, Cs™),

NH;

Nitrate  NOg3, acetate Soluble none

CoH30;

Chloride, bromide, iodide Soluble Agt, Pb2t, Hg%+ insoluble

(CI=,Br—,I7)

Sulfate SO2- Soluble BaSO,, PbSQO, insoluble; CaSO, slightly
soluble

Carbonate CO%i phos- Insoluble soluble only with Group 1 cations or

phate PO3~ NH;

Hydroxide OH~ Insoluble soluble with Group 1 cations; Ba(OH),,
Sr(OH),, Ca(OH), slightly soluble

Table 4.1: *

Reference solubility rules for common ionic compounds in water. To predict whether mixing two aqueous solutions

Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

produces a precipitate, identify the two possible new ionic pairings (double replacement) and check each against this

table.

4.2.3 Molecular, complete ionic, and net ionic equations

Three levels of representation

e Molecular equation: every compound written as a whole neutral formula, exactly as one
would measure it out in the lab.

e Complete ionic equation: every strong electrolyte is rewritten as its separated ions; sub-
stances that are solid, liquid, gaseous, weak, or nonelectrolytic remain as full formulas.

¢ Netionic equation: any ion appearing identically on both sides of the complete ionic equa-
tion — a spectator ion — is cancelled, leaving only the species that actually undergo chem-
ical change.

Molecular, complete ionic, and net ionic equations for a precipitation reaction

Write the molecular, complete ionic, and net ionic equations for mixing aqueous calcium chlo-
ride and aqueous sodium carbonate.

Molecular equation. Predict the double-replacement products: Ca%* pairs with CO%* (carbon-
ate, insoluble except Group 1/NH; — so CaCOj precipitates), and Na™ pairs with CI~ (soluble):

CaCl,(aq) + Na,CO5(aq) — CaCOg(s) + 2NaCl(aq)

Complete ionic equation. Dissociate every soluble strong electrolyte (CaCl,, Na,CO,, NaCl);
the precipitate CaCOj(s) stays as a solid formula unit:

Ca?*(aq) + 2Cl~(aq) + 2Na*(aq) + CO3~(aq) — CaCOj4(s) + 2Na*(aq) + 2Cl-(aq)

Net ionic equation. Cancel the spectator ions Na* and CI~, which appear unchanged on both
sides:

Ca®*(aq) + CO3 (aq) — CaCOj4(s)

Charge check: left side (+2) + (—2) = 0; right side (neutral solid) = 0. Balanced in both atoms
and charge.
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(1) L6i thuong gidp: A frequent mistake is dissociating every compound in the complete ionic
equation, including weak acids, weak bases, molecular gases, and insoluble solids. Only soluble
strong electrolytes are split into ions. A weak acid like CH;COOH, a gas like CO,(g), water
H,O(l), and any precipitate marked (s) must all be written as full, undissociated formulas in
the complete ionic equation — treating them as if they were strong electrolytes produces an
incorrect net ionic equation.

- GIAI THICH TIENG VIET
Phuaong trinh ion day du chi tach cac chat dién li manh tan thanh ion; cac chat khi, chat long
nguyén chat (nuéc), chat két tua (rdn), va chat dién li yéu van gilr nguyén dang phan tir. Phuong
trinh ion thu gon (net ionic equation) loai bd cac ion khan gia (spectator ions) — ion xuat hién
giong hét & ca hai vé&€ ma khéng tham gia phan &ng thuc su — chi gilr lai cac ti€u phan thuc su
bién déi.

4.3 Representations of reactions

4.3.1 Particulate-level diagrams

Chemical equations describe reactions at the macroscopic and formula level, but chemists also rea-
son at the particulate (molecular) level — visualizing individual atoms and molecules rearranging.
A particulate diagram represents each species as a small circle or cluster of circles (color-coded by
element), showing a "before” box of reactant particles and an "after” box of product particles.

Before reaction After reaction
Ha
(Y o, @ "°
e o
( N J —
Y} . H,O
Hy e o

Particulate representation of 2H,(g) + O,(g) — 2H,0(g): two H, molecules (navy pairs) and one O, molecule (pink
pair) rearrange into two H,O molecules. Atom count is conserved on both sides: 4 H atoms and 2 O atoms.

Translating between formula equations and particulate diagrams

e The number of discrete particles drawn in a box should be in the smallest whole-number ratio
matching the balanced equation’s coefficients (or an exact multiple of it).

¢ Molecules that do not react (excess reactant, or a spectator species present but uninvolved)
appear unchanged in both the "before” and "after” boxes.

e A correct particulate diagram never creates or destroys individual atoms — every atom
present in the "before” box must be accounted for, bonded differently, in the "after” box.

e Diagrams can also depict a mixture that has not yet reacted completely, useful for identify-
ing which reactant is limiting purely from particle counts (Section 4.5).

- GIAI THICH TIENG VIET
So d6 hat (particulate diagram) biéu dién phan (rng & cap dd phan ti: mdi vong tron la mot
nguyén tlr, md mau theo nguyén to. S6 hat vé trong hop "trudc phan (ng” va "sau phan rng”
phai theo duing ti 1é hé s& can bang (ho3c bdi sb cua ti 1é dd). Nguyén tic quan trong: téng sd
nguyén t& moi loai phai gitr nguyén — khéng hat nao bién mat hay xuat hién thém.
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4.3.2 Balancing verified by atom count and charge

For molecular equations, a correct balance requires only that atom counts match on both sides. For
equations that include ions (complete ionic and net ionic equations), a second, independent check
is required: total charge must also balance — the sum of all ionic charges on the reactant side must
equal the sum on the product side, even though the total charge need not be zero.

Verifying a redox equation by both atom count and charge

Confirm that the following net ionic equation is correctly balanced:
Zn(s) + 2Ag*(aq) — Zn?*(aq) + 2Ag(s).

Atom check: 1 Zn atom on each side; 2 Ag atoms on each side. Atoms balance.

Charge check: left side, Zn(s) is neutral (0) and 2Ag* contributes 2(+1) = +2, for a total of
+2. Right side, Zn?* contributes +2 and 2Ag(s) is neutral (0), for a total of +2. Both sides
equal +2 — charge balances.

Both checks pass, confirming this is a validly balanced net ionic (and, as will be shown in
Section 4.9, redox) equation.

4.4 Physical and chemical changes

4.4.1 Distinguishing physical and chemical change

A physical change alters the form, phase, or arrangement of a substance without changing its chem-
ical identity — no bonds within molecules or formula units are broken or newly formed between
different substances, and the same molecules/ions present at the start are still present at the end
(though possibly in a different phase or physically mixed with other particles). A chemical change
breaks and forms chemical bonds, converting reactants into products with different chemical for-
mulas, different molecular structure, and different physical/chemical properties.

Physical vs. chemical change: key examples

¢ Phase changes (melting, freezing, boiling, condensing, subliming) — physical. The sub-
stance’s formula and bonding are unchanged; only the spacing/organization/kinetic energy
of the particles changes.

¢ Dissolution of an ionic compound — physical. When NaCl(s) dissolves in water, the ionic
lattice separates into hydrated Na*(aq) and Cl~(aq) ions — these ions already existed as
discrete charged species within the solid lattice; no new substance is formed, and evapo-
rating the water regenerates the original NaCl.

¢ Mixing without reaction (e.g. stirring sand into water) — physical; components retain their
individual identities and can be separated by physical means.

e Any process forming a new substance with a new chemical formula — rusting, combustion,
precipitation, gas evolution from a reaction, digestion of food — chemical. Bonds within
the reactant molecules break, and new bonds form to create products with fundamentally
different composition.

- GIAI THICH TIENG VIET
Bién d6i vat ly (physical change) chi thay déi hinh dang/trang thai/cach sap xép cua chat —
khéng cé lién két hoa hoc nao bi pha vé& hay hinh thanh gitra cac chat khac nhau, chat van gitr
nguyén ban chat hoa hoc. Vi du: néng chay, séi, hoa tan mudi an vao nudc (cac ion Na™, ClI—
von da ton tai san trong mang tinh thé, chi dugc hydrat hoa chir khéng tao ra chat méi). Bién
déi hoa hoc (chemical change) tao ra chat méi véi cong thire va tinh chat hoan toan khac — vi
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du gi sat, dét chay, tao két tua.

4.4.2 Conservation of atoms across both types of change

Whether a change is physical or chemical, the total number of atoms of each element is always con-
served — atoms are neither created nor destroyed by ordinary physical or chemical processes (only
nuclear reactions change elemental identity, which lies outside the scope of chemical reactions). The
distinguishing question is not "are atoms conserved?” (they always are) but "are the atoms bonded
together in the same molecular/ionic arrangement before and after?” A physical change answers
yes; a chemical change answers no.

Classifying changes and applying conservation of atoms

Classify each process as physical or chemical, and state what is conserved in each case: (a) ice
melting at 0°C; (b) AgNO;(aq) mixed with NaCl(aq) forming a white precipitate; (c) dissolving
CO, gas into water to make carbonated water (no reaction, simple physical dissolution of a
gas).

(a) Physical. H,O molecules are identical in the solid and liquid phase; only the rigid hydrogen-
bonded lattice breaks down into a more disordered, mobile arrangement. The number of H,O
molecules (and H, O atoms) is unchanged.

(b) Chemical. New ionic bonding arrangement forms: Ag™ and Cl—, previously each surrounded
by water and other counter-ions, combine into a new solid, AgCl(s), with distinct physical
properties (insoluble, white) from either reactant. Atom counts (Ag, N, O, Na, Cl) are conserved
throughout, but the bonding pattern is entirely different from the reactants.

(c) Physical. CO, molecules remain intact and chemically unchanged; they are simply dispersed
among water molecules (a small fraction does react reversibly to form carbonic acid, H,CO3,
but the bulk dissolution process itself, and the classic "dissolving a gas in a liquid” description,
is physical).

4.5 Stoichiometry

Stoichiometry is the quantitative study of the mole relationships between reactants and products
in a balanced chemical equation. The coefficients of a balanced equation give the exact mole ratio
in which substances react and form — this ratio is the conversion factor for every stoichiometric
calculation.

<+ M (g/mol) x N4 = 6.022 x 1023
Mass of A H Moles of 7 Particles of A
(grams) . substance A . (atoms/molecules)
x M (g/mol) A =Ny
+22.4 L/mol x 22.4 L/mol

Y

Volume of gas A
at STP (litres)

The stoichiometry “mole map”: moles is the central hub connecting mass (via molar mass M), particle count (via

Avogadro’s number N ,), and gas volume at STP only (via 22.4 L/mol, valid strictly at 0°C and 1 atm). To convert

between two different substances (A to B), always pass through moles of each and apply the mole ratio from the
balanced equation.
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4.5.1 Mole ratios from balanced equations

General stoichiometric roadmap

To convert a known quantity of substance A into a quantity of substance B using a balanced

equation:

1. Convert the given quantity of A into moles of A (using molar mass, Avogadro’s number, or
22.4 L/mol at STP, as appropriate).

coefficient of B

coefficient of A

2. Multiply by the mole ratio from the balanced equation to obtain moles of

B.

3. Convert moles of B into whatever final unit is requested (mass, particles, volume at STP, or
concentration).

GIAI THICH TIENG VIET
o d6 mol (mole map) dat s6 mol lam trung tam: tur khéi luvgng (chia cho khéi lugng mol 1),
sO hat (nhan véi s6 Avogadro N ,), hodc thé tich khi & dktc (22.4 L/mol — chi ap dung & 0°C, 1
atm) déu quy vé s6 mol trudc, réi maéi dung ti lé hé sé trong phuong trinh can bang dé chuyén

sang s6 mol chat khac.

4.5.2 Limiting reactant

When reactants are not combined in the exact stoichiometric mole ratio required by the balanced
equation, one reactant will be completely consumed first — this is the limiting reactant (or limiting
reagent), and it determines the maximum possible amount of product, the theoretical yield. Any
reactant remaining unconsumed when the limiting reactant runs out is the excess reactant.

Identifying the limiting reactant

Convert every given reactant quantity into moles. Then, for each reactant, calculate how many
moles of a chosen product would form if that reactant were used up completely (dividing by
its own coefficient and multiplying by the product’s coefficient). The reactant that predicts
the smaller amount of product is the limiting reactant — it runs out first and caps the reaction.
Equivalently, divide moles of each reactant by its own coefficient in the balanced equation;
the smallest resulting value identifies the limiting reactant.

(1) L&i thuong gap: A very common error is assuming the reactant present in the smaller mass
(grams) — or the smaller number of grams given in the problem — is automatically the limiting
reactant. Limiting reactant is determined by mole ratios, not raw mass. A reactant can be
present as fewer grams yet still be in stoichiometric excess if its molar mass is much smaller
than the other reactant’s, or if the balanced equation requires many fewer moles of it. Always
convert to moles and compare against the balanced coefficients before drawing a conclusion.

- GIAI THICH TIENG VIET
Chat gidi han (limiting reactant) 1a chat phan (rng hét trudc, quyét dinh luong san pham téi
da (hiéu suat ly thuyét — theoretical yield). Ldi thuong gap: hoc sinh hay nham chat cé khdi
lwong gam nhoé hon 13 chat gidi han — day 1a sai [Am, vi phai quy déi vé sé mol va so vdi ti 1é
hé sé trong phuong trinh méi xac dinh dugc chat nao hét trude.
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Limiting reactant and theoretical yield

When 50.0 g of N, is combined with 10.0 g of H, and allowed to react completely according to
N,(g) + 3H,(g) — 2NH;3(g), determine the limiting reactant and the theoretical yield of NH;
in grams.

Convert to moles. M (N,) = 2(14.01) = 28.02 g/mol; M (H,) = 2(1.008) = 2.016 g/mol.

50.0 10.0
= 1' 4 I H - Y = 4. I
784 mol, n(Hy) 5 016 960 mo

nN2) = 5275

Determine the limiting reactant. The equation requires 3 mol H, per 1 mol N,. For all 1.784
mol N, to react, 1.784 x 3 = 5.353 mol H, would be needed — but only 4.960 mol H, is available.
Since the available H, falls short of what full reaction of the N, would require, H, is the limiting
reactant (and N, is in excess).

Theoretical yield of NH, based entirely on the limiting reactant H, (mole ratio NH5 : H, = 2:
3):
2 mol NH,

3 mol H,
M(NH;) = 14.01 + 3(1.008) = 17.034 g/mol, so

n(NH3) = 4.960 mol H, x = 3.307 mol NH4

‘m(NH3) = 3.307 mol x 17.034 g/mol = 56.33 g (theoretical yieId)‘

4.5.3 Percent yield

In practice, real reactions rarely achieve their full theoretical yield — side reactions, incomplete reac-
tions, and mechanical loss during transfer/purification all reduce the actual mass of product recov-
ered, the actual yield. The percent yield quantifies reaction efficiency:

actual yield
theoretical yield

% yield = x 100%

Percent yield calculation

In the reaction of Example above (N, + 3H, — 2NH3, theoretical yield 56.33 g NH;), a chemist
actually collects 42.5 g of NH3. Calculate the percent yield.

. 125
% yield = 33gg % 100% = [75.4%

A percent yield below 100% is expected and normal; it reflects real experimental losses (e.g.
some product lost during filtration, an equilibrium reaction that does not go fully to completion,
or a competing side reaction). Percent yield can never exceed 100% for a correctly identified
theoretical yield — an apparent yield over 100% signals a measurement or purity error (Section
Practice Problems, Problem 31).

GIAI THICH TIENG VIET
-
lwvgng thuc té thu duoc
lwong ly thuyét tinh toan
100% trong diéu kién ly twdng — néu tinh ra hiéu suat vuot qua 100%, nguyén nhan thudng la
san pham thu duoc con 1an tap chat (chua sdy khé hoan toan, con nuwéc hoac chat phan (ng
du), chr khdong phai phan (rng tao ra nhiéu san pham hon gidi han ly thuyét cho phép.

Hiéu suat phan tram = x 100%. Hiéu suat luén nhé hon hodc bang
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4.5.4 Mass-to-mass and gas stoichiometry

Mass-to-mass stoichiometry

How many grams of CO, are produced by the complete combustion of 25.0 g of propane,
C;Hg, according to C3Hg(g) + 50,(g) — 3CO,(g) + 4H,0(g) (excess O, assumed)?

M(CgHg) = 3(12.01) + 8(1.008) = 44.094 g/mol.

25.0

Mole ratio CO, : C3Hg =3 : 1:

n(CO,) = 0.5670 mol x % _ 1.701 mol

M(CO,) = 12.01 + 2(16.00) = 44.01 g/mol:

| m(CO,) = 1.701 mol x 44.01 g/mol = 74.86 g

Gas stoichiometry at STP

What volume of O, gas, measured at STP, is required to completely combust 10.0 g of methane,
CH,, via CH,(g) + 20,(g) — CO,(g) + 2H,0(g)?

M(CH,) = 12.01 + 4(1.008) = 16.042 g/mol.

10.0

n(CHa) = 15012

= 0.6234 mol

MoleratioO, : CH, =2: 1:

2
n(O,) = 0.6234 mol x 1= 1.247 mol

At STP, 1 mol of any ideal gas occupies 22.4 L:

| V(Oy) = 1.247 mol x 22.4 L/mol = 27.9 L |

4.6 Introduction to titration

Titration is a laboratory technique for determining the unknown concentration (or amount) of one
solution (the analyte) by reacting it, in a precisely measured and controlled way, with a solution of
known concentration (the titrant). In an acid-base titration, titrant is added slowly from a burette
into a flask containing a measured volume of analyte plus a few drops of indicator, a substance that
changes color at (or very near) the point of complete reaction.
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Burette:
= titrant of
known conc.

Erlenmeyer flask:
analyte + indicator

Titration setup: titrant of known molarity is added dropwise from the burette into the analyte until the indicator signals
that the equivalence (end) point has been reached.

4.6.1 Equivalence point and titration calculations

The equivalence point is reached when the moles of titrant added have exactly reacted, in the stoi-
chiometric ratio given by the balanced equation, with all the moles of analyte originally present. For
a simple 1 : 1 monoprotic acid-base reaction, this means moles acid = moles base at equivalence;
for reactions with other stoichiometric ratios, the mole ratio from the balanced equation must be
applied.

Titration calculation procedure
Record the volume of titrant delivered at the equivalence point (from the burette).
Compute moles of titrant = Mot X Visrant-

Use the balanced equation’s mole ratio to convert moles of titrant into moles of analyte.

> W b=

Divide by the known volume of analyte to obtain its molarity (or, if a mass of solid analyte
was used, divide by that mass to determine molar mass, or vice versa).

- GIAI THICH TIENG VIET
Chuan dé (titration) xac dinh néng dé chua biét cia dung dich phan tich (analyte) bang cach
cho phan &rng vai thé tich chinh xac ctia dung dich chuan (titrant) da biét néng do, dén khi dat
diém tuong duong (equivalence point — chat chi thi d6i mau bao hiéu). Cong thirc cot 16i: s&
mol titrant = M x V, sau dé dung ti |& hé s6 phuong trinh can bang d€ suy ra sé mol analyte,
roi chia cho thé tich analyte dé c6 néng dé mol.

Titration calculation for unknown molarity

A 25.00 mL sample of an HCI solution of unknown concentration is titrated with 0.1050 M
NaOH. The equivalence point is reached after 32.46 mL of NaOH has been added. Find the
molarity of the HCI solution.

Balanced equation: HCl(aq) + NaOH(aq) — NaCl(aq) + H,O(l) — a 1 : 1 mole ratio.
Moles of titrant (NaOH):

n(NaOH) = (0.03246 L)(0.1050 M) = 3.408 x 103 mol
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Moles of analyte (HCI), using the 1 : 1 ratio: n(HCI) = 3.408 x 10~ mol.
Molarity of HCI:

3.408 x 103 mol
M(HCI) = =0.1363 M
(HCI) 0.02500 L 01363

4.7 Types of chemical reactions

Chemical reactions are commonly sorted into a small number of recognizable patterns. Recognizing
the pattern helps predict products even before balancing.

Reaction type General form Example
Synthesis (combina- A+ B — AB 2Na(s) + Cl,(g) — 2NaCl(s)
tion)
Decomposition AB—-A+B 2H,0,(aq) — 2H,0(1) + O,(g)
Single replacement A +BC — AC+B Zn(s) + CuSO,(aq) — ZnSO4(aq) + Cu(s)
Double replacement AB+ CD — AD + CB BaCl,(aq) + K,SO,4(aq) — BaSO,(s) 4+ 2KCl(aq)
Combustion CH, (+0) + Oy — CO, + HyCH,(8) + 20,(g) — CO,(g) + 2H,0(g)
Table 4.2: *
The five commonly recognized reaction-type patterns. Double replacement reactions further subdivide by product type
(below).

4.7.1 Synthesis (combination)

A synthesis reaction combines two or more simpler substances into a single, more complex prod-
uct. Common examples include a metal reacting with a nonmetal to form an ionic compound, two
nonmetals combining, or a metal oxide reacting with water to form a hydroxide, or a nonmetal oxide
reacting with water to form an oxoacid.

4.7.2 Decomposition

A decomposition reaction breaks a single compound down into two or more simpler substances
(elements or simpler compounds), typically requiring an input of energy (heat, light, or electricity)
to drive the process, since it is generally the reverse of an exothermic synthesis. Common triggers
include heating (thermal decomposition, indicated A over the arrow) and electrolysis.

4.7.3 Single replacement and the activity series

A single replacement (displacement) reaction occurs when one free element displaces another el-
ement from a compound: a more reactive metal displaces a less reactive metal (or hydrogen) from
a compound in solution, or a more reactive halogen displaces a less reactive halogen from a halide
salt. Whether a given single replacement actually proceeds depends on the relative reactivity of the
free element versus the element it would displace, summarized by the activity series.

To predict whether A(s) + BC(aq) — AC(aq) + B(s) proceeds, locate A and B in the activity
series: the reaction proceeds only if A is more reactive (higher in the table) than B. If A is
less reactive than B, no reaction occurs (written “NR”). The same logic (an analogous halogen
activity series, F, > Cl, > Br, > |,) governs single replacement among the halogens.

- GIAI THICH TIENG VIET
Phan &rng thé don (single replacement) chi xay ra khi nguyén t6 tu do hoat ddong manh hon
nguyén td no thay thé, tra theo day hoat dong hoa hoc: Li, K, Ba, Ca, Na, Mg, Al, Zn, Fe, Ni,
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Reactivity behavior Metals (most — least active)

React vigorously with cold water and with dilute Li, K, Ba, Ca, Na
acids, releasing H,

Do not react with cold water; react with steam Mg, Al

and with dilute acids

Do not react with water; react readily with dilute  Zn, Fe, Ni, Sn, Pb
acids, displacing H,

Reference point — dividing line for displacing H, H,

from acid

Do not react with dilute non-oxidizing acids (HCI, Cu, Ag, Au

dilute H,SO,)

Table 4.3: *
Activity series of common metals, listed most to least reactive (top row to bottom row; left to right within a row). A free
metal will displace the cation of any less-active metal (or displace H, from a non-oxidizing acid) that appears below it in
the series; it will not displace a more-active metal or H, appearing above it.

Sn, Pb, (H,), Cu, Ag, Au (tir manh dén yéu nhat). Kim loai dirng trudc c6 thé day kim loai dirng
sau ra khoi dung dich mudi, hodc day H, ra khéi acid lodng néu dirng truéc H, trong day; kim
loai dirng sau H, (Cu, Ag, Au) khdng phan rng véi acid loang thong thudong.

4.7.4 Double replacement: precipitation, gas-forming, and neutralization

A double replacement (metathesis) reaction exchanges the cations (or anions) between two ionic
compounds in solution: AB +CD — AD + CB. A double replacement reaction proceeds forward
(produces an observable change) only if at least one of the following driving forces removes ions
from solution:

Driving forces for double replacement

e Precipitation: one product is insoluble (check the solubility rules table, Section 4.2), remov-
ing ions from solution as a solid.

e Gas formation: one product is (orimmediately decomposes into) a gas — e.g. a sulfide forms
H,S(g) with acid, a carbonate/bicarbonate forms CO,(g) + H,O(l) (via unstable H,CO5;), a
sulfite forms SO,(g) + H,O(l).

¢ Neutralization / weak-electrolyte formation: an acid and a base combine to form water (a
very weak electrolyte) plus a salt, effectively removing H* and OH~ from solution.

If neither possible product is insoluble, gaseous, or a weak electrolyte, no net reaction occurs
— all four ions remain fully dissociated spectators, and the correct net ionic equation is simply
“NR” (no reaction).

(1) Léi thuwong gap: Do not assume every double replacement combination produces a precip-
itate. Always check both possible new pairings against the solubility rules before concluding a
reaction occurs. For example, mixing NaNO;(aq) and KCl(aq) gives the possible new pairings
NaCl and KNO; — both fully soluble — so no precipitate forms and no net reaction takes place;
all four ions remain spectators in solution.
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. GIAI THICH TIENG VIET

Phan (rng thé doéi (double replacement) chi thuc su xay ra (cé hién tugng quan sat duoc) khi
c6 mot trong ba dong luc: tao két tua (tra bang do tan), tao khi (vi du sulfide + acid tao H,S,
carbonate + acid tao CO,), hodc trung hoa acid-base tao nugc. Néu ca hai san pham cé thé
c6 déu tan tot, phan itng KHONG xay ra (NR — no reaction) — day 13 16i thuong gap khi hoc
sinh mac dinh ludn co két tua.

4.7.5 Combustion

A combustion reaction is the rapid reaction of a substance (most commonly a hydrocarbon or other
organic compound) with O, gas, releasing energy as heat and light. Complete combustion of a hydro-
carbon C,H, (or an oxygen-containing organic compound C,H, O,) with sufficient O, always yields
CO,(g) and H,0O(g or ) as the only products. (Incomplete combustion, with insufficient O,, instead
yields some CO or soot/carbon — outside the scope of the idealized combustion equations used
here.)

Classifying a reaction by type

Classify each of the following balanced equations by reaction type.

(@) 2Na(s) + Cl,(g) — 2NaCl(s)

(b) 2H,0,(aq) — 2H,0(l) + O,(g)

() Zn(s) + CuSO,(aq) — ZnSO,(aq) + Cu(s)

(d) BaCl,(aq) + K,SO,4(aq) — BaSO,(s) + 2KCl(aq)
(e) CaHy(g) +30,(g) — 2C0Oy(g) + 2H,0(g)

(B)Swg &')%r%%ﬁtﬁ(meb ne.into a sin

tion.

(c) Free element Zn displaces Cu from CuSO, (Zn is above Cu in the activity series) = single
replacement.

(d) Cations/anions exchange between two ionic compounds, producing the insoluble precipi-
tate BaSO, = double replacement (precipitation).

(e) A hydrocarbon reacts with O, to give CO, and H,O = combustion.

le com gund = synthesis. ]
reaks into two simpler substances (water and oxygen gas) = decomposi-

4.8 Introduction to acid-base reactions

4.8.1 The Brgnsted-Lowry definition

The Bransted-Lowry theory defines acids and bases by proton (H*) transfer: a Brgnsted-Lowry acid
is a proton donor, and a Bransted-Lowry base is a proton acceptor. This definition is broader than
the Arrhenius definition (which restricts acids/bases to species that release H™ or OH™~ specifically
in water) because it applies to any solvent and identifies species like NH; (which contains no OH™
but accepts a proton) as bases.

4.8.2 Conjugate acid-base pairs

Every Bragnsted-Lowry acid-base reaction involves two conjugate acid-base pairs: when an acid
donates a proton, what remains is its conjugate base (one fewer H*, one more unit of negative
charge); when a base accepts a proton, it becomes its conjugate acid (one more H*, one more unit
of positive charge).
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Identifying conjugate acid-base pairs

Identify the Brgnsted-Lowry acid, base, conjugate acid, and conjugate base in the equilibrium
NH;(aq) + H,O(l) = NHj (aq) + OH™ (aq)

Reading left to right, H,O donates a proton to NH;. Acid (proton donor): H,O. Base (proton
acceptor): NH;. After donating H*, H,O becomes OH~ — its conjugate base. After accepting
H*, NH; becomes NH; — its conjugate acid.

The two conjugate pairs are H,O/OH~ and NH; /NH; — each pair differs by exactly one H.

A species that can act as either a proton donor or a proton acceptor, depending on the reaction
partner, is called amphoteric (or amphiprotic). Water is the classic example: it acts as a base
(accepting H™) toward a stronger acid, and as an acid (donating H") toward a stronger base.
Polyprotic-acid intermediate species such as HCOj3 are also amphoteric — able to donate a
proton to form CO%i or accept one to re-form H,CO,.

. GIAI THICH TIENG VIET

Theo thuyét Brgnsted-Lowry, acid 1a chat cho proton (H*), base |a chat nhan proton. Mébi phan
(rng acid-base tao ra hai cap acid-base lién hop: acid sau khi cho H™ tra thanh base lién hop
(base “conjugate”); base sau khi nhan H tr& thanh acid lién hgp. Chat lwéng tinh (amphoteric)
nhu nudc hodc HCO3 ¢ thé dong vai tro acid hodc base tuy chat phan (rng cung.

4.8.3 Neutralization: acid + base — water + salt

A neutralization reaction between a strong (or weak) acid and a strong (or weak) base produces
water and an ionic compound called a salt. When both the acid and base are strong, the net ionic
equation reduces to the simple combination of the free ions:

H*(aq) + OH (aq) — H,O(l)

Balancing a neutralization equation

Write the balanced molecular equation for the neutralization of phosphoric acid, H;PO,, by
calcium hydroxide, Ca(OH),.

The salt formed pairs Ca?* with PO?(: charges must balance to 0, requiring 3 Ca%* for every 2
PO3-, giving the formula Caz(PO,),. Balancing Ca first fixes the coefficient of Ca(OH), at 3,
and balancing P fixes the coefficient of H;PO, at 2:

2H;PO,(aq) + 3Ca(OH),(aq) — Caz(PO,),(s) + 6H,0(1)

Check: Ca: 3 =3. P: 2 = 2. H: left 2(3) + 3(2) = 12; right 6(2) = 12. O: left 2(4) 4+ 3(2) = 14;
right 2(4) +6(1) = 14.

| 2H3PO,(aq) + 3Ca(OH),(aq) — Cag(PO,)s(s) + 6H,0() |

(Note Cas(PO,), is insoluble by the phosphate solubility rule, so this reaction also proceeds
as a precipitation-driven double replacement.)
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4.9 Oxidation-reduction (redox) reactions

An oxidation-reduction (redox) reaction involves the transfer of electrons between species, tracked
through changes in oxidation number (oxidation state).

4.9.1 Assigning oxidation numbers

Rules for assigning oxidation numbers

1. A free element (uncombined) has oxidation number 0 (e.g. Zn(s), O,, P,).

2. A monatomic ion has an oxidation number equal to its charge (e.g. Na* = +1, S~ = —2).
3. Fluorine is always —1 in compounds.

4. Oxygen is usually —2, except in peroxides (O3, oxidation number —1 per O, e.g. H,0,) and

when bonded to F.

=

Hydrogen is usually +1 when bonded to a nonmetal, but —1 in metal hydrides (e.g. NaH).

6. The sum of all oxidation numbers in a neutral compound is 0; the sum in a polyatomic ion
equals the ion’s overall charge.

. GIAI THICH TIENG VIET

Quy t3c gan s6 oxi hoa: nguyén t6 tu do = 0; ion don nguyén tir = dién tich cta no; F ludn
—1; O thuong —2 (trir peroxide O%* 13 —1); H thudng +1 (trir hydride kim loai 1a —1); téng s6
oxi hoa trong hgp chat trung hoa = 0, trong ion da nguyén tir = dién tich ion do.

Oxidation numbers in polyatomic ions

Determine the oxidation number of the central atom in (a) Cr20§* (dichromate); (b) NO3 (ni-
trate); (c) SO3~ (sulfate).

(a) Let =z = oxidation number of Cr. Oxygen is —2 (no peroxide bonding indicated), and there
are 2 Cr and 7 O, with overall charge —2:

2wHT(—2)=-2=2r—14=-2= 2r=12 =

b)z+3(-2)=-1= 2—6=—1 = [z=+5]|
Qzx+4(-2)=—2 = 2—-8=-2 = .

4.9.2 Oxidation, reduction, and identifying the agents

Oxidation is the loss of electrons, corresponding to an increase in oxidation number. Reduction
is the gain of electrons, corresponding to a decrease in oxidation number. (Mnemonic: OIL RIG
— Oxidation Is Loss, Reduction Is Gain, of electrons.) The species that is oxidized is called the
reducing agent (it donates electrons, causing another species to be reduced); the species that
is reduced is called the oxidizing agent (it accepts electrons, causing another species to be
oxidized).

(1) L6i thuwong gap: Students frequently reverse the agent labels. The oxidizing agent is not the
species that is oxidized — it is the species that causes oxidation in something else by accepting
electrons from it, meaning the oxidizing agent itself is reduced. Likewise the reducing agent
is the species that is itself oxidized. Also remember oxygen is not always —2: in peroxides it is
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—1, and metal hydrides give hydrogen —1 rather than the usual +1 — applying the default rule
blindly in these cases gives an incorrect oxidation number.

. GIAI THICH TIENG VIET

Oxi hoa |la mat electron (s6 oxi hoa ting); khir Ia nhan electron (s6 oxi hoa giam). Chat khir
(reducing agent) la chat tu bi oxi hoa (nhudng electron); chat oxi hod (oxidizing agent) la chat
tw bi khtr (nhan electron). L3i thuong gdp: nham 13n — chat oxi hoa KHONG phai 13 chat bi
oxi hod, ma chinh 13 chat bi khir; hdy nhé chat oxi hoa "1am chat khac oxi hod” bang cach tu né
nhan electron (tu bi khr).

Identifying oxidizing and reducing agents

For the reaction Zn(s) + 2HCl(aq) — ZnCl,(aq) + H,(g), assign oxidation numbers to each
element and identify the oxidizing agent and reducing agent.

Zn: 0 — +2 (in ZnCl,) — oxidation number increases, so Zn is oxidized; Zn is the reducing
agent.

H (in HCI): +1 — 0 (in H,) — oxidation number decreases, so H" is reduced; HCI (specifically
its H) is the oxidizing agent.

Cl: —1in HCl and —1 in ZnCl, — unchanged, so CI~ is a spectator in the redox sense (though
not a spectator ion in the overall reaction, since it remains part of the product salt).

4.9.3 Balancing redox equations: the half-reaction method (acidic solution)

Complex redox equations, especially those involving polyatomic oxidizing/reducing agents, are bal-
anced most reliably by splitting the overall reaction into two half-reactions — one for oxidation, one
for reduction — balancing each independently, then recombining.

l Half-reaction method in acidic solution

1. Assign oxidation numbers and split the skeleton equation into an oxidation half-reaction
and a reduction half-reaction.

Balance all atoms other than O and H in each half-reaction.
Balance O by adding H,O to the side deficient in O.
Balance H by adding H™ to the side deficient in H.

Balance charge in each half-reaction by adding electrons (e~) to the more positive side.

o Uk WD

Multiply each half-reaction by the smallest whole number needed so that the number of
electrons lost in oxidation equals the number gained in reduction.

7. Add the two half-reactions together, cancelling electrons and any identical species (e.g.
excess H,O or H™) that appear on both sides.

8. Verify: every atom balances, and total charge is identical on both sides.

- GIAI THICH TIENG VIET
Phuong phap ban phan (ng (half-reaction method) can bang phan (rng oxi hod-kh(r trong moi
trwdng acid theo cac budc: tach thanh hai ban phan &ng (oxi hoa va khir); can bang nguyén té
khac O, H; can bang O bang H,0; can bang H bang H*; can bang dién tich bang electron e—;
nhan hé s6 dé sé electron nhudng bang sé electron nhan; cong hai ban phan &ng, rat gon cac
chat trung 13p & hai vé.
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Balancing a redox equation via half-reactions

Balance the following redox reaction in acidic solution:
MnO; (aq) + Fe?*(aq) — Mn?*(aq) + Fe3*(aq).

Step 1 — oxidation numbers. Mn: +7 — +2 (reduction, gains 5¢™). Fe: +2 — +3 (oxidation,
loses 1le™).

Oxidation half-reaction:
Fe?t — Fe3" + e

(Fe already balanced; charge: left +2, right +3 — 1 = +2 — balanced.)
Reduction half-reaction — balance Mn:

MnO, — Mn?2*
Balance O with H,O (4 O on the left needs 4 H,O on the right):
MnO,; — Mn?* +4H,0
Balance H with H* (8 H needed on the left from the 4 H,O):
MnO; + 8H* — Mn?* + 4H,0
Balance charge with ¢: left charge = —1 + 8 = +7; right charge = +2; add 5¢~ to the left:
MnO; + 8H* + 5e~ — Mn% 4 4H,0

Step 2 — equalize electrons. The reduction half-reaction transfers 5¢~; the oxidation half-
reaction transfers only 1e—, so multiply the oxidation half-reaction by 5:

5Fe2t — 5Fedt 4 5e~

Step 3 — add the half-reactions, cancelling 5¢~ on each side:

MnOy; (aq) + 8H"(aq) + 5Fe?*(ag) — Mn?*(aq) + 4H,0(l) + 5Fe3*(aq)

Check —atoms: Mn: 1 =1;0:4=4;H: 8 =8; Fe: 5 = 5.
Check — charge: left —1 +8 +5(2) = =1+ 8 + 10 = 17; right 2+ 0+ 5(3) = 2+ 15 = 17.
Balanced.

4.10 Practice Problems

Bai tap luyén tap

Balance the combustion of butane, C,H,,, with O, to form CO, and H,O, using the smallest
whole-number coefficients. What is the sum of all the coefficients in the balanced equation?

(A) 25 (C) 31
(B) 29 (D) 33
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Loi giai chi tiét
Balance C first: 4 C atoms in C4H;, requires 4CO,. Balance H: 10 H atoms requires 5H,0.
This gives, so far, C4;H;q + O, — 4CO, + 5H,0, with 4(2) 4+ 5(1) = 13 O atoms needed on

the right. Since 13 is odd, a coefficient of 13/2 on O, would balance it, but coefficients must
be whole numbers — multiply the entire equation by 2:

2C4H1o(8) +130,(g) — 8CO,(g) + 10H,0(g)

Check: C: 8 = 8; H: 20 = 20; O: 13(2) = 26 and 8(2) + 10(1) = 26. Sum of coefficients
=2+ 13+ 8+ 10 = 33. (D).

Bai tap luyén tap

Classify the reaction Mg(s) + 2HCl(aq) — MgCl,(aq) + H,(g).

(A) Synthesis (C) Single replacement

(B) Decomposition (D) Double replacement

Loi giai chi tiét

A single free element, Mg, displaces another element, H, from a compound, HCI, forming a
new compound MgCl, and releasing free H,. This pattern — one element replacing another
within a compound — defines a single replacement reaction, consistent with Mg lying above
H, in the activity series (so the displacement indeed proceeds). (C).

Bai tap luyén tap

Write the molecular equation, complete ionic equation, and net ionic equation for the reaction
between aqueous potassium phosphate and aqueous silver nitrate.

Loi giai chi tiét
Molecular equation. Ag™ pairs with POZ* (phosphate is insoluble except with Group 1/NH},

so Ag;PO, precipitates); K* pairs with NOj (soluble). Balancing charges: 3 Ag* per PO3~, and
3 KNOj; to balance the 3 Kand 3 NO3:

K3PO,4(aq) + 3AgNO3(aq) — AgzPO,(s) + 3KNO3(aq)
Complete ionic equation. Dissociate all soluble strong electrolytes:
3K*(aq) + PO3~(aq) + 3Ag*(aq) + 3NO3 (aq) — AgzPO,(s) + 3K*(aq) + 3NO3 (aq)

Net ionic equation. Cancel spectator ions K™ and NO3:

3Ag*(aq) + PO3(aq) — AgzPO4(s)

Charge check: left 3(+1) + (—3) = 0; right (neutral solid) = 0. Balanced.

Bai tap luyén tap

Predict whether mixing aqueous KOH with aqueous MgSQO, produces a precipitate. If so, write
the net ionic equation.
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Loi giai chi tiét

Possible new pairings: Mgt with OH—, and K* with SOE{. Hydroxides are insoluble except
with Group 1/NH; or as Ba(OH),/Sr(OH),/Ca(OH), (slightly soluble); Mg(OH), is therefore
insoluble and precipitates. K,SO, is soluble (Group 1 cation).

Molecular equation: 2KOH(aq) + MgSO,(aq) — Mg(OH),(s) + K,SO4(aq).
Net ionic equation (cancel spectators KT, SOE{):

Mg** (aq) + 20H" (ag) — Mg(OH),(s)

Bai tap luyén tap

Which pair of aqueous solutions, when mixed, produces no precipitate?

(A) Pb(NO;), and NaCl (C) NaNO; and KClI
(B) BaCl, and Na,SO, (D) AgNO; and KBr

Lai giai chi tiét

Check each pair’s possible new products against the solubility rules: (A) gives PbCl,, insolu-
ble (chloride exception) — precipitate forms. (B) gives BaSO,, insoluble (sulfate exception) —
precipitate forms. (C) gives NaCl and KNOg, both soluble (Group 1 cations, and nitrate always
soluble) — no precipitate. (D) gives AgBr, insoluble (halide exception with Ag") — precipitate
forms. Only (C) produces no reaction. (C).

Bai tap luyén tap

The thermite reaction, 2Al(s) + Fe,O5(s) — Al,O5(s) + 2Fe(l), is carried out with 15.0 g of Al
and 60.0 g of Fe,Oj3. (a) Determine the limiting reactant. (b) Calculate the theoretical yield of
Fe, in grams.

Lai giai chi tiét

(a) M (Al) = 26.98 g/mol, M (Fe,05) = 2(55.85) + 3(16.00) = 159.70 g/mol.

15.0 60.0
n(Al) = 525c = 05560 mol,  n(Fe,03) = oo

= =0. mol
26.08 0.3757

The equation requires 1 mol Fe,O5 per 2 mol Al. For all 0.5560 mol Al to react, only 0.5560/2 =
0.2780 mol Fe,O; is needed — far less than the 0.3757 mol available. So Fe,O; is in excess,
and Al is the limiting reactant.

(b) Mole ratio Fe : Al=2:2=1:1, so n(Fe) = 0.5560 mol. M (Fe) = 55.85 g/mol:

| m(Fe) = 0.5560 x 55.85 = 31.05 g (theoretical yield) |

Bai tap luyén tap

In the thermite reaction of the previous problem, 26.4 g of iron is actually recovered. Calculate
the percent yield.
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Loi giai chi tiét

. actual vyield 26.4
% yield = Y % 100% = x 100% = [ 85.0%

theoretical yield 31.05
Bai tap luyén tap

Ethanol, C,H;OH, burns completely according to C,H;OH(l) + 30,(g) — 2CO,(g) + 3H,0O(g).
How many grams of CO, are produced from the complete combustion of 46.0 g of ethanol?

Lai giai chi tiét

M(C,HsOH) = 2(12.01) + 6(1.008) + 16.00 = 46.068 g/mol.

460
46.068

Mole ratio CO, : C,H;OH =2 : 1:
n(CO,) = 0.9985 x 2 = 1.997 mol

M(CO,) = 44.01 g/mol:

|m(CO,) = 1.997 x 44.01 =87.9 g|

Bai tap luyén tap

Potassium chlorate decomposes on heating: 2KCIO;(s) — 2KCl(s) + 30,(g). What volume
of O, gas, measured at STP, is produced from the complete decomposition of 24.5 g of KCIO5?

Loi giai chi tiét
M(KCIO3) = 39.10 + 35.45 + 3(16.00) = 122.55 g/mol.

24.5

n(KCIOy) = 15555

= 0.1999 mol
Mole ratio O, : KCIO; = 3 : 2:

3
n(0,) = 0.1999 x 2 = 0.2999 mol

|V(0;) =0.2999 x 22.4 = 6.72 L

Bai tap luyén tap

In a reaction between A and B, exactly 2.00 mol of A reacts completely with 3.00 mol of B
with nothing left over. If a chemist instead combines 2.00 mol of A with 4.50 mol of B, which
statement is correct?

(A) A is limiting; 1.50 mol B remains unre- (C) Both are completely consumed, since
acted more total moles are present

(D) The reaction cannot proceed because the
(B) B is limiting; some A remains unreacted ratio is not 1:1
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Loi giai chi tiét
The stoichiometric ratiois A : B = 2.00 : 3.00 = 1 : 1.5. With 2.00 mol A present, exactly
2.00 x 1.5 = 3.00 mol B is needed for complete reaction — and 4.50 mol B is available, i.e. 1.50

mol B in excess. All 2.00 mol of A reacts (A is limiting, fully consumed), leaving 4.50 — 3.00 =
1.50 mol of B unreacted. (A).

Bai tap luyén tap

A 20.00 mL sample of H,SO, of unknown concentration is titrated with 0.200 M NaOH via
H,S0,(aq) + 2NaOH(aq) — Na,SO,(aq) + 2H,O(l). The equivalence point is reached after
27.35 mL of NaOH is added. Find the molarity of the H,SO, solution.

Lai giai chi tiét

n(NaOH) = (0.02735 L)(0.200 M) = 5.470 x 10~3 mol
Mole ratio H,SO, : NaOH =1: 2:

4 1073
n(stO4) = % = 2735 X 10_3 mOI
2.735 x 1073 mol
M(HZSO4) = 0.02000 L =0.1368 M

Bai tap luyén tap

A 0.5104 g sample of pure potassium hydrogen phthalate, KHCgH,O, (KHP, M = 204.22 g/mol,
a monoprotic acid), is dissolved in water and titrated to the equivalence point with 24.16 mL
of NaOH solution via KHCgH,O,4(aq) + NaOH(aq) — KNaCgH,0,(aq) + H,O(l). Find the
molarity of the NaOH solution.

Loi giai chi tiet

0.5104 g
KHP) = — 2% 5 499 % 103 mol
n(KHP) = 204.22 g/mol X0 mo

The 1 : 1 mole ratio gives n(NaOH) = 2.499 x 10~3 mol.

2.499 x 103 mol
M(NaOH) = == 52416 > = 01034 M

Bai tap luyén tap

In the equilibrium HCO3 (aq) + H,O(l) = H,CO3(aq) + OH™(aq), identify the conjugate acid
of HCO3.

(A) CO%~ (C) H,0
(B) H,CO4 (D) OH~
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Loi giai chi tiét

Reading the reaction, HCO; accepts a proton from H,O (it acts as a Brgnsted-Lowry base
here) and becomes H,CO; — its conjugate acid, formed by gaining one H*. (B).

Bai tap luyén tap

For the reaction NH;(aq) + H,O(l) = NH; (aq) + OH™(aq), identify the Brgnsted-Lowry
acid, base, conjugate acid, and conjugate base.

Loi gidi chi tiét
H,O donates a proton to NH3, so H,O is the acid and NHj; is the base. After donating H*,

H,O becomes OH™, its conjugate base. After accepting H*, NH; becomes NH, its conjugate
acid. The two conjugate pairs are H,O/OH~ and NH; /NH,.

Bai tap luyén tap

Write the balanced molecular equation for the neutralization of aqueous phosphoric acid,
H;PO,, with aqueous calcium hydroxide, Ca(OH),, and classify the reaction type(s) it rep-
resents.

Loi gidi chi tiét
Balancing charge in the salt Caz(PO,), (3 Ca?* per 2 PO3~) and then balancing Ca, P, H, O:

2H3PO,(aq) + 3Ca(OH),(aq) — Cag(PO,),(s) + 6H,0(1) |

Check: Ca3 = 3; P2 =2, H2(3) +3(2) = 12 = 6(2); O 2(4) + 3(2) = 14 = 2(4) + 6(1).
This reaction is both a neutralization (acid + base — salt + water) and a double replacement
(precipitation) reaction, since Ca;(PO,), is insoluble by the solubility rules.

Bai tap luyén tap
What is the oxidation number of Mn in KMnO,?

(A) +2 (C) +6
(B) +4 (D) +7

Lai giai chi tiét

Kis +1, O is —2 (four O atoms). The compound is neutral, so:
(+1)+2z+4(-2)=0 = 2—7=0 = =z =47

(D).

Bai tap luyén tap

Determine the oxidation number of chlorine in each of the following: NaCl, Cl,, NaClO,
NaClO,, NaClO3, NaClO,.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 110



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Loi giai chi tiét

Using Na = +1 and O = —2 throughout, and solving each neutral-compound sum for Cl (or,
for Cl,, applying the free-element rule directly):

NaCl: (+1)+z=0=z=[—1]

Cl,: free element = = = (0|

NaClO: (+1) +z + (—2) =0 =z = +1]

NaClO,: (+1) + = + 2(—2) :0:>:1:—3:O:>a::.

NaClOg: (+1) + 2 +3(-2) =0=2—5=0= 2 =|+5]

NaClOy: (+1) +z+4(-2)=0=z—T=0= 2 =[+7}

Chlorine’s oxidation state rises steadily from —1 to +7 as increasing numbers of electroneg-
ative oxygen atoms are bonded to it, illustrating how the same element can occupy a wide
range of oxidation states across a series of oxoacid/oxoanion salts.

Bai tap luyén tap

Balance the following redox reaction in acidic solution using the half-reaction method:
MnOy; (aq) + C,02-(aq) — Mn?*(aq) + CO,(g).

Loi giai chi tiet

Oxidation half-reaction (C: +3 — +4, loses e~ ; balance C, then charge):

C,0%~ — 2CO, + 2e~

(Charge check: left —2; right 0 — 2 = —2. Balanced.)

Reduction half-reaction (Mn: +7 — +2, gains 5e~): balance O with H,O, H with H*, then
charge with e™:
MnOj, + 8H" + 5e~ — Mn?" + 4H,0

Equalize electrons. LCM of 2 and 5 is 10: multiply the oxidation half-reaction by 5 and the
reduction half-reaction by 2:
5C,03~ — 10CO, + 10e~

2MnOy + 16H* + 10e~ — 2Mn?* 4 8H,0
Add and cancel 10e:

2Mn0Ojy (aq) + 16H*(aq) + 5C,03(aq) — 2Mn?*(aq) + 8H,O(l) + 10CO,(g)

Check atoms: Mn 2 = 2; O: left 2(4) + 5(4) = 28, right 8(1) + 10(2) = 28; H 16 = 16; C
5(2) = 10 = 10.
Check charge: left 2(—1) + 16(+1) + 5(—2) = —2 + 16 — 10 = 4; right 2(+2) = 4. Balanced.

Bai tap luyén tap

For the reaction 2Al(s) + 3Cl,(g) — 2AICl;(s), identify the oxidizing agent and the reducing
agent.
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Loi giai chi tiét

Al: 0 — +3 (in AICl;) — oxidation number increases, so Al is oxidized; Al is the reducing agent.
Cl: 0 — —1 (in AICl;) — oxidation number decreases, so Cl, is reduced; Cl, is the oxidizing
agent.

Bai tap luyén tap

Which metal, when placed in dilute hydrochloric acid, will not produce a visible evolution of
H, gas?

(A) Mg (C) Fe
(B) Zn (D) Cu

Loi giai chi tiet

Referring to the activity series, H, itself divides metals that displace hydrogen from a dilute
non-oxidizing acid (all metals above H, in the series) from those that do not (Cu, Ag, Au, below
H,). Mg, Zn, and Fe all lie above H, and react readily; Cu lies below H, and does not react
with dilute HCI. (D).

Bai tap luyén tap

Iron metal is placed into an aqueous solution of copper(ll) sulfate. (a) Write the balanced
molecular equation, predicting whether a reaction occurs, using the activity series. (b) Write
the net ionic equation.

Lai giai chi tiét

(a) Fe lies above Cu in the activity series (Fe is more reactive), so Fe displaces Cu?* from solu-
tion:

| Fe(s) + CuSO,(aq) — FeSO,(aq) + Cu(s) |

(b) SOE{ is a spectator ion (present unchanged on both sides, since both FeSO, and CuSO,
are soluble):

Fe(s) + Cu?*(aq) — Fe?*(aq) + Cu(s)

Bai tap luyén tap

Classify the reaction Na,S(aq) + 2HCl(aq) — 2NaCl(aq) + H,S(g), and state which driving
force causes it to proceed.

(A) Single replacement, driven by precipita- (C) Synthesis, driven by neutralization
tion

(B) Double replacement, driven by gas for- (D) Double replacement, driven by precipita-
mation tion

Loi giai chi tiet

Cations (Na*, H*) and anions (S%~, CI~) exchange partners — a double replacement pattern.
The driving force is not precipitation (both possible chloride/sulfide-free products are soluble)
but the escape of the volatile gas H,S from solution, removing ions and pulling the reaction
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forward. (B).

Bai tap luyén tap

Solid ammonium nitrate decomposes on gentle heating: NH,NO;(s) — N,O(g) + 2H,0(g).
Verify this equation is balanced, and classify the reaction type.

Loi giai chi tiét

N: left 2 (1 from NH, 1 from NO3); right 2 (in N,O). Balanced.

H: left 4 (in NH}); right 2(2) = 4 (in 2H,0). Balanced.

O: left 3 (in NO3); right 1 (in N,O) +2(1) = 2 (in 2H,0) = 3. Balanced.

All three elements balance with the coefficients as given (no further adjustment needed). A
single compound breaks apart into two simpler gaseous products = decomposition reaction.

Bai tap luyén tap

A sealed container holds 6 molecules of H, gas and 3 molecules of O, gas, which react com-
pletely according to 2H,(g) + O,(g) — 2H,0(g). (a) How many molecules of each species are
present after the reaction goes to completion? A second container instead holds 8 molecules
of H, and 3 molecules of O,. (b) Identify the limiting reactant by particle count, and state how
many molecules of each species remain/form.

Loi giai chi tiét
(a) The required particle ratiois H, : O, = 2 : 1. Here 6 : 3 = 2 : 1 exactly — both reactants
are used up together, with no excess of either. All 6 H, and all 3 O, molecules are consumed,

forming 6 molecules of H,O (matching the 2 : 1 : 2 overall particle ratio). Final count: 0 H,, 0
0,, 6 H,0.

(b) For all 3 molecules of O, to react, 3 x 2 = 6 molecules of H, are required; 8 molecules of H,
are available, more than enough, so O, is the limiting reactant. All 3 O, molecules react with
6 of the 8 H, molecules, leaving 8 — 6 = 2 molecules of H, unreacted, and producing 2 x 3 = 6
molecules of H,O. Final count: 2 H, (excess), 0 O,, 6 H,O.

Bai tap luyén tap

Which of the following best exemplifies a chemical change?

(A) Melting a block of ice (C) Iron nails developing reddish-brown rust
when left outdoors

(B) Dissolving table sugar in warm water (D) Boiling water in an open pot

Loi giai chi tiet

Melting, dissolving sugar, and boiling water are all phase/dispersal changes that do not alter
the chemical identity of the substance involved — the same molecules exist before and after.
Rusting, however, is the reaction of iron metal with atmospheric O, and moisture to form
iron(l1l) oxide compounds, a new substance with different chemical composition and properties
(Fe metal is not the same substance as iron oxide). (C).

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 113



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Bai tap luyén tap

A 5.00 g strip of magnesium ribbon burns completely in air, forming magnesium oxide. If
8.29 g of MgO is collected, use the law of conservation of mass to find the mass of oxy-
gen that combined with the magnesium, and verify this figure using the stoichiometry of
2Mg(s) + O,(g) — 2MgO(s).

Loi giai chi tiét
By conservation of mass: mass of O, combined = mass of product — mass of Mg = 8.29 —
5.00 =[3.29 g|
Verification by stoichiometry: M/ (Mg) = 24.31 g/mol, so n(Mg) = 5.00/24.31 = 0.2057 mol.
Mole ratio O, : Mg =1: 2,50 n(0,) = 0.2057/2 = 0.1028 mol; m(O,) = 0.1028 x 2(16.00) =
0.1028 x 32.00 = 3.29 g. This matches the conservation-of-mass result exactly, confirming
both the experimental data and the balanced equation are self-consistent.

Bai tap luyén tap

A 12.50 g sample of aluminum metal is added to 250.0 mL of 1.50 M CuSO,(aq); a single-
replacement reaction deposits copper metal and forms aqueous aluminum sulfate. (a) Write
the balanced molecular, complete ionic, and net ionic equations. (b) Determine the limiting
reactant. (c) Calculate the theoretical yield of Cu, in grams. (d) If 19.8 g of Cu is actually recov-
ered, calculate the percent yield. (e) Identify the oxidizing agent and the reducing agent.

[ g i

(a) Molecular: 2Al(s) 4+ 3CuSO,(aq) — Al,(SO,4)3(aq) + 3Cu(s).

Complete ionic: 2Al(s) + 3Cu?* (aq) + 3SOZ~(aq) — 2AIP*(aq) + 3SO2~(aq) + 3Cu(s).
Net ionic (cancel spectator SO37): | 2Al(s) + 3Cu?*(aq) — 2AIP*(aq) + 3Cu(s) |
(b) M(Al) = 2698 g/mol: n(Al) = 12.50/26.98 = 0.4633 mol. n(CuSO,) =
(0.2500 L)(1.50 M) = 0.3750 mol. The equation requires 3 mol Cu?* per 2 mol Al; for all

0.4633 mol Al to react, 0.4633 x 1.5 = 0.6950 mol Cu?t would be needed — but only 0.3750
mol is available. CuSO, is the limiting reactant.

(c) Mole ratio Cu : Cu?* =3:3=1:1,s0n(Cu) = 0.3750 mol. M(Cu) = 63.55 g/mol:

| m(Cu) = 0.3750 x 63.55 = 23.83 g |

(d)

. 19.8
% yield = o 100% =|83.1%

(€) Cu: +2 — 0, reduced = Cu?* (i.e. CuSQ,) is the oxidizing agent. Al: 0 — +3, oxidized =
Al is the reducing agent.

Bai tap luyén tap

In the reaction Zn(s) + 2Ag*(aq) — Zn?* (aq) + 2Ag(s), which species is the oxidizing agent?

(A) Zn(s) (C) Zn?*(aq)
(B) Ag*(aq) (D) Ag(s)
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Loi giai chi tiét

Zn: 0 — +2 (oxidized, loses 2¢7); Ag: +1 — 0 (reduced, gains e~). The oxidizing agent is the
species that is itself reduced, namely Ag*(aq). (B).

Bai tap luyén tap

Given the reaction 4Fe(s) + 30,(g) — 2Fe,0O5(s), how many moles of Fe,O5 form from 2.50
mol of Fe, assuming excess O,?

Lai giai chi tiét

Mole ratio Fe,O5: Fe =2:4=1:2:

1
n(Fe,03) = 2.50 mol x 5= 1.25 mol

Bai tap luyén tap
A student calculates a percent yield of 108% for a recrystallized solid product. Which expla-
nation is most chemically reasonable?

(A) The reaction produced more product (C) The collected solid was not fully dried
than is theoretically possible and still contained residual solvent, inflat-
ing its measured mass

(B) The limiting reactant was miscalculated (D) The molar mass used in the calculation
as the reactant in excess was too large

Loi giai chi tiét

Percent yield cannot legitimately exceed 100%, since the theoretical yield already represents
the maximum mass obtainable if the limiting reactant reacted with perfect efficiency and the
product were perfectly pure. An apparent yield over 100% is a strong signal that the "product”
mass is inflated by an impurity — most commonly residual solvent or water not fully removed
during drying — rather than evidence that more product formed than stoichiometry allows. (A
misidentified limiting reactant, choice B, would shift the theoretical yield but not directly ex-
plain an over-100% result unless compounded with another error; the most direct and common
explanation is impure/wet product.) (C).

Bai tap luyén tap

A 500 g sample of CzHg is burned in 1750 g of O, \via
CsHg(g) + 50,(g) — 3CO,(g) + 4H,0(g). Determine the limiting reactant and calculate the
volume of CO, produced, measured at STP.

Loi gidi chi tiét
M (C3Hg) = 44.094 g/mol: n(CzHg) = 50.0/44.094 = 1.134 mol. n(O,) = 175.0/32.00 = 5.469
mol.

The equation requires 5 mol O, per mol C3Hg; forall 1.134 mol C;Hg to react, 1.134 x5 = 5.670
mol O, is needed — more than the 5.469 mol available. O, is the limiting reactant.
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Mole ratio CO, : O, =3 : &:

n(CO,) = 5.469 x g = 3.281 mol

[V(CO,) =3.281 x 22.4=735L

Bai tap luyén tap

A 50.00 mL sample of HCI solution of unknown concentration is exactly neutralized by 36.44
mL of 0.150 M Ba(OH), solution via Ba(OH),(aq) + 2HCl(aq) — BaCl,(aq) + 2H,O(l). Find
the molarity of the HCl solution.

Loi giai chi tiét
n(Ba(OH),) = (0.03644 L)(0.150 M) = 5.466 x 10~3 mol

Mole ratio HCl : Ba(OH), =2 : 1:

n(HCl) = 2 x 5.466 x 1073 = 1.093 x 10~2 mol

1.093 x 10~2 mol
M (HCI) = =0.2186 M
(5 0.05000 L 0-2186
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AP - ADVANCED PLACEMENT - COLLEGE BOARD . Unit 5

Kinetics

Muc tiéu Unit: Vi€t va dp dung biéu thirc t6¢c do trung binh va tirc thai theo hé sé ti lugng; xac dinh
bac phan &ng riéng phan, bac phan (rng toan phan va hang s6 téc do & (kém don vi ding) bang phuong
phap téc dd dau; str dung dinh luat téc dé tich phan (bac 0, bac 1, bac 2) dé tinh néng dé theo thdi gian
va chu ky ban ra t1/2 xac dinh bac phan (rng bang do6 thi tuyén tinh hoa; phan biét phan &rng don gian
(elementary) vai co ché nhiéu budc; 4p dung thuyét va cham, phan bé Maxwell-Boltzmann va phuong
trinh Arrhenius; suy luan dinh luat tc doé tlr mot co ché dé xuat (ké ca khi can xap xi tién can bang —
pre-equilibrium); doc va giai thich gian d6 nang lugng phan (rng nhiéu budéc; phan biét ré chat xdc tac
va chat trung gian phan (rng.

5.1 Reaction rates

The rate of a chemical reaction measures how quickly reactants are consumed or products are
formed, expressed as a change in concentration per unit time. For a homogeneous reaction in solu-
tion or in the gas phase, rate is normally reported in units of molarity per second, M/s (equivalently
mol L_ls*l), although minutes or other time units are used when a reaction is slow.

5.1.1 Average rate and stoichiometry

For a reaction monitored between two times ¢, and t,, the average rate of disappearance of a reac-
tant A or appearance of a product B is
AlA] A[B]

averagerateof A = —— average rate of B = +——.
verage A7 verag e + A7

A reactant’s concentration decreases with time, so A[A] = [A], — [A]; is negative; the leading minus
sign makes the reported rate a positive quantity. A product’s concentration increases, so no sign
change is needed for A[B].

Different species in the same reaction change concentration at different numerical rates when-
ever their stoichiometric coefficients differ, because for every mole of reaction that occurs, each
species is consumed or produced in proportion to its coefficient. For the general reaction

aA+bB — cC+dD,

dividing each species’ rate of change by its own coefficient gives a single, unambiguous rate of re-
action that is the same number no matter which species is tracked:

rate of reaction = _1Al4] = _14l5] = +} €] = +1A[D]

a At b At c At d At
Khai niém cét 16i

To convert between the rate of change of one species and another in the same reaction, use
the stoichiometric coefficients as a mole-ratio bridge, exactly as in stoichiometry calculations:

coefficient of X

(e ) = coefficient of Y

x (rateof V).
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This relationship holds for average rates and for instantaneous rates alike.

. GIAI THICH TIENG VIET

Toc dd trung binh ctia mot chat duoc tinh bang doé bién thién néng do chia cho khoadng thoi
gian; dung dau trir cho chat phan &rng (vi néng do gidm dan) dé téc dé luén 13 s6 duong. Vi
cac chat trong phan rng bién déi theo ti 1& hé s6 can bang phuong trinh, téc do cda tirng chat
khac nhau vé gia tri s6 néu hé sé khac nhau — nhung khi chia t6¢c d6 méi chat cho hé sé ti
lwong cua chinh no, ta thu duoc téc dé phan (rng chung, giong nhau du tinh theo chat nao.

Average rate and stoichiometric conversion

Dinitrogen pentoxide decomposes as 2N,05(g) — 4NO,(g)+0O,(g). In one experiment [N,O:]
falls from 0.0300 M att = 0sto 0.0222 M at ¢t = 200 s. Find (a) the average rate of disappearance
of N,Os, (b) the average rate of the reaction, and (c) the average rate of formation of NO, and
of O,.

(@) A[N,O5] = 0.0222 — 0.0300 = —0.0078 M over At = 200 s, SO

A[N,O5) 00078

=3. 107° M/s.
AL 200 3.90 x 10 /s

(b) Rate of reaction = % (3.90 x 107°) = 1.95 x 107> M/s (divide by the coefficient of N,Os,
which is 2).

(c) Rate of NO, formation = 4 x (1.95 x 107°) = 7.80 x 1075 M/s (coefficient 4). Rate of O,
formation = 1 x (1.95 x 107°) = 1.95 x 1075 M/s (coefficient 1, equal to the rate of reaction).

5.1.2 Instantaneous rate

The average rate over a finite interval At is only an approximation to the true rate at any single
moment, because the rate of most reactions is not constant — it typically decreases as reactants are
used up. The instantaneous rate at a specific time ¢ is the rate at that exact moment, defined as the
slope of the tangent line to the concentration-versus-time curve at that point:

AlA] _ _dlA]

instantaneous rate of A = — |im =g

At—0 Tt
Graphically, plot [A] (or [B]) versus t; the instantaneous rate at any point equals the (negative of the)
slope of the line tangent to the curve at that point, while the average rate over an interval equals
the slope of the secant line connecting the two endpoints of that interval. The initial rate is simply
the instantaneous rate at ¢t = 0, the slope of the tangent at the very start of the reaction — this is
the quantity used in the method of initial rates (Section 5.2).
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0
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Time, t (s)
Concentration-versus-time curve for a reactant A. The dashed line is the tangent at ¢ = 30 s; its slope is the

instantaneous rate of disappearance of A at that moment. The tangent’s slope becomes shallower at longer times
because the curve flattens as [A] is depleted, so instantaneous rate decreases over the course of the reaction.

Instantaneous rate from a tangent line

A tangent line drawn to a [A]-versus-t curve at ¢ = 20 s passes through the points

(10's, 0.620 M) and (40 s, 0.485 M). Find the instantaneous rate of disappearance of A at
t=20s.

Slope of the tangent line:

dope . 0485 —0.620  ~0.135
PE="10-10 ~ 30

= —0.00450 M/s.

The instantaneous rate is the negative of this slope (so that rate is reported as a positive quan-
tity): rate = 0.00450 M/s = 4.50 x 102> M/s att = 20 s.

- GIAI THICH TIENG VIET
Toc do tire thoi tai mot thoi diém chinh 1a dé d6c (3m) cda tiép tuyén véi dudng cong ndng dd
theo thoi gian tai diém d6, khac véi téc do trung binh (d6 déc ctia dudng thang néi hai diém
— day cung/secant) trén mot khoang thoi gian. Téc do dau (initial rate) la téc do tirc thoi tai
t = 0, duoc dung trong phuong phap téc dé dau & Section 5.2. Vi néng do chat phan ng
gidm dan nén dudng cong thoai dan theo thai gian, do dé téc do tirc thoi giam dan trong sudt
phan &ng (trir treong hop bac 0).

5.2 Introduction to rate law

The rate law (or differential rate law) expresses how the instantaneous rate of a reaction depends on
the concentrations of the species that affect it. For a reaction with reactants A and B, the general
form is

rate = k[A]™[B]",

where £k is the rate constant (a proportionality constant, independent of concentration, that depends
only on temperature and the identity of the reaction), and m and n are the reaction orders with
respect to A and B. The overall reaction order is the sum m + n. Orders are almost always small
integers (0, 1, 2; occasionally 3) but can in principle be fractional or negative for complex mechanisms.
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Reaction orders and k£ must be determined experimentally — they cannot be read off from the
coefficients of the balanced overall equation. The balanced equation only fixes the stoichio-
metric ratios of reactants consumed and products formed; it carries no information about the
mechanism by which the reaction actually proceeds, and it is the mechanism (specifically, the
slowest step — see Section 5.6) that dictates the rate law. The one exception is an elementary
step considered by itself (Section 5.4).

- GIAI THICH TIENG VIET
Dinh lut téc do (rate law) c6 dang rate = k[A]™[B]", trong d6 m, n 1a bac phan &rng riéng phan
theo tirng chat, m + n 12 bac phan (rng toan phan, va k 13 hang s6 tc do (chi phu thudc nhiét
do, khéng phu thudc ndng do). Diéu quan trong nhat can nhé: bac phan irng khéng duoc suy
ra tir hé s6 can bang clia phuong trinh téng — phai xac dinh bang thuc nghiém.

5.2.1 The method of initial rates

The most common experimental technique for determining reaction orders is the method of initial
rates: run the reaction several times with different starting concentrations of each reactant (holding
the others fixed where possible), and measure the initial rate (the instantaneous rate at t = 0, before
any significant product buildup or reactant depletion) in each trial. Comparing two trials in which
only one reactant’s concentration changes isolates the effect of that reactant:

- (G

lets you solve for m directly, since only the exponent is unknown once the concentration ratio and
rate ratio are known.

Determining a rate law from initial-rates data

For the reaction A + 2B — products, the following initial-rate data were collected:

Trial  [4], (M) [B], (M) Initial rate (M/s)

1 0.10 0.10 2.0x 1073
2 0.20 0.10 8.0 x 1073
3 0.20 0.20 1.6 x 1072

Determine the rate law and the value of k (with units).
Order in A (compare trials 1 and 2, [B] constant): [A] doubles and rate increases by a factor
8.0 x 1073/2.0 x 1073 = 4.0 = 22, so the order in A ism = 2.

Order in B (compare trials 2 and 3, [A] constant): [B] doubles and rate increases by a factor
1.6 x 1072/8.0 x 1073 = 2.0 = 2!, so the order in Bisn = 1.

Rate law: rate = k[A]?[B], overall order = 3.

Solve for k using trial 1: 2.0 x 103 = £(0.10)2(0.10) = k(1.0x 1073),s0 k = 2.0 M s~ 1. Check
with trial 3: £(0.20)2(0.20) = 2.0(0.04)(0.20) = 0.016 = 1.6 x 1072 M/s v.
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The units of k£ depend on the overall order n = m + ng + --- so that both sides of rate =
k[conc]°™e" balance to M/s:

Overall order Units of k& Example

0 Ms—1 rate independent of concentration
1 st

2 M st

3 M %51

n (general) M' "s1

Reporting a numeric value of k without units, or with the wrong units for the order found, is
treated as an incomplete answer.

(1) L6i thuong gap: Do not assume that a reactant with a coefficient in the balanced equation
must appear in the rate law, or that its order equals its coefficient. It is entirely possible for
a reactant to have order 0 (rate independent of its concentration, as with B in a table where
doubling [B] leaves the rate unchanged) or for a species not written as a reactant at all (a
catalyst) to appear in the rate law. Only for an elementary reaction step is the order in each
species guaranteed to equal its coefficient in that step — never assume this for an overall,
multistep reaction unless told the step shown is elementary.

5.3 Concentration changes over time and ¢, ,

The differential rate law (Section 5.2) gives the instantaneous rate as a function of concentration,
but does not directly say what the concentration will be after a specific elapsed time. Integrating
the differential rate law with respect to time produces an integrated rate law: an explicit equation
for [A] as a function of ¢, distinct for each reaction order. Integrated rate laws are used to (i) cal-
culate concentration at any later time, (ii) determine reaction order graphically from experimental
concentration-time data, and (iii) define the half-life, t1 /9 the time required for the concentration of
a reactant to fall to half its initial value.

5.3.1 Zero-order reactions

For a reaction A — products that is zero order in A (rate = k, independent of [A]), integration gives
a linear decrease of concentration with time:
[Alo

Al, = [A]y — kt tig = .

(Al = [Alg—kt, =
A plot of [A] versus t is a straight line of slope —k and y-intercept [A],. Because the half-life formula
contains [4],, the half-life of a zero-order reaction is not constant — it shortens as the reaction
proceeds and [4], (the concentration remaining at the start of each successive half-life interval)
decreases.

5.3.2 First-order reactions
For a reaction first order in A (rate = k[A]), integration gives exponential decay:

In2  0.693

In[A], = In[A], =kt <= [A], = [Alpe™, tip = 7T TR
A plot of In[A] versus t is a straight line of slope —k and y-intercept In[A],. The first-order half-life
formula contains no concentration term: ¢, , is constant, independent of [4],, and is the unmistak-
able experimental signature of a first-order process — after each successive half-life, exactly half of

whatever concentration remained is consumed, regardless of how much that was.
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5.3.3 Second-order reactions
For a reaction second order in a single reactant A (rate = k[A]?), integration gives

R TV
- ) 1/2_k[A]0'

(Al [Alo
A plot of 1/[A] versus t is a straight line of slope +k and y-intercept 1/[A],. The second-order half-
life depends inversely on [A],: unlike zero order (where ¢, , shrinks as [A], falls, since ¢, 5 o< [A],), the
second-order half-life grows longer as the reaction proceeds and 4], falls, since ¢, ,, oc 1/[A]j,.

Graphical order determination. Plot [A], In[A], and 1/[A] each against ¢ using the same
concentration-time data set; whichever plot comes out as a straight line reveals the order.
Only one of the three will be linear (barring a reaction that happens to be pseudo-linear over
a very narrow concentration range).

Order Integrated rate law  Linear plot Slope of line

0 [A], = [A], — Kkt [A] vs ¢ —k
1 In[A], = In[A], —kt  In[A] vst —k
2 1/[A]l, =1/[A]o+kt 1/[A]vst +k

- GIAI THICH TIENG VIET
Ba dinh luat t6c d6 tich phan: bac 0 ([A], = [A], — kt, db thj [A] theo t 13 dudng thang), bac
1 (In[A], = In[A], — kt, db thi In[A] theo ¢ 1a dudng thang), bac 2 (1/[A], = 1/[A], + kt, db thi
1/[A] theo t 1a duding thang). Chu ky ban ra: bac 0 gidm dan theo thi gian (12 = [Alo/2k),
bac 1 khéng déi (t1/2 = In2/k, dac trung riéng cta bac 1), bac 2 tang dan theo thoi gian
(t1/2 = 1/(k[A]p)). Mudn xac dinh bac phan (rng bang db thi, vé ca ba db thj tir cuing bd s6 liéu
va xem do thi nao 13 dudng thang.

Half-life of a first-order reaction

A first-order reaction has rate constant &k = 0.0231 s~ 1. Find its half-life.

. _In2 06931
V27 k7 0.0231

Concentration after elapsed time — first order

Using the same reaction (k = 0.0231 s, first order, t1/o = 30.0 s), if [A], = 0.400 M, find [A]
after t = 60.0 s.

In[A], = In(0.400) — (0.0231)(60.0) = —0.9163 — 1.386 = —2.302.
[A], = e 2392 = 0.100 M.

This is a useful check: 60.0 s is exactly two half-lives (2 x 30.0 s), so [A4] should fall 0.400 —
0.200 — 0.100 M — matching the integrated-rate-law result exactly.
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Concentration after elapsed time — second order

A reaction is second order in A with k = 0.250 M~ 's~1. If [A], = 0.0500 M, find [A] after
t =120s.

1 1 1 1
S S - 0.250)(120) = 20.0 + 30.0 = 50.0 M ",
4], ~ A M o500 (025000120 "

Al = —— = 0.0200 M.
(4], = 5= = 0.0200
30 |

20 |

1/[Al (M)

slope = k = 0.500 M " mii

109 intercept = 1/[A], = 10.0

0 5 10 15 20 25 30 35 40
Time, t (min)

1/[A] plotted against ¢ for the data set in the next example. The perfectly linear trend confirms second-order kinetics;
the slope equals k and the intercept equals 1/[A],.

Determining order from a linearized graph

A reactant’s concentration was measured over time:

t (min) 0 10 20 30 40
[A] (M) 0.1000 0.0667 0.0500 0.0400 0.0333

Determine the reaction order and the rate constant.

Computing 1/[A] at each time gives 10.0, 15.0, 20.0, 25.0, 30.0 M ™! — these increase by exactly
5.0 M~" every 10 min, i.e. 1/[A] is a perfectly linear function of ¢ (shown in the figure above).

Since 1/[A] vs t is the linear plot that diagnoses second order, the reaction is second order in
A. The slope of the line is

30.0—10.0 20.0 1. -1
0.0 10 0.500 min -,

consistent with the y-intercept 1/[4], = 10.0 M ie. [A], = 0.100 M, matching the data. (By
contrast, computing In[A] at each time — —2.303, —2.708, —2.996, —3.219, —3.401 — shows
successive differences of decreasing magnitude, —0.405, —0.288, —0.223, —0.182; this curve is
not linear, confirming the reaction is not first order.)

(1) L6i thuwong gip: The single most tested fact in this unit: only the first-order half-life is a
constant, concentration-independent number. Do not apply byjg = 0.693/k to a reaction that
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is zero or second order — each order has its own half-life formula, and for zero- and second-
order reactions the half-life explicitly depends on [A], and changes as the reaction proceeds
(shrinking for zero order, growing for second order).

5.4 Elementary reactions

An elementary reaction (or elementary step) is a single mechanistic event — one collision or one
bond-breaking/bond-forming act — that occurs exactly as written, with no intermediate species or
hidden steps. Elementary steps are the building blocks from which a multistep mechanism (Section
5.6) is assembled; the overall balanced equation for a reaction is rarely elementary itself.

Khai niém cét 16i

The molecularity of an elementary step is the number of reactant particles (molecules, atoms,
or ions) that must come together for that step to occur:

¢ Unimolecular (4 — products): a single molecule undergoes rearrangement or decomposi-
tion (e.g. isomerization, or a bond simply breaking apart). Rate = k[A] — first order.

e Bimolecular (A + B — products, or 24 — products): two particles collide and react. This
is by far the most common type of elementary step, since two-body collisions are far more
probable than higher-order collisions. Rate = k[A][B] or k[A]?> — second order overall.

e Termolecular (24 + B — products, etc.): three particles must collide simultaneously. This
is very rare, because the probability of three particles meeting at exactly the same instant,
with the correct energy and orientation, is far lower than for a two-body collision. Gen-
uinely termolecular elementary steps are unusual; reactions that appear to require three-
body collisions overall are almost always the sum of two or more bimolecular/unimolecular
elementary steps (see the pre-equilibrium example in Section 5.7).

For an elementary step only, the rate law can be written directly from its stoichiometry — the
order in each species equals its coefficient in that step, because the step’s molecularity literally
tells you how many particles of each kind must collide. This is the one situation in kinetics
where the rate law can be read off an equation without experimental data — but it applies only
to a single elementary step, never to an overall, multistep balanced equation.

Rate law of an elementary step

The reaction of nitric oxide with ozone, NO + O; — NO, + O,, occurs as a single elementary,
bimolecular step. Write its rate law and state its molecularity.

Because this step is elementary, the rate law follows directly from the coefficients: rate =
k[NO][O4] — first order in each reactant, second order overall. The step is bimolecular (two
reactant particles, NO and O,, collide).

GIAI THICH TIENG VIET

han (rng don gian (elementary reaction/step) la mot budc phan &ng xay ra dung nhu phuong
trinh viét ra, khéng qua giai doan trung gian an ndo. D& phan tlr (molecularity) d€m sé hat
phan (rng va cham cung ldc: don phan tir (unimolecular, 1 hat), luvéng phan tir (bimolecular, 2
hat — phé bién nhat), tam phan tir (termolecular, 3 hat — rat hiém vi xac suat ba hat va cham
dong thai cuc thap). Chi vai buéc don gian (elementary), ta méi dugc viét dinh luat toc do
truc tiép tir hé s6 phuong trinh — quy tic nay KHONG 4p dung cho phuong trinh téng ctia
phan (rng nhiéu budéc.
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5.5 Collision model

The collision model explains, at the molecular level, why reactions have rate constants that depend
on temperature and why not every collision between reactant particles leads to product formation.

Khai niém cét 16i

For a collision between reactant particles to be successful (to actually produce product), two
conditions must both be satisfied:

¢ Sufficient energy: the collision must supply at least the activation energy, £, — the min-
imum kinetic energy, concentrated into the colliding bond(s), needed to distort and break
existing bonds so that new ones can form. Collisions with total kinetic energy below E,
simply bounce apart unreacted, however favorably oriented they are.

e Proper orientation: the particles must collide in a geometric arrangement that brings the
reactive atoms/groups together correctly. Even a collision with more than enough energy
fails if the molecules strike each other in a geometry that cannot lead to the required bond
reorganization (e.g. the wrong ends of two molecules colliding).

Only the (typically small) fraction of collisions satisfying both conditions simultaneously re-
sult in reaction; this is why measured rate constants are almost always far smaller than the
theoretical total collision frequency.

5.5.1 The Maxwell-Boltzmann distribution and temperature

At any given temperature, molecules in a sample do not all have the same kinetic energy — their
energies are spread over a continuous Maxwell-Boltzmann distribution. The fraction of molecules
possessing kinetic energy at or above E, can be approximated by the Boltzmann factor

fa e FalRT

which is exactly the exponential term that appears in the Arrhenius equation below. As temperature
increases, the entire Maxwell-Boltzmann curve broadens and its peak shifts to higher energy; crit-
ically, the area under the curve beyond E,, — the fraction of sufficiently energetic collisions — grows
sharply, even though the total number of molecules and the average collision frequency change only
modestly. This is the fundamental molecular-level reason that reaction rate increases so strongly
with temperature: raising T' only slightly increases the collision frequency, but it can multiply the
fraction of collisions with £ > E_, many times over, because that fraction sits on the exponentially
decaying tail of the distribution.

Effect of temperature on the fraction of sufficiently energetic collisions

For a reaction with £, = 50.0 kJ/mol, estimate the fraction of collisions with energy > E_ at
298 K and at 308 K using f = e F«/ET and compare.

E 50,000
AtT =208 K: —% = — T~ = 20.18, = 2018 = 1.72 x 1079,

98 RT ~ (3.314)(298) 0.18,50 fy9s = € 72 x 10

E 50,000
AtT =308K: =2 = ————
RT ~ (8.314)(308)
Ratio: f505/f295 = 1.93 — raising the temperature by just 10 K (about 3%) very nearly doubles
the fraction of molecules energetic enough to react, even though f itself remains a tiny fraction
of all molecules. This is the molecular-level origin of the familiar rule of thumb that reaction

rate roughly doubles for every 10 °C rise near room temperature.

= 19.53,50 fys = € 1958 = 3.31 x 1077,
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. GIAI THICH TIENG VIET

Theo thuyét va cham, mét va cham chi dan dén phan (rng khi thoa dong thai hai diéu kién: (1)
nang lvgng va cham > E, (ndng lvgng hoat hod) va (2) dinh huéng va cham phu hgp vé mat
hinh hoc. Phan bé Maxwell-Boltzmann cho thay khi tang nhiét d6, phan dién tich dudi duong
cong ing vGi E > E, tang manh (du tan suat va cham tong thé chi tang nhe) — day la ly do
gdc ré khién téc do phan (ng ting nhanh theo nhiét dé.

5.5.2 The Arrhenius equation

The Swedish chemist Svante Arrhenius formalized the temperature dependence of the rate constant

in the Arrhenius equation:
k= Ae Ea/RT,

where A is the pre-exponential factor (or frequency factor, related to collision frequency and orien-
tation probability, roughly constant over modest temperature ranges), E, is the activation energy in
J/mol, R = 8.314 ) molflel, and T is absolute temperature in kelvin. Taking the natural log of both
sides linearizes the equation:

E, (1
Ink:_—f (T) +InA,

so a plot of Ink (vertical axis) against 1/7" (horizontal axis) is a straight line of slope —E,/R and
y-intercept In A — this is the standard experimental method for extracting E, from rate constants
measured at several temperatures. When only two (7', k) data points are available, subtracting the
two log forms eliminates In A and gives the convenient two-point form:

(') L6i thueng gap: Activation energies are usually quoted in kJ/mol, but R = 8.314 J mol 'K

uses joules. Forgetting to convert E, to J/mol (multiply the kJ/mol value by 1000) before
dividing by R is one of the most common arithmetic errors in this topic, and it throws the final
exponent off by a factor of 1000. Always check units before evaluating £,/R or E,,/(RT).

slope=—-FE,/R

(103/Ty, Inky

2.8 2.9 3 3.1 3.2 3.3 3.4
103 /T (K1)

Arrhenius plot for the worked example below: T}, = 300K, k, = 0.873 s71; T, = 350 K, ky, = 64.0 s1. The line's slope,
—FE, /R (expressed here per unit of 103/T), gives E, ~ 75.0 kJ/mol.
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Finding E, from two (7', k) data points

A first-order reaction has k; = 0.873s 1 atT}, = 300 Kand k, = 64.0s ' at T, = 350 K. Find E,.

ky 640
2 —|n—— =1In(73.3) = 4.295.
R Mosrs o N

11 11 .
o —(.0028571 — 0.0033333 = —4.762 x 104 K.
T, T, 350 300 %

Solving the two-point Arrhenius equation for E:

In

B In(ky/ky) 4.295
B, =R g2 = —(8.314)

Predicting % at a new temperature

Using E, = 75.0 kJ/mol and k; = 0.873 s~ at T} = 300 K (from the previous example), predict
kat Ty = 340 K.

4762 x 104 74,980 J/mol ~ 75.0 kJ/mol.

11 1 1 1

— = = —— — —— =0.0029412 — 0.0033333 = —3.922 x 1074 K .
T, T, 340 300

inFs _ 75,000

k, 8314

kg = ky €358 = (0.873)(34.4) = 30.0 s~ L.

(—3.922 x 107*) = 3.538.

GIAI THICH TIENG VIET

Phuong trinh Arrhenius k = Ae F«/ET (hodc dang logarit In k = —% . % +1In A) md ta su phu

thudc ctia hang s téc dé vao nhiét do. Db thjIn k theo 1/7 13 dudng thang c6 dé déc —E, /R.
Vi hai cdp s6 liéu (1}, k,) va (Ty, k,), dung céng thirc hai diém dé tinh £, hodc du doan k &
nhiét do khac. Luvu y don vi: néu E, cho theo kJ/mol, phai doi sang J/mol trudc khi chia cho
R =8.314Jmol 'K .

5.6 Reaction mechanism and rate law

A reaction mechanism is the sequence of elementary steps that, taken together, describes how
an overall reaction actually occurs at the molecular level. Each elementary step in a mechanism
is written and interpreted according to the rules of Section 5.4 (molecularity, direct rate law from
stoichiometry).

Khai niém cét 16i

A valid mechanism must satisfy two requirements:

¢ The elementary steps must sum to the overall balanced equation. Any species produced
in one step and entirely consumed in a later step (never appearing in the overall equation)
is a reaction intermediate.

e The rate law predicted by the mechanism must match the experimentally observed rate
law. A mechanism is only a proposed explanation until this consistency is verified; several
different mechanisms may be consistent with the same overall equation, but only one (or a
small set of kinetically indistinguishable ones) matches the actual measured rate law.
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5.6.1 The rate-determining step

When a mechanism has one elementary step that is much slower than the others, that step acts as a
bottleneck: the overall reaction can proceed no faster than this slowest step allows, no matter how
fast the other steps are. This slow step is called the rate-determining step (RDS), and — when the
RDS is the first step of the mechanism — the overall rate law is simply the rate law of that elementary
step, written directly from its stoichiometry.

If the rate-determining step is the first step, species that appear only in later, faster steps do
not appear in the overall rate law at all, even though they are reactants in the overall balanced
equation — because the RDS alone controls the observed kinetics.

Deriving a rate law from a mechanism — slow step first

The reaction NO,(g) + CO(g) — NO(g) + CO,(g) is proposed to occur by the mechanism

Step 1 (slow): 2NO, — NO; + NO

Step 2 (fast): NO; + CO — NO, + CO,

Verify the steps sum to the overall equation, identify any intermediate, and predict the rate
law.

Summing the steps: adding the two equations, 2NO, +NO3;+CO — NO3;+NO+NO, + CO,;
canceling NO4 (appears on both sides) and one NO, from each side gives NO, + CO — NO +
CO, — matches the overall equation v". NO; is produced in Step 1 and entirely consumed in
Step 2, so it is a reaction intermediate (it never appears in the overall equation).

Rate law: since Step 1 is both elementary and rate-determining, the overall rate law is simply
Step 1's rate law: rate = k[NO,]2. Note that CO, although a reactant in the overall equation,
does not appear in the rate law at all — it only participates in the fast step after the bottleneck,
so its concentration has no effect on the observed rate. (This matches the rate law actually
measured for this reaction at low temperature.)

GIAI THICH TIENG VIET

d ché& phan &rng (mechanism) 13 chudi cac budc don gian (elementary steps) cdng lai ding
bang phuong trinh téng. Chat sinh ra @ mot budc roi bi tiéu thu hét & budc sau (khéng xuat
hién trong phuong trinh téng) goi 1a chat trung gian (intermediate). Néu budc cham nhat —
buéc quyét dinh toc do6 (rate-determining step, RDS) — la budc dau tién, thi dinh luat toc do
clia toan phan &ng chinh I3 dinh luat téc d6 clia budc do, viét truc tiép tlr hé sé chia nd; cac
chat chi xuat hién & budc nhanh phia sau sé khéng xuat hién trong dinh luat téc do tong.

5.7 Pre-equilibrium approximation

The slow-step-first case in Section 5.6 is straightforward, but many real mechanisms instead have a
fast, reversible step preceding the rate-determining step. In that situation the rate law of the slow
step usually contains the concentration of a reaction intermediate — and a valid rate law can never
be left in terms of an intermediate, since intermediates are not directly measurable/controllable
reactant concentrations. The pre-equilibrium approximation resolves this: because the first step is
fast and reversible, it is assumed to reach equilibrium essentially instantaneously (rapidly compared
to the slow step that follows), so its forward and reverse rates are equal and its equilibrium-constant
expression can be used to solve for the intermediate’s concentration in terms of the actual reactants.
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Procedure. For a mechanism
Step 1 (fast, reversible): A+ B =1 (rate, = ky[A][B], rate, = k_;[[])
Step 2 (slow): I + C' — products (rate = k,[I][C])
setting the forward and reverse rates of Step 1 equal (equilibrium) gives k, [A][B] = k_,[I], so

[1] = -—[Al[B] = K, [A][B],

where K, = k, /k_, is the equilibrium constant of the fast first step. Substituting into the rate
law of the slow step eliminates the intermediate:

rate = k,[1][C] = kK, [A][B][C],

an overall rate law expressed entirely in terms of reactants, with an experimentally observed
rate constant k., = ko K.

Deriving a rate law using the pre-equilibrium approximation

The reaction 2NO(g) + Bry(g) — 2NOBr(g) is proposed to occur by
Step 1 (fast, reversible): NO + Br, = NOBr,

Step 2 (slow): NOBr, + NO — 2NOBr

Verify the mechanism sums correctly and derive the predicted rate law.

Summing: NO + Br, + NOBr, + NO — NOBr, +2NOBr; canceling NOBr, gives 2NO + Br, —
2NOBr v'. NOBr, is the intermediate (produced in Step 1, consumed in Step 2).

Naive rate law from Step 2 alone: rate = k,[NOBr,|[NO] — invalid as written because [NOBr,],
an intermediate, cannot be measured or controlled directly.

Apply pre-equilibrium to Step 1: £, [NO][Br,] = k_;[NOBr,] = [NOBr,] = K, [NOJ[Br,], with
K, =k /k_,.

Substitute:

rate = k(K [NOJ[Br,])[NO] = &, K [NOJ?[Bry] = Fops[NOJ*[Bry].

This third-order rate law (second order in NO, first order in Br,) matches the rate law actu-
ally measured for this reaction — even though no single elementary step in the mechanism
is termolecular. This is precisely why the naive assumption of a single termolecular step
2NO + Br, — 2NOBr (which would also predict rate = k[NO]?[Br,]) is chemically implau-
sible despite matching the same rate law: a two-step mechanism with a fast pre-equilibrium is
a far more probable physical pathway than a single three-body collision.

GIAI THICH TIENG VIET
mEhi budc dau tién |a budc nhanh, thuan nghich (fast, reversible), va buéc cham (RDS) xay ra
sau no, dinh luat toc d6 ctia budc cham thuong chira ndng do chat trung gian — diéu nay khong
duoc phép trong dap an cudi cing. Xap xi tién can bang (pre-equilibrium approximation) giai
quyét van dé nay: coi budc nhanh dat can bang, dung biéu thirc hang s6 can bang K, cla
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buéc do dé thay thé ndng dé chat trung gian bang néng do cua cac chat phan (rng ban dau.
Day 13 ly do mét phan (rng c6 vé bac ba (vi du bac 2 theo NO, bac 1 theo Br,) van c6 thé xay
ra qua hai budc luéng phan tlr, thay vi mét va cham tam phan tr hiém gap.

5.8 Multistep reaction energy profile

A reaction-coordinate diagram (energy profile) plots potential energy against the progress of the
reaction. For a multistep mechanism, the diagram shows one "hump” for every elementary step:
each hump’s peak is a transition state (an unstable, fleeting arrangement of partially-formed and
partially-broken bonds, a local maximum in energy that is never isolated as an actual species), and
each valley between two humps is a reaction intermediate (an actual, if often short-lived and highly
reactive, chemical species — a local minimum in energy that in principle could be isolated or detected).

Potential energy
A
Transition state 1

Transition state 2

E

Intermediate

— » Reaction progress

o)

pactants

AH

Products

Two-step reaction energy profile (energies in kJ/mol). Reactants (E = 0) climb over transition state 1 (E,; = 45 kJ/mol)

to reach a valley — the intermediate (£ = 15 kJ/mol, an actual species) — then climb over transition state 2 (E ,, = 20

kJ/mol, measured from the intermediate) down to products (E = —20 kJ/mol). Overall AH = —20 — 0 = —20 kJ/mol:
exothermic.

Identifying the rate-determining step from a multistep diagram: the RDS corresponds to the
step whose transition state sits at the highest absolute energy in the whole diagram, measured
on a single common energy axis from the reactants. In the figure above, transition state 1 (45
kJ/mol above the reactants) is higher than transition state 2 (35 kJ/mol above the reactants,
even though its own local barrier from the intermediate is only 20 kJ/mol) — so Step 1 is rate-
determining. Comparing each step’s local E, in isolation, without referencing them to the same
overall energy axis, can give the wrong step.

Interpreting a multistep energy diagram

Using the diagram above, find (a) AH for Step 1 and Step 2 individually, (b) the overall AH,
and (c) which step is rate-determining.

(@) Step 1: AH, = FEjiermediate — Preactants = 15 — 0 = +15 kJ/mol (endothermic). Step 2:
AHy = Eyoducts — Fintermediate = —20 — 15 = —35 kJ/mol (exothermic).
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(b) Overall AH = AH, + AH, = 15 + (=35) = —20 kJ/mol, matching E,oqcts — Ereactants =
—20 — 0 = —20 kJ/mol directly — the reaction is exothermic overall even though the first step
is endothermic.

(c) Transition state 1 sits at 45 kJ/mol above the reactants, the single highest point on the
diagram (transition state 2 sits at only 35 kJ/mol above the reactants); Step 1 is the rate-
determining step.

. GIAI THICH TIENG VIET

Trén gian d6 nang lwgng phan &rng nhiéu budc, méi “dinh” (diém cuc dai cuc bo) 13 mét trang
thai chuyén tiép (transition state) — khéng phai chat thuc su, chi ton tai trong khoanh khac va
cham. Méi "day” gitra hai dinh |3 mét chat trung gian (intermediate) — chat thuc su' c6 thé tén
tai (du thuong kém bén, ton tai ngan). Budc quyét dinh téc dé (rng vé6i dinh cé nang luong
tuyét ddi cao nhat trén toan gian do (tinh tir mirc ndng lugng chat dau), ch& khéng phai buéc
cd E, cuc bd (tinh tir chat trung gian) I&n nhat.

5.9 Catalysis

A catalyst is a substance that increases the rate of a reaction without being permanently consumed:
it participates in the mechanism (often forming a bond with a reactant or accepting/donating a proton
or electron) but is fully regenerated by the end of the overall reaction, so it does not appear in the
overall balanced equation. A catalyst works by providing an alternate reaction pathway with a lower
activation energy, not by supplying energy to the reactants — it changes how the reaction gets from
reactants to products, not the reactants’ or products’ energies themselves.

Because a catalyst only lowers E, along an alternate mechanism, and does not change the
energies of the reactants or products themselves, a catalyst:

¢ does increase the rate constant % (both forward and reverse rates increase equally, by the
Arrhenius relationship, since E, drops for both directions of an alternate pathway);

e does not change AH of the reaction (start and end energies are unchanged — only the
pathway between them changes);

¢ does not change the equilibrium constant K (since a catalyst speeds the forward and reverse
reactions by exactly the same factor, the equilibrium position — and hence K — is reached
faster but is not shifted);

¢ does not appear in the overall balanced equation (though it does appear in the mechanism’s
elementary steps, being consumed in an early step and regenerated in a later one).

(1) L6i thueng gap: Do not confuse a catalyst with a reaction intermediate — they are, in a
sense, mirror images of each other in a mechanism. A catalyst is present before the reaction
begins, is consumed in an early step, and is regenerated in a later step (net: present at start
and end, temporarily "used up” in the middle). An intermediate is produced in an early step (it
is not present initially) and consumed in a later step (net: absent at start and end, temporarily
present in the middle). If a species is consumed then reappears, it is a catalyst; if a species
appears then disappears, it is an intermediate.
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Potential energy
A uncatalyzed, E, = 70

» Reaction progress

pe)

pactants

Products

Catalyzed (pink) versus uncatalyzed (grey, dashed) pathway for the same reaction, energies in kJ/mol. Both curves share
the same start and end points, so A H is identical for both pathways (—25 kJ/mol here); the catalyst only lowers the
height of the barrier that must be crossed, from E, = 70 to E, = 35 kJ/mol.

5.9.1 Homogeneous versus heterogeneous catalysis

A homogeneous catalyst is present in the same phase as the reactants (e.g. an aqueous acid or
dissolved metal ion catalyzing a reaction in agueous solution). A heterogeneous catalyst is present
in a different phase from the reactants — most commonly a solid catalyzing a gas- or liquid-phase
reaction, as in a car’s catalytic converter (solid platinum/palladium/rhodium catalyzing gas-phase
combustion of exhaust pollutants). Heterogeneous catalysis typically proceeds by adsorption of
reactant molecules onto active sites on the catalyst’s surface, which weakens their internal bonds
and holds them in favorable orientation for reaction, followed by desorption of the product once
formed.

Enzymes are highly specific biological catalysts, almost always proteins, that accelerate biochem-
ical reactions (often by factors of 10 or more) by binding a substrate at a precisely shaped active
site, stabilizing the transition state and thereby lowering F, for a specific reaction — the same fun-
damental mechanism as any other catalyst, applied with extraordinary molecular specificity.

Identifying catalyst versus intermediate in a mechanism

Hydrogen peroxide decomposition, 2H,0,(aq) — 2H,0(1)+O,(g), can be catalyzed by iodide
ion via the mechanism

Step 1: H,O, + 17 — H,O + 10~
Step 2: H,0, + 107 - H,O + O, + 17

Identify the catalyst and the intermediate, and verify the mechanism sums to the overall equa-
tion.
Summing: 2H,0, + 17 + 10~ — 2H,0 + O, + IO~ + |7; canceling I~ and IO~ (each appears
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on both sides) gives 2H,0, — 2H,0 + O, v/, matching the overall equation.

I~ is consumed in Step 1 and regenerated in Step 2 — present at the start, absent in the middle,
present again at the end: |~ is the catalyst. IO~ is produced in Step 1 and consumed in Step 2
— absent at the start, present in the middle, absent at the end: IO~ is the intermediate. Note
that neither species appears in the overall balanced equation.

Quantifying the rate increase from a lower activation energy

A catalyst lowers the activation energy of a reaction from 80.0 kJ/mol to 50.0 kJ/mol at T' =
298 K, with the pre-exponential factor A assumed unchanged. By what factor does the rate
constant increase?

Since k = Ae /BT with the same A and T for both pathways,

kcat — Ae_Ea’cat/RT — e(Ea,,uncat_Ea,cat>/RT — 807000 _ 50’000 — 612.11
Funcat ~ Ae Fauneat/ BT (8.314)(298) '

kcat
uncat

A 30 kJ/mol reduction in activation energy increases the rate constant by roughly 180,000-fold
at room temperature — a striking illustration of how exponentially sensitive rate is to F,, and
why even modest changes in barrier height (as achieved by enzymes and industrial catalysts)
can have an enormous practical effect on reaction rate.

=1.81 x 10°.

GIAI THICH TIENG VIET

hé’t xuc tac (catalyst) lam ting t6c d6 phan (rng bang cach m& ra mot con dudng phan &rng
khac c6 E, thap hon, chr khdng cung cap nang lugng cho chat phan irng. Xuc tac khéng lam
thay d6i AH hay hang s6 can bang K (vi né tang téc dé thuan va nghich nhu nhau). Phan biét
xuc tac véi chat trung gian: xdc tac bj tiéu thu & budc dau roéi tai sinh & budce sau (c6 mat lac
dau va ltc cudi); chat trung gian duoc sinh ra & bude dau réi bi tiéu thu & budc sau (khong
c6 mat luc dau, khdng cé6 mit Itc cudi). Xac tac déng thé (homogeneous) cung pha véi chat
phan (ng; xuc tac di thé (heterogeneous) khac pha (thudng |a chat ran xuc tac cho phan trng
khi/léng, vi du bé chuyén déi xtc tac 6 td). Enzyme |3 xtc tac sinh hoc dic hiéu cao, hoat dong
theo cung nguyén ly ha thap E, tai vi tri hoat dong (active site).

5.10 Practice problems

Bai tap luyén tap

For the reaction ¢ A +bB — cC, which expression correctly gives the rate of reaction in terms
of the rate of formation of C?

1 A[C) A[C]
AN Q) +eps

1A[C] A[C]
B) +- A7 L ==
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Loi giai chi tiét

C'is a product, so its concentration increases with time and no sign change is needed; dividing
by its coefficient ¢ converts the species rate into the single, shared rate of reaction. (B).

Bai tap luyén tap

In the reaction 24 + B — C, the rate of disappearance of A is measured to be 0.020 M/s at a
given instant. What is the rate of disappearance of B and the rate of formation of C' at that
instant?

Loi giai chi tiét
. 1 . .
Rate of reaction = 5(0.020) = 0.010 M/s. Since B and C each have coefficient 1, the rate of
disappearance of B is 0.010 M/s and the rate of formation of C'is 0.010 M/s.

Bai tap luyén tap

For the reaction A + B — C, the following data were obtained:

Trial  [4], (M) [B], (M) Initial rate (M/s)

1 0.050 0.050 6.0 x 1074
2 0.100 0.050 1.2 x 1073
3 0.100 0.100 1.2 x 1073

Determine the rate law, the value and units of &, and predict the initial rate when [A4], = 0.200
M and [B], = 0.400 M.

Lai giai chi tiét

Trials 1—2: [A] doubles, [B] fixed, rate doubles (6.0 x 10~* — 1.2 x 1073) = order in A = 1.
Trials 2—3: [B] doubles, [A] fixed, rate unchanged = order in B = 0. Rate law: rate = k[A]

. . 6.0 x 10~* .
(first order overall). Using trial 1: k£ = ﬁ = 0.0120 s~ 1. Predicted rate at [A], = 0.200

M (independent of [B]): rate = (0.0120)(0.200) = 2.40 x 10~3 M/s.

Bai tap luyén tap
For the reaction A + B + C' — products:

Trial  [4], (M) [B], (M) [C], (M) Initial rate (M/s)

1 0.10 0.10 0.10 4.0 x 1073
2 0.20 0.10 0.10 1.6 x 1072
3 0.20 0.20 0.10 1.6 x 1072
4 0.20 0.20 0.20 3.2 x 1072

(a) Determine the order in each reactant and the overall order. (b) Find £ with correct units. (c)
Predict the initial rate when [A], = 0.30 M, [B], = 0.50 M, [C], = 0.40 M.
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Loi giai chi tiét

(a) Trials 1—2: [A] x 2, rate x4 = 22 = order in A = 2. Trials 2—3: [B] x 2, rate unchanged =
order in B = 0. Trials 3—4: [C] x 2, rate x2 = 2! = order in C' = 1. Rate law: rate = k[A]?[C];
overall order = 3 (B does not appear).

(b) Using trial 1: 4.0 x 103 = £(0.10)2(0.10) = k(1.0 x 10°3) = k = 4.0 M *s~. Check trial
4:4.0(0.20)2(0.20) = 4.0(0.008) = 0.032 = 3.2 x 1072 M/s V.

(c) rate = 4.0(0.30)2(0.40) = 4.0(0.09)(0.40) = 0.144 = 1.44 x 10~ M/s ([ B], is irrelevant since
order in B is 0).

Bai tap luyén tap

A reaction obeys the rate law rate = k[A]?[B]. What are the units of £?

(A) M 151 (C) s!
(B) M %51 (D) Ms!

Loi giai chi tiét

Overall order =2 4+ 1 = 3; unitsof k = M' "s~1 = M' %51 — M ?s~1, (B).

Bai tap luyén tap

A first-order reaction has k& = 0.0347 min . Find its half-life.

Loi giai chi tiét

A In2  0.6931
V27 "k T 0.0347

= 20.0 min.

Bai tap luyén tap

A first-order reaction has ¢, , = 15 min. What fraction of the original reactant remains after
45 minutes?

Lai giai chi tiét

-

45 min = 3 half-lives. Fraction remaining = (1/2)® = 1/8 = 0.125, i.e. 12.5% of the original
concentration remains.

Bai tap luyén tap

A reaction is second order in A with k = 0.150 M~ 'min . Starting from [A], = 0.220 M, how
long does it take for [A] to fall to 0.100 M?

Loi giai chi tiét
1

1 1 1
— — —— =kt —— — ——— = 10.0 — 4.545 = 5.455 = (0.150)¢.
AL Al ~ 0.100  0.220 (0.150)
5.455 .
= —-— = .4 .
t 0150 36.4 min
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Bai tap luyén tap

A zero-order reaction has & = 0.0250 M/s and [A], = 0.500 M. (a) Find [A] after ¢t = 15.0 s. (b)
Find the half-life.

Lai giai chi tiét

(a) [A], = [A], — kt = 0.500 — (0.0250)(15.0) = 0.500 — 0.375 = 0.125 M.
(4,  0.500 0.500

b)t,, = 00 = = —10.0s.
bt = S = 30.0950) — 0.0500 >

Bai tap luyén tap

Concentration-time data for a reactant A:

t (min) 0 5 10 15 20
[A] (M) 0.200 0.1558 0.1213 0.0945 0.0736

Determine the reaction order and the rate constant.

Lai giai chi tiét

Computing In[A] at each time: —1.609, —1.859, —2.109, —2.359, —2.609. These decrease by

exactly 0.250 every 5 min — a perfectly linear function of ¢ — so the reaction is first order.

—2. — (—1. —1. . - . - .
Slope = —k = 60%() (L) = 2800 = —0.0500 min 1, so k = 0.0500 min . (Plotting

-0
1/[A] instead would not give a straight line, confirming the order is not second.)

Bai tap luyén tap
For a reaction known to be second order in a single reactant A, which graph will be linear?

(A) [A]vst (C) 1/[A] vst
(B) In[A] vs t (D) [A]? vst

Lai giai chi tiét

The second-order integrated rate law 1/[A], = 1/[A], + kt is linear in 1/[A] versus ¢, with slope
k. (C).

Bai tap luyén tap

Areaction has k; =3.20s ! at T} = 280 Kand k, = 80.3 s™! at T, = 320 K. Find E,.
Loi giai chi tiét

ky . 80.3

In-2 =In— = In(25.09) = 3.222.
R~ N30 — In(25:09)
11 1 1 »
=~ =0.0031250 — 0.0035714 = —4.464 x 10~4 K.
T, T, 320 280 X
In(ky/ky) 3.222
‘ Rl/Tz —1/Ty (8.3 )—4.464 x 10~4 HORE 5. — EHY Lime
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Bai tap luyén tap

A reaction has E, = 88.0 kJ/mol and pre-exponential factor A = 2.50 x 10'2 s71. Find k at
T = 350 K.

Lai giai chi tiét

-

E 88,000

a

RT ~ (8.314)(350)
k= Ae Pa/BT = (250 x 1012)e73025 = (2.50 x 10'?)(7.35 x 1074) = 0.184 s~ 1.

= 30.25.

Bai tap luyén tap

A reaction has £, = 100.0 kJ/mol. At T = 310 K, the measured rate constant is k£ = 4.50 x
10~2 s~ L. Find the pre-exponential factor A.

Loi giai chi tiet

-

E 100,000
bt Mo 1= 10 —38.79 — 1 .41 x 10717.
RT  (8.314)(310) ' ‘ )
4. 1073
Aok AS0XI0 g gt

e EJ/RT 141 x 10-17

Bai tap luyén tap

Which of the following best describes a termolecular elementary step?

(A) One molecule rearranges into anisomer  (C) Three particles must collide simultane-
ously; rare due to low collision probability

(B) Two particles collide and react (D) A catalyst regenerates after the step

Loi giai chi tiét
Termolecular means three reactant particles must collide at once; because the probability of

a precisely-timed three-body collision with sufficient energy and orientation is very low, gen-
uinely termolecular elementary steps are uncommon. (C).

Bai tap luyén tap

If the overall reaction 2NO(g) + O,(g) — 2NO,(g) were assumed (incorrectly, as a simplifica-
tion) to occur as a single termolecular elementary step, what rate law would that assumption
predict? Is this necessarily the true, experimentally observed rate law?

Loi giai chi tiét

If the step were elementary as written, the rate law follows directly from the coefficients:
rate = k[NOJ?[O,]. However, this cannot simply be assumed — a single termolecular collision
of three separate gas molecules is physically improbable. The same overall rate law can, and
in reality does, arise instead from a two-step mechanism with a fast pre-equilibrium step fol-
lowed by a bimolecular slow step (see the next problem), which is a far more plausible physical
pathway even though it predicts an identical rate law.
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Bai tap luyén tap

The reaction 2NO(g) + O,(g) — 2NO,(g) is proposed to occur by:
Step 1 (fast, reversible): NO + O, = NO,4

Step 2 (slow): NO; + NO — 2NO,

Verify the mechanism is consistent with the overall equation and derive the rate law predicted
by this mechanism.

|

Summing: NO + O, + NO3; + NO — NO; + 2NO,; canceling NO; gives 2NO + O, — 2NO,
v'. NOj is the intermediate. Naive rate law from Step 2: rate = k,[NO;][NO] (invalid, con-
tains an intermediate). Apply pre-equilibrium to Step 1: k;[NOJ][O,] = k_;[NO;] = [NO;] =
K,[NOJ[O,]. Substituting: rate = k, K,[NO][O,][NO] = k,,.[NO]?[O,] — second order in NO,
first order in O,, matching the previous problem’s naive termolecular prediction, but derived
from a physically realistic two-step pathway.

Bai tap luyén tap

Stratospheric ozone destruction is catalyzed by chlorine atoms via:
Step 1: CI+ O5; — CIO + O,

Step2: CIO+ 0 - Cl+ 0,

Write the overall equation, and identify the catalyst and the intermediate.

Lai giai chi tiét

Summing: Cl + O3 + CIO + O — CIO + O, + Cl + O,; canceling Cl and CIO gives the overall
equation O; + O — 20,. Clis consumed in Step 1 and regenerated in Step 2 (present at start
and end) = catalyst. CIO is produced in Step 1 and consumed in Step 2 (absent at start and
end) = intermediate.

Bai tap luyén tap

Atwo-step mechanism has the energy profile: reactantsat £ = 0, transition state 1 at £ = +60
kJ/mol, an intermediate at £ = +25 kJ/mol, transition state 2 at E = +40 kJ/mol, and products
at £ = 410 kJ/mol (all relative to reactants). Find E,,, E,, (each measured from the start of
its own step), AH,, AH,, the overall AH, and identify the rate-determining step.

i s i |

E,, = 60 —0 = 60 kJ/mol (TS1 measured from reactants). E,, = 40 — 25 = 15 kJ/mol
(TS2 measured from the intermediate). AH, = 25 — 0 = +25 kJ/mol (endothermic). AH, =
10 — 25 = —15 kJ/mol (exothermic). Overall AH = AH, + AH, = 25 — 15 = 410 kJ/mol
(matches 10— 0 directly) — the reaction is endothermic overall. Comparing absolute transition-
state energies on the same axis, TS1 (60 kJ/mol) is higher than TS2 (40 kJ/mol), so Step 1 is

rate-determining.
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Bai tap luyén tap

On a multistep reaction energy diagram with two humps and one valley between them, the
valley represents:

(A) A transition state (C) The activation energy of the slow step
(B) A reaction intermediate (D) The overall AH

Loi giai chi tiét

A valley (local energy minimum) between two humps corresponds to a species that has actually
formed and briefly persists before reacting further — a reaction intermediate. Peaks (local
maxima) are transition states, not valleys. (B).

Bai tap luyén tap

A solid platinum surface catalyzes the hydrogenation of an alkene gas. This is an example of:

(A) Homogeneous catalysis (C) Enzyme catalysis

(B) Heterogeneous catalysis (D) Autocatalysis

Lai giai chi tiét

The catalyst (solid Pt) is in a different phase from the reactants (gases), which is the definition
of heterogeneous catalysis. (B).

Bai tap luyén tap

Briefly explain, using the collision model and the Maxwell-Boltzmann distribution, why in-
creasing temperature increases reaction rate even though the increase in average collision
frequency with temperature is comparatively modest.

Loi giai chi tiét

Rate depends on the fraction of collisions that are both properly oriented and energetic
enough (E > E,) to react. Raising 7' broadens the Maxwell-Boltzmann energy distribution
and shifts it toward higher energies; because the fraction of molecules with £ > E, lies on the
exponentially decaying high-energy tail of this distribution, even a modest rise in T' produces
a disproportionately large increase in that fraction (captured quantitatively by the exponential
factor e Fa/BT in the Arrhenius equation). This exponential sensitivity, not the comparatively
small increase in raw collision frequency, is what drives the strong observed temperature de-
pendence of rate.

Bai tap luyén tap

For a reaction with £, = 65.0 kJ/mol, estimate the ratio f;,,/ f50, Of the fraction of collisions
with energy > E, at 320 K compared to 300 K, using f = e Fa/ET,
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Loi giai chi tiét

E E
2ol = e =B el = manem =28
300 ( . )( ) 320 ( ° )( )
@ — £26.06-24.43 _ ,1.63 _ 5 1().
f300
Raising the temperature by 20 K roughly quintuples the fraction of sufficiently energetic col-

lisions.

Bai tap luyén tap

True or false, with justification: "Adding a catalyst shifts the equilibrium of a reversible reaction
toward more product, increasing the equilibrium constant K’

Loi giai chi tiét

False. A catalyst lowers E, for both the forward and reverse reactions by the same amount
(since both directions share the same alternate, lower-energy pathway), so both k., ..q @nd
Ereverse iNCrease by the same factor. Equilibrium is reached faster, but the equilibrium position
— and therefore K = k¢yryard/ kreverse — IS Unchanged.

Bai tap luyén tap

A zero-order reaction has [A], = 0.800 M and k£ = 0.0400 M/s. Find the time required for [A]
to fall from 0.800 M to 0.400 M, and separately the time required to then fall from 0.400 M to
0.200 M. Comment on whether these two "half-life” intervals are equal.

Lai giai chi tiét

First interval (0.800 — 0.400 M): using [A], = [4], — kt, 0.400 = 0.800 — (0.0400)t;, = t; =

0.400 . . .

T 10.0 s. Second interval (0.400 — 0.200 M): treating 0.400 M as the new starting
’ . 0.200 e

concentration, 0.200 = 0.400 — (0.0400)t, = t, = 0.0400 — 5.0 s. The two half-life intervals

are not equal (10.0 s versus 5.0 s) — for a zero-order reaction the half-life shortens as the
reaction proceeds, since t, , = [A],/(2k) depends directly on the concentration remaining at
the start of the interval, unlike the constant half-life of a first-order reaction.

Bai tap luyén tap

A reaction is second order in A with rate constant k£ = 0.200 M s 1. Compare its half-life
starting from [A], = 0.500 M to its half-life starting from [A], = 0.250 M.

Lai giai chi tiét

1 1

1

t5(0.250M) = ——__—900s.
172 ) = {0.200)(0.250) >

Halving the starting concentration doubles the second-order half-life, the opposite trend from
a zero-order reaction (where halving [A], halves ¢, 5) and in contrast with first order, where
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t1 /o does not depend on [4], at all.

Bai tap luyén tap

For the single-reactant reaction A — products, initial-rate data show: at [4], = 0.100 M, initial
rate = 5.00x 1073 M/s; at [4], = 0.200 M, initial rate = 2.00x 10~2 M/s. (a) Determine the order
in A and the value of k (with units). (b) Starting from [A], = 0.100 M, find the time required for
[A] to drop to 0.0400 M. (c) Find the half-life of the reaction starting from [A4], = 0.100 M.

Loi giai chi tiét
(a) [A] doubles and rate increases by a factor 2.00 x 1072/5.00 x 1072 = 4.0 = 22, so the

rate 5.00 x 1073 5.00 x 1073 _1
reaction is second order in A. k = = = = 0.500 M~ s L,
[A]2 (0.100)2 0.0100

Check: 0.500(0.200)2 = 0.500(0.0400) = 0.0200 M/s V.
(b)

1 1 1 1
— — —kt = — — =25.0—10.0=15.0 = (0.500)t = ¢t =230.0s.
4], [4], 0.0400  0.100 (0.500)

(c)

1 1
- _ —20.0s.
12 = RTAL, ~ (0.500)(0.100) >

Bai tap luyén tap

A student proposes that, because the overall equation for a reaction is 2X +Y — Z, the
rate law must be rate = k[X]?[Y]. Explain the flaw in this reasoning, and describe the only
circumstance under which this reasoning would be valid.

Loi giai chi tiét

Reaction orders cannot be inferred from the coefficients of an overall, balanced equation — the
overall equation only reflects the net stoichiometry, not the mechanism by which the reaction
actually proceeds; orders must be determined experimentally (e.g. by the method of initial
rates). This reasoning would only be valid if the overall equation itself represented a single
elementary step (i.e. the reaction genuinely occurs in one collision event exactly as written,
with no intermediates) — in that special case alone, the rate law follows directly from the
coefficients.

Bai tap luyén tap

In a multistep mechanism, the second (and final) step is rate-determining, and the first step is
fast and reversible. Which of the following is true of the overall rate law?

(A) It is simply the rate law of the first step of their overall stoichiometric coeffi-

(B) It may require the pre-equilibrium ap- cients

proximation to eliminate an intermediate (D) It cannot be determined from the mech-

(C) Italways equals k[reactants] to the power anism
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Loi giai chi tiét
When the slow step is not first, the rate law written directly from the slow step often contains
the concentration of an intermediate produced in the preceding fast step; the pre-equilibrium

approximation (setting the fast step’s forward and reverse rates equal) is used to re-express
that intermediate’s concentration in terms of true reactants. (B).

Bai tap luyén tap

Explain why enzymes, despite following the same fundamental catalytic principle as any other
catalyst, are able to achieve extremely large rate enhancements and high selectivity for one
specific reaction.

Lai giai chi tiét

-

An enzyme’s active site has a precise three-dimensional shape and array of functional groups
that bind one specific substrate (or a small family of closely related substrates) with high ge-
ometric and electronic complementarity. This binding stabilizes the transition state of the
reaction being catalyzed far more effectively than a simpler catalyst could, lowering E, sub-
stantially for that one reaction pathway while providing essentially no stabilization (and hence
no rate enhancement) for unrelated reactions — giving enzymes both very large rate acceler-
ations (often 10°-fold or more) and very high substrate/reaction selectivity.

Bai tap luyén tap

A reaction’s rate constant is measured at three temperatures and Ink is plotted against 1/7.
The resulting line has slope —8400 K. What is E,?

(A) 8.40 kJ/mol (C) 69.8 kJ/mol
(B) 8.4 J/mol (D) 698 kJ/mol

Loi giai chi tiet

-

Slope = —FE,/R = E, = (8400)(8.314) = 69,838 J/mol = 69.8 kJ/mol. (C).

Bai tap luyén tap

Which statement correctly distinguishes the role of a transition state from that of a reaction
intermediate on a multistep energy diagram?

(A) Both are isolable chemical species that (C) A transition state has lower energy than
differ only in energy the reactants; an intermediate has higher

(B) A transition state is a local energy maxi- energy than the products

mum and cannot be isolated; an interme-
diate is a local energy minimum and is, in (D) They are two names for the same feature
principle, an actual species of the diagram

Loi gidi chi tiét
A transition state sits at a peak (local maximum) and represents a fleeting, partially-bonded

arrangement that is never isolated; an intermediate sits in a valley (local minimum) and is a
genuine, if often short-lived, chemical species. (B).
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Bai tap luyén tap

For the elementary step 2NOCI — 2NO + Cl, (assume this step is elementary as written), state
its molecularity and write its rate law.

Loi giai chi tiét
Two molecules of NOC| must collide (or one NOCI molecule collides with another simultane-
ously undergoing the same transformation) — this is a bimolecular step. Since it is elementary,

the rate law follows directly from stoichiometry: rate = £[NOCI)? (second order in NOCI, sec-
ond order overall).

Bai tap luyén tap

A reaction has AH e, = —40 kJ/mol and, uncatalyzed, E, toryarg = 90 kJ/mol. A catalyst
lowers the forward activation energy to E, torwarg = 55 kJ/mol. Find the catalyzed and uncat-
alyzed reverse activation energies, and state what (if anything) changes between the catalyzed
and uncatalyzed pathways.

Loi giai chi tiét

For any pathway, E, reverse = Eo forwara — AH (energy from products back up to the shared
transition state). Uncatalyzed: E, joyerse = 90 — (—40) = 130 kJ/mol. Catalyzed: E, royerse =
55 — (—40) = 95 kJ/mol. Both the forward and reverse activation energies drop by the same
amount (35 kJ/mol) on the catalyzed pathway, so their difference — which equals AH — stays

fixed at —40 kJ/mol in both cases: only the pathway’s barrier heights change; the thermody-
namics (AH, and therefore also K) do not.

Bai tap luyén tap

A proposed mechanism for H,(g) + 1,(g) — 2HI(g) is a single elementary bimolecular step.
A rival proposal is: Step 1 (fast, reversible) I, = 2I; Step 2 (slow) H, + 2I — 2HI. Derive the
rate law predicted by the rival two-step mechanism and compare its form to the single-step
proposal’s rate law.

Loi giai chi tiet

Single elementary step: rate = k[H,]|[l,] directly from stoichiometry.

Two-step mechanism: Step 2 alone gives rate = k,[H,][I]?, containing the intermediate I. Ap-

plying pre-equilibrium to Step 1: ky[l,] = k& ,[I]> = [II? = —X[l,] = K,[l,]. Substituting:

k_y
rate = ky[H,] (K [1]) = ko K [Hy][l5] = kgps[Ho][l2].
Both proposed pathways predict the identical rate law, rate = k[H,]|[l,] — first order in each
reactant, second order overall. This is a classic illustration that matching the experimentally
observed rate law does not, by itself, prove a particular mechanism; kinetically indistinguish-
able mechanisms must be ruled out by other evidence (e.g. direct spectroscopic detection of
the iodine-atom intermediate).

Bai tap luyén tap

The reaction 2NO,(g) — N,0O,(g) has [NO,], = 0.0500 M and is second order in NO, with
k = 0.640 M 's~. Find [NO,] after 8.00 s.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 143



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Loi giai chi tiét

HI

1 1 B
k= 50500 .640)(8.00) = 20.0 +5.12=25.12M .
INO,], [NO,], 0.0500 (0.640)(8.00) = 20.0 + 5 5

Bai tap luyén tap

Explain why measuring the initial rate (rather than the rate at some arbitrary later time) is the
preferred experimental strategy for determining reaction order by the method of initial rates.

Loi giai chi tiét

At t = 0, the concentrations of all reactants are known precisely (they are the amounts
weighed/measured out to start the trial), and no products have yet accumulated to poten-
tially interfere via a reverse reaction or competing pathway. At any later time, reactant con-
centrations have already changed by an amount that must itself be calculated from the (as
yet undetermined) rate law, introducing circularity, and products may begin to affect the rate.
Measuring the tangent slope at ¢t = 0 avoids both complications, giving a rate that can be
directly and unambiguously tied to the initial, precisely known concentrations.
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Thermodynamics

Muc tiéu Unit: Phan biét hé (system) va méi trudng (surroundings); ndm virng quy udc dau cha nhiét g
va enthalpy A H cho qua trinh toa nhiét/thu nhiét; doc va phan tich gian dé ning lvong phan (rng (ndng
luvgng hoat hoa thuan/nghich E,, AH); hiéu nguyén ly truyén nhiét va can bang nhiét (¢, = ~Qnhan);
tinh nhiét lvong bang nhiét dung riéng (¢ = mcAT) va phan tich s6 liéu nhiét lwgng ké (coffee-cup do
AH, bomb calorimeter do AE); tinh ndng lwong cho qua trinh chuyén pha qua dudng cong gia nhiét
(heating curve); xac dinh AH phan rng bang bén phuong phap: sé liéu nhiét lugng k&, nang luong lién
két trung binh, enthalpy tao thanh chuin AH}, va dinh luat Hess.

6.1 Endothermic and exothermic processes

Thermochemistry studies the heat absorbed or released as chemical and physical processes occur.
Every analysis begins by drawing a boundary between the system — the specific collection of matter
under study (the reactants and products of a reaction, the contents of a beaker, the sample inside a
calorimeter) — and the surroundings — literally everything else, including the container, the solvent,
the air, and the room. Energy can cross the boundary between system and surroundings as heat (g)
or as work (w), and thermochemistry is fundamentally the bookkeeping of that energy flow.

System and surroundings

o An exothermic process releases energy from the system to the surroundings, usually sensed
as the surroundings warming up (a beaker feels hot). The system loses potential energy
(stored in chemical bonds or intermolecular arrangement) and that energy is transferred
outward as heat.

¢ An endothermic process absorbs energy from the surroundings into the system, usually
sensed as the surroundings cooling down (a beaker feels cold, sometimes cold enough to
frost over). The system gains potential energy, drawing it from the thermal energy of the
surroundings.

Everyday examples: combustion, neutralization of a strong acid with a strong base, and the set-
ting of concrete are exothermic. Melting ice, the dissolution of ammonium nitrate (NH,NO;)
in water (the basis of instant cold packs), and photosynthesis are endothermic.

- GIAI THICH TIENG VIET
Hé (system) |3 phan vat chat dang duoc nghién ciru (thudng la cac chat phan (ng va san pham);
moi truong (surroundings) la tat ca phan con lai (binh chira, dung méi, khong khi xung quanh).
Qua trinh tod nhiét (exothermic) giai phong ndng lugng tir hé ra moi tredng — moi truong am
[én. Qua trinh thu nhiét (endothermic) hap thu ndng lugng tir méi trudng vao hé — moéi trudng
lanh di. Tai chudm lanh ding NH,NO4 hoa tan trong nudc la vi du kinh dién clia qua trinh thu
nhiét.
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6.1.1 Sign convention for g and AH

Both heat (¢) and enthalpy change (A H) are reported from the perspective of the system, and the two
guantities share the same sign for a process occurring at constant pressure (where q, = AH; this
equivalence is developed further in Section 6.4).

Exothermic: energy leaves the system = ¢ < 0 and AH < 0 (heat content of the system de-
creases).

Endothermic: energy enters the system = ¢ > 0 and AH > 0 (heat content of the system
increases).

The surroundings always experience the opposite sign: if the system releases 500 J (g5, = —500
J), the surroundings absorb exactly 500 J (g, = +500 J). This is a direct statement of conser-
vation of energy: energy is neither created nor destroyed, only transferred between system
and surroundings (the qualitative content of the first law of thermodynamics, AEiverse =
AEsystem + AEsurroundings = O)'

- GIAI THICH TIENG VIET
Dau ctia ¢ va AH ludn dugc xét tir goc nhin cta hé: hé tod nhiét thi ¢ < 0, AH < 0; hé thu
nhiét thi ¢ > 0, AH > 0. Moi trrong luén cé diu nguoc lai vai hé — day chinh |3 dinh luat bao
toan nang luong (ndi dung dinh tinh cda dinh luat 1 nhiét dong luc hoc): nang luvgng hé mat di
ding bang ning lugng méi trudng nhan duoc, va nguoc lai. Li phd bién nhat ctia hoc sinh 13
gan nham dau ¢ theo gdéc nhin méi trudng thay vi hé.

Classifying processes and assigning signs

For each process, state whether it is exothermic or endothermic and give the sign of g gem:
(a) methane burning in a furnace; (b) solid NH,NO; dissolving in water inside an instant cold
pack; (c) water vapor condensing on a cold window.

(a) Combustion releases energy as light and heat to the surroundings: exothermic, ¢ < 0.

(b) The cold pack becomes cold, meaning the surroundings (the pack’s outer surface, and the
hand touching it) lose thermal energy to the dissolution process: endothermic, ¢ > 0.

(c) Condensation releases the energy that was absorbed during vaporization; the window (part
of the surroundings, if the system is defined as the water) warms slightly: exothermic, ¢ < 0.

(') L6i thueng gap: Students frequently report the sign of ¢ or A H from the surroundings’ point
of view instead of the system’s. A reaction that makes the beaker feel hot is exothermic for
the system (q5,s < 0) even though the surroundings gained heat (g, > 0) — the surroundings
warming up is the evidence of an exothermic system, not a contradiction of the sign conven-
tion. Always ask, “did the chemical/physical process itself release or absorb energy?” before
assigning the sign.

6.2 Energy diagrams

A reaction-coordinate diagram (also called a potential-energy diagram) plots the potential energy of
the reacting system (vertical axis) against the reaction progress — an abstract coordinate tracking the
reaction from reactants (left) to products (right) as bonds break and form. Every elementary reaction
step passes through a high-energy, unstable arrangement of partially broken and partially formed
bonds called the transition state (or activated complex), which sits at the single peak of the curve.
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Reading a reaction-coordinate diagram

e Thereactant energy level is the potential energy of the flat plateau on the left; the product
energy level is the flat plateau on the right.

e The activation energy of the forward reaction, E,, ¢4, is the energy gap between the reac-
tant level and the peak (transition state) — the minimum kinetic energy colliding reactant
particles must supply to reach the transition state.

e The activation energy of the reverse reaction, E, ., is the energy gap between the product
level and the same peak.

¢ The enthalpy change of the reaction, A H, is the difference between product and reactant
energy levels: AH = Eproducts - Ereactants = Ea,fwd - Ea,rev’

A reaction is exothermic when the product plateau sits below the reactant plateau (AH <
0; equivalently E, ¢yq < FE, ) and endothermic when the product plateau sits above the
reactant plateau (AH > 0; equivalently £, ¢4 > E, (o\)-

Potential energy

A
Transition state (200 kJ)

EJ fwd
=$0kJ

Reactants (120

\ 4 Ea,rev
777777777777777777777777777777777 =160 kJ

AH
=—-80kJ

Products (40 kJ)

» Reaction progress

Reaction-coordinate diagram for an exothermic reaction: the product plateau (40 kJ) lies below the reactant plateau
(120 kJ), so AH = 40 — 120 = —80 kJ. Equivalently, E, twa— Eq ey =80 —160 = —80 kJ.
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Potential energy

A
Transition state (175 kJ)

Products (130

I

N
<
[\o}
ot
=~
—

AH
=+80kJ

Reactants (50 kJ)

» Reaction progress

Reaction-coordinate diagram for an endothermic reaction: the product plateau (130 kJ) lies above the reactant plateau
(50 kJ), so AH = 130 — 50 = +80 kJ. Equivalently, E, ¢,y — E, o, = 125 — 45 = +80 kJ.

GIAI THICH TIENG VIET

Gian d6 ning lugng phan (rng biéu dién thé ning theo tién trinh phan (rng. Dinh cta dudng
cong la trang thai chuyén tiép (transition state), tai d6 lién két cii chua dirt han va lién két méi
chua hinh thanh han. E, thudn 1a khoang cach tir mirc chat phan (ng |én dinh; E, nghich Ia
khoang cach tir mirc sdn pham Ién dinh. AH chinh |3 hiéu ning lvong san pham trir chat phan
(rng, va ciing bang E, yhuan — L, nghich- Phan (g toa nhiét c6 san pham thap hon chat dau
(AH < 0); phan (rng thu nhiét cé san pham cao hon chat dau (AH > 0). Luuy: E, ludon duong
du phan rng toa hay thu nhiét.

Reading a reaction-coordinate diagram

An energy diagram shows the reactant plateau at 50 kJ, the transition-state peak at 175 kJ,
and the product plateau at 130 kJ (this is the endothermic diagram above). Find E, ¢4, E, revs
and AH, and state whether the reaction is endothermic or exothermic.

Ea,fwd =175—50=125kJ, Ea,rev =175 —130 = 45 kJ.
AH = Eproducts - Ereactants =130 — 50 = +80 kJ.

Check: E, fwg — Eyrev = 125 — 45 = +80 kJ, consistent. Since AH > 0, the reaction is
endothermic.

Catalysts and energy diagrams

A catalyst provides an alternative reaction pathway with a lower transition-state peak, de-
creasing both E, ¢4 and E, ., by the same amount. Because the catalyst changes only the
pathway (and hence the kinetics/rate) and not the identity or relative energy of the reactants
and products themselves, AH is completely unchanged by a catalyst.
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6.3 Heat transfer and thermal equilibrium

When two objects or samples at different temperatures are placed in contact, heat flows sponta-
neously from the hotter object to the colder object — never the reverse — until both reach a com-
mon final temperature called thermal equilibrium. At thermal equilibrium, no net heat flows because
there is no longer a temperature difference to drive it.

Conservation of heat in an isolated system

If two substances exchange heat only with each other (an isolated system, with no heat es-
caping to or entering from the outside), conservation of energy requires that the heat lost by
the hotter substance exactly equals the heat gained by the colder substance:

Qlost = —Ygained> equivalently Ghot + deold = 0-

The negative sign reflects the opposite-sign convention: the hot object’s ¢ is negative (it re-
leases heat, its temperature falls), the cold object’s g is positive (it absorbs heat, its temperature
rises), and the two magnitudes are equal.

. GIAI THICH TIENG VIET

Nhiét luén truyén tir vat néng hon sang vat lanh hon cho dén khi dat can bang nhiét (hai vat
c6 cung nhiét dd cudi). Trong hé cé 1ap (khéng trao déi nhiét véi bén ngoai), nhiét lwong vat
néng mat di dang bang nhiét lwgng vat lanh nhan duoc: ¢4 = ~Gnhan DAY Gneng + Qianh = O
Day la nguyén ly nén tang ctia moi bai toan nhiét lvong ké (calorimetry).

6.4 Heat capacity and calorimetry

6.4.1 Specific heat capacity and ¢ = mcAT

The specific heat capacity c of a substance is the quantity of heat required to raise the temperature
of 1 gram of that substance by 1°C (equivalently, by 1 K, since a temperature change of 1°C equals
a change of 1 K). Liquid water has an unusually high specific heat, ¢, = 4.18J/(g -° C), meaning
water resists temperature change more than most common substances — this is why large bodies
of water moderate coastal climates. For a sample of mass m undergoing a temperature change
AT = Tona — Tinitial’
q = mcAT.

When a substance is heated (AT > 0), ¢ > 0 (heat flows into the substance); when a substance is
cooled (AT < 0), ¢ < 0 (heat flows out).

- GIAI THICH TIENG VIET
Nhiét dung riéng c 1a nhiét lugng can dé lam ting 1 gam chat dé lén 1°C. Nudc c6 ¢ = 4.18
J/(g-°C) — kha cao so véi hau hét cac chat, nén nudc hap thu/toa nhiét rat "cham” (nhiét do
thay déi it di nhan nhiéu nhiét). Cong thirc ¢ = mcAT véi AT = T, 5 — Tgs,: NEU chat duoc
lam ndng thi ¢ > 0, néu bi lam lanh thi ¢ < 0.

Basic ¢ = mcAT calculation

Find the heat required to warm 150.0 g of liquid water from 20.0°C to 95.0°C.

q = mcAT = (150.0 g)(4.18 J/(g -° C))(95.0 — 20.0)°C

= (150.0)(4.18)(75.0) = 47,025 J = [47.0 kJ |

Since the water was heated, ¢ > 0 as expected.
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6.4.2 Calorimetry: coffee-cup vs. bomb calorimeters

Calorimetry is the experimental measurement of heat flow using a device called a calorimeter. AP
Chemistry uses two idealized calorimeter types that measure two different thermodynamic quanti-
ties.

Coffee-cup vs. bomb calorimetry

e A coffee-cup calorimeter (a nested pair of insulated foam cups, open to the atmosphere)
holds a reaction in solution at constant, ambient pressure. Because the only work possi-
ble is atmospheric expansion/compression work, the heat exchanged at constant pressure
equals the enthalpy change: ¢, = AH. Coffee-cup calorimetry directly measures AH.

o A bomb calorimeter is a rigid, sealed steel vessel submerged in a water bath, used mainly
for combustion reactions. Because the vessel’s volume cannot change, no expansion work
is done (w = 0), and the heat exchanged at constant volume equals the change in internal
energy: ¢, = AF (also written AU). Bomb calorimetry directly measures AFE, not AH.

For most reactions involving only solids, liquids, and dissolved species (negligible change in
gas moles), AH ~ AFE and the distinction is small. When a reaction changes the number of
moles of gas significantly, AH and AFE can differ measurably (Example K below).

GIAI THICH TIENG VIET

Coffee-cup calorimeter do & ap suat khéng doi (constant P), cho truc tiép AH vi q, = AH.
Bomb calorimeter 13 binh thép kin, thé tich khéng déi (constant V), khéng c6 cong gian nd nén
q, = AE (bién thién ndi nang), KHONG phai AH truc tiép. V&i phan (rng khong 1am thay déi
nhiéu sé mol khi, AH ~ AFE; nhung v&i phan &rng thay déi dang ké sé mol khi, hai dai lugng
nay c6 thé lIéch nhau vai kJ.

Stirring rod Thermometer

Loose-fitting lid

<« Two nested cups
(insulation)

P Reaction mixture
J @ (solution), c ~ 4.18 J/(g-°C)

A coffee-cup calorimeter: two nested foam cups minimize heat exchange with the outside room, so essentially all the
heat released or absorbed by the reaction is exchanged with the solution inside, whose temperature change is
monitored by the thermometer.

Determining an unknown specific heat

A 100.0 g sample of a metal, initially at 95.0°C, is dropped into 150.0 g of water initially at 22.0°C
inside an insulated (coffee-cup) calorimeter. The system reaches a final temperature of 31.5°C.
Find the specific heat of the metal.

By conservation of energy, qmetal = —Qwater- First find the heat gained by the water:

Guater = MayCo AT, = (150.0)(4.18)(31.5 — 22.0) = (150.0)(4.18)(9.5) = 5956.5 J.
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SO Grnetal = —5956.5 J. Solve for cperq USING AT et = 31.5 — 95.0 = —63.5°C:

Gmetal —5956.5 .
c = = =10.938 J/(g - C) |
metal mmetalATmetal (100'0)(_63'5> ‘ ‘

Determining a calorimeter’s own heat capacity

100.0 g of hot water at 80.0°C is added to 100.0 g of cold water at 20.0°C inside a calorimeter.
If the calorimeter itself absorbed no heat, the final temperature would be the simple average,
50.0°C; instead, the measured final temperature is 48.0°C, showing that the calorimeter itself
absorbed some of the heat. Find the calorimeter’s heat capacity C,, (in J/°C; note this is a
total heat capacity for the whole apparatus, not a per-gram specific heat).

Heat released by the hot water:
dhot = (100.0)(4.18)(48.0 — 80.0) = (100.0)(4.18)(—32.0) = —13,376 J.
Heat absorbed by the cold water:
Geold = (100.0)(4.18)(48.0 — 20.0) = (100.0)(4.18)(28.0) = 11,704 J.

Energy conservation: heat released by the hot water is shared between the cold water and the
calorimeter itself, —g,,ot = Geoid + Yeal

Geal = 13,376 — 11,704 = 1672 J.

The calorimeter warmed from 20.0°C to 48.0°C along with the cold-water portion, so AT, =

28.0°C:
Qecal 1672 >
Ceal AT, 280 597/

Once known, C, can be included as an extra “mc” term (using C.,AT directly, since it is
already a total heat capacity) in future experiments with the same calorimeter, correcting for
the heat it absorbs.

Bomb calorimetry: combustion of benzoic acid

Benzoic acid (C;H,O,, M = 122.1 g/mol) is a standard used to calibrate and test bomb
calorimeters. A 1.200 g sample is burned completely in a bomb calorimeter with heat capacity
Cea = 9.50 kJ/°C. The temperature of the water bath rises from 24.00°C to 27.34°C. Find g,
for the combustion of the sample, and express the result as AE per mole of benzoic acid.

AT — 2734 - 2400 — 3340C, qabsorbed by calorimeter — caIAT — (950)(334) — 3173 kJ

The combustion reaction released this heat, so from the reaction’s perspective ¢,,, = —31.73
kJ for 1.200 g:

—31.73 kJ

Ta00g " —26.44k)/g,  (—26.44k)/g)(122.1 g/mol) = | AE ~ —3229 kJ/mol |

Since a bomb calorimeter operates at constant volume, this is AE (equivalently AU), not AH,
for the combustion of benzoic acid — consistent with the accepted literature value near —3227
kJ/mol.
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Constant-P vs. constant-V: a numeric comparison

For the synthesis of ammonia, N, (g) + 3 H,(g) — 2NHj3(g), using AH}(NH3) = —45.9 kJ/mol
(Section 6.8), the enthalpy change (what a constant-pressure, “coffee-cup-style” measurement
would report) is

AH = 2(—45.9) — 0 = —91.8 kJ.

This reaction consumes 4 mol of gas and produces 2 mol of gas, s0 Ang,y = 2 —4 = —2
mol. The relationship between A H (constant-P heat) and AE (constant-V heat, what a bomb-
style measurement would report) is AH = AFE + Ang,RT, so at T = 298 K (R = 8.314
J/(mol-K)= 0.008314 kJ/(mol-K)):

Ang,oRT = (—2)(0.008314)(298) = —4.96 kJ.

AE = AH — Ang,gRT = —91.8 — (—4.96) = | —86.8 kJ |

The constant-pressure value (—91.8 kJ) and constant-volume value (—86.8 kJ) differ by about 5
kJ — small but non-negligible, because this reaction consumes a large net number of gas moles.
For a reaction with Ang,, = 0, the two measurements would agree exactly.

(!) L6i thudng gap: When combining giost = —Ggained> remember that AT itself is always T, —
Tinitial fOr each substance separately (using that substance’s own initial temperature), not the
overall change in the mixture. A common error is to compute |Tf — T;| generically and then
guess the sign, rather than tracking each substance’s own algebraic AT (negative for the object
that cools, positive for the object that warms) and letting the arithmetic produce the correct
opposite signs automatically.

6.5 Energy of phase changes

Supplying heat to a pure substance does not always raise its temperature. A heating curve plots
temperature (vertical axis) against cumulative heat added (horizontal axis) and reveals two alternating
kinds of segments:

Sloped segments vs. plateaus

e Sloped segments: within a single phase (all solid, all liquid, or all gas), added heat raises
the temperature according to ¢ = mcAT, using the specific heat of that phase. Water's
three phases have different specific heats: ¢, ~ 2.09J/(g° C), ¢jqug = 4.18J/(g - C),
Coteam ~ 2.01J/(g - C).

¢ Flat plateaus: while two phases coexist (melting or boiling), all added heat goes into over-
coming intermolecular attractions to convert one phase into the other, and the tempera-
ture stays perfectly constant until the phase change is complete. On a plateau, ¢ = nAHgo
(melting/freezing plateau, at 0°C for water) or ¢ = nAH,,, (boiling/condensing plateau, at
100°C for water), where n is the amount in moles.

For water: AHg,, = +6.01 kJ/mol and AH,,, = +40.7 kJ/mol. Because AH,,, > AHq
(roughly 6.8 times larger), the boiling plateau is much wider on the heating curve than the
melting plateau — vaporization requires far more energy than fusion, since it must fully sep-
arate molecules against the entire intermolecular attraction, whereas melting only needs to

loosen a rigid lattice into a mobile but still-touching liquid.

ap
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GIAI THICH TIENG VIET
Duong cong gia nhiét (heating curve) cé hai loai doan xen ké: doan ddc (trong mot pha duy
nhat, nhiét do ting theo ¢ = mcAT) va doan phang (tai diém chuyén pha, nhiét do khong déi,
toan bd nhiét dung dé pha v luc lién phan tlr: ¢ = nAH, . khi nong chdy, ¢ = nAH,,, khi hoa
hoi). Vi AHy,, = 40.7 kJ/mol I&n hon nhiéu so véi AH, . = 6.01 kJ/mol (gap khoang 6.8 [an),
doan phang (rng v&i hoa hoi luén réng hon nhiéu so véi doan phang néng chay trén do thi.

120 |- heatin
vaporization plateau ean

100

80 |-

60 heating iquid

Temperature (°C)

heating

ica [ealid) | | | | | | |

0 10 20 30 40 50 60 70 80
Cumulative heat added (kJ), for a 25.0 g sample

Heating curve for 25.0 g of water, from ice at —10.0°C to steam at 120.0°C (drawn to scale on both axes; see the
worked example below for the numeric breakdown of each segment).

Multi-step calculation: ice to steam

Find the total heat required to convert 25.0 g of ice at —10.0°C to steam at 120.0°C. Use

Cice = 2.0, Cpater = 418, Coteam = 2.01 J/(g°C); AHy,, = 6.01 kJ/mol; AH,,, = 40.7 kJ/-
mol; M (H,0O) = 18.02 g/mol.

25.
Moles of water: n = %{;)2 = 1.387 mol. There are five steps:

1. Heat ice from —10.0°C to 0°C: ¢, = mc; o AT = (25.0)(2.09)(10.0) = 522.5 J = 0.5225 kJ.
2. Melt theice at 0°C: ¢, = nAHg,, = (1.387)(6.01) = 8.338 kJ.

3. Heat liquid water from 0°C to 100°C: g3 = mcyuerAT = (25.0)(4.18)(100.0) = 10,450 J
= 10.450 kJ.

4. Vaporize the water at 100°C: ¢, = nAH,,, = (1.387)(40.7) = 56.47 kJ.

ap —
5. Heat steam from 100°C to 120°C: ¢, = mcge,mAT = (25.0)(2.01)(20.0) = 1005 J = 1.005
kJ.

Grotal = 0.5225 + 8.338 + 10.450 + 56.47 + 1.005 = [ 76.8 kJ |

Notice that step 4 (vaporization) alone accounts for nearly 74% of the total energy — a direct
consequence of AH,,, being so much larger than A Hg ¢ or any single heating segment.

6.6 Introduction to enthalpy of reaction

The enthalpy of reaction, AH,,,, is the heat exchanged with the surroundings when a chemical re-
action occurs at constant pressure, exactly as written in the balanced equation (with the given sto-
ichiometric coefficients and states of matter). As established in Section 6.4, coffee-cup calorimetry
measures AH,,, directly via ¢, = AH.
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Properties of AH,,,

e AH is an extensive property: it scales directly with the amount of substance reacting. If
a reaction as written (for n moles of a given reactant) has enthalpy AH, then reacting 2n
moles releases/absorbs 2A H, reacting n/2 moles releases/absorbs AH /2, and so on.

¢ Reversing a reaction reverses the sign of AH: if the forward reaction A — B has AHy,q,

the reverse reaction B — Ahas AH,., = —AH;,q4. This follows because the transition state
and bond energies are identical in both directions; only the starting and ending reference
points swap.

GIAI THICH TIENG VIET
AH,,, 1a nhiét trao d6i & ap suit khéng d6i irng ding véi phuong trinh da can bang. AH 1a
dai lugng ti lé véi lwong chat: phan (rng gap déi lvong chat thi AH ciing gap doi. Dao chiéu
phan (g thi d6i dau AH: AH, i, = —AHy, s, Day la hai quy tac nén tang sé dugc ding
lién tuc trong dinh luat Hess (muc 6.9).

Coffee-cup calorimetry: neutralization

50.0 mL of 1.00 M HCl and 50.0 mL of 1.00 M NaOH, both initially at 22.5°C, are mixed in a
coffee-cup calorimeter. The combined solution reaches a maximum temperature of 29.3°C.
Assume the combined solution has mass 100.0 g, density 1.00 g/mL, and specific heat 4.18
J/(g-°C), and that the calorimeter itself absorbs negligible heat. Find AH per mole of water
formed for HCl(aq) + NaOH(aq) — NaCl(aq) + H,O(l).

Moles of each reactant: (0.0500 L)(1.00 mol/L) = 0.0500 mol; since they react in a 1:1 ratio
with no excess, 0.0500 mol of H,O forms. Heat absorbed by the solution:

Qo = McAT = (100.0)(4.18)(29.3 — 22.5) = (100.0)(4.18)(6.8) = 2842 J = 2.842 kJ.

The reaction released this heat (¢,,,, = —¢so1n = —2.842 kJ), so per mole of water formed:

_9.842 kJ
0.0500 mol 56.8 kJ/mo

This is close to the accepted value for strong acid-strong base neutralization (~ —57.3 kJ/-
mol), reflecting that the net ionic reaction is the same in every strong-acid/strong-base pair:
H*(aq) + OH (aq) — H,O(l).

6.7 Bond enthalpy

A bond enthalpy (bond dissociation energy) is the energy required to break one mole of a specific
covalent bond in the gas phase, always a positive quantity (breaking bonds always costs energy).
Because the exact bond enthalpy depends slightly on the surrounding molecular environment, tab-
ulated values are average bond enthalpies, averaged across many different molecules containing
that bond.

Estimating AH,,,, from bond enthalpies

Any gas-phase reaction can be conceptually decomposed into two stages: first, completely
atomize the reactants by breaking every bond (this always costs energy, +); second, reassem-
ble the atoms into products by forming every new bond (this always releases energy, so it
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contributes with a — sign relative to the breaking step):
AH,, ~ Z(bonds broken, reactants) — Z(bonds formed, products).

This method gives only an estimate, because it uses average bond enthalpies rather than the
exact values for the specific molecules involved, and it applies strictly only to gas-phase species
(breaking bonds in a solid or liquid also requires overcoming intermolecular/lattice forces,
which bond enthalpies do not account for).

- GIAI THICH TIENG VIET
Nang lugng lién két (bond enthalpy) luon duong (pha vé lién két ludon can nang lugng). Cong
thirc uwéce lugng: AH,,,, ~ X(lién két bi pha, chat dau) — X(lién két hinh thanh, san pham) —
nghia |a "nang lugng pha va trir nang lwgng tao thanh”. Day chi la gia tri wéc lwgng (dung nang
lwgng lién két trung binh), va chi ap dung chinh xac cho phan rng & pha khi.

Bond Avg. (kJ/mol) Bond Avg. (kJ/mol)
C-H 413 CI-ClI 243
C-C 347 H-CI 431
C=C 614 C-O 358
c=C 839 C=0(in CO,) 799
O-H 467 N=N 941
0=0 495 N-H 391
H-H 436 C-Cl 339
Average bond enthalpies (kJ/mol) used throughout this chapter; all values are positive (energy required to break the
bond).

AH,,, from bond enthalpies, cross-checked against AH;

Estimate AH,,,, for the gas-phase combustion of methane, CH,(g) + 20,(g) — CO,(g) +
2H,0(g), using bond enthalpies.

Bonds broken (reactants): CH, has 4 C-H bonds; 2 O, has 2 O=0 bonds.
> "(broken) = 4(413) + 2(495) = 1652 + 990 = 2642 kJ.

Bonds formed (products): CO, has 2 C=0 bonds (using the CO,-specific value); 2H,0 has 4
O-H bonds total.

> "(formed) = 2(799) + 4(467) = 1598 + 1868 = 3466 kJ.

AH,,, ~ 2642 — 3466 = | —824 kJ/mol |

Cross-check: using AH; values (Section 6.8), the same reaction (with gaseous water) gives
AH, = [—393.5 4+ 2(—241.8)] — [-74.8] = —802.3 kJ/mol. The bond-enthalpy estimate (—824
kJ/mol) and the AHj-based value (—802.3 kJ/mol) agree to within about 22 kJ, or roughly 3%
— a typical level of agreement for the bond-enthalpy method, which is reliable for order-of-
magnitude and sign predictions but less precise than a calculation built from measured AH}

data.
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6.8 Enthalpy of formation

The standard enthalpy of formation, AHj, of a compound is the enthalpy change when exactly 1
mole of that compound is formed directly from its constituent elements, with every substance (ele-
ments and compound) in its standard state (most stable physical form at 1 atm and, conventionally,
25°C).

Key properties of AH}

e By definition, AH} of any element in its standard state is exactly zero — no formation
reaction is needed because the element already exists in that reference form. Examples:
AH3(Oy(g)) = 0, .AH}(C.(graphite)) = 0, AH;}(Bry(l)) = 0 (bromine’s standard state at
room temperature is the liquid, not the gas), AH}(H,(g)) = 0.

e Because AH} describes a formation reaction, the balanced equation defining it must pro-
duce exactly 1 mole of the compound, which sometimes requires fractional coefficients on

the elemental reactants (e.g., 1 N»(g) + 3 Hy(g) — NH3(g)).

- GIAI THICH TIENG VIET
AHj (enthalpy tao thanh chuan) 13 nhiét tao thanh ding 1 mol hgp chat tlr cadc nguyén té &
trang thai chuan (bén nhat & 1 atm, 25°C). Nguyén td & trang thai chuan luén co AH; =0
— ké ca nhirng trudng hop dé nham nhu Br, (trang thai chuan 13 léng, khéng phai khi) hay
carbon (trang thai chuan 13 than chi/graphite, khong phai kim cuwong). Vi can tao diung 1 mol
san pham, hé sé ctia nguyén té phan (rng déi khi la phan so.

Species AH; (kJ/mol) Species AH; (kJ/mol)

CO,(g) —393.5 CO(g) —110.5
H,O(I) —285.8 NO,(g) +33.2
H,O(g) —241.8 NO(g) +90.2
CHy,(g) —74.8 CaCOs4(s) —1206.9
C,H,(g) +226.7 CaO(s) —635.1
C,H4(8) +52.4  NaCl(s) —411.2
C,H¢(g) —84.7 HCI(g) —92.3
NH,(g) —45.9

Standard enthalpies of formation used throughout this chapter (elements in their standard states: AH% = 0).

Formation-enthalpy shortcut (a direct consequence of Hess'’s law, Section 6.9): for any reac-
tion,

AHj, = n, AHj(products) — ) ~n, AHj(reactants),

where n,, and n,. are the stoichiometric coefficients from the balanced equation. Elements
appearing in their standard state contribute zero to the sum.

AH;,

rxn

from AH}: combustion of ethane

AH;, = [2AH}(CO,) + 3 AH;(Hp0,1)] — [AH}(CyHg) + Z(0)]
= [2(—393.5) -+ 3(—285.8)] — [— 84.7] = [— 787.0 — 857.4] + 84.7
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— —1644.4 + 84.7 = | —1559.7 kJ/mol |

The large negative value is typical of combustion reactions — strongly exothermic, consistent
with hydrocarbons being used as fuels.

6.9 Hess's law

Enthalpy is a state function: A H for a process depends only on the initial and final states (the iden-
tity, amount, phase, and temperature of reactants and products), not on the path or number of steps
taken to get from one to the other. Hess'’s law is the direct consequence of this property: if a target
reaction can be written as the sum of two or more other reactions (each possibly reversed and/or scaled
by a coefficient), then AH of the target equals the sum of the (correspondingly reversed and/or scaled)
A H values of those reactions.

Rules for combining reactions

e Reversing a given reaction flips the sign of its AH.

e Multiplying a given reaction’s coefficients by a factor & multiplies its AH by that same
factor k.

¢ Adding reactions together (after any needed reversal/scaling) adds their A H values; species
that appear identically on both sides of the combined equation cancel out and must not
appear in the final target equation.

e The goal is always to choose reversals/multipliers for the given reactions so that, after can-
cellation, the sum reproduces the target equation exactly (same species, same coefficients,
same physical states, on the correct sides).

- GIAI THICH TIENG VIET
Enthalpy 13 ham trang thai (state function): AH chi phu thudc trang thai dau va trang thai cudi,
khéng phu thudc "con duong” di qua bao nhiéu budce. Dinh luit Hess khai thac tinh chat nay:
néu phan &ng dich c6 thé viét thanh téng clia cac phan (rng da cho (sau khi ddo chiéu va/hoac
nhan hé sé phu hop), thi AH dich bang téng cac AH da ddo/nhan tuong &rng. Dao chiéu =
déi ddu AH; nhan hé sé k = nhan AH véi k; cdng phan rng = cong A H, va cac chat giéng
nhau xuat hién hai bén phai bi triét tiéu.

C(s) + 2H,(g) + 20,(g)

AH, +2AH, = —965.1 kJ
(direct combustion
of C + 2H,)

target
AH}'(CH4) =7

CH,(g) +20,(g) I TR :I CO,(g) + 2H,0(l)
3 —_ .

(combustion of CH,)

Hess's-law cycle for the formation of methane. Both paths from node A to node C must give the same total A H
(state-function property), so AH(CH,) + AH; = AH, +2AH,, giving AH%(CH,) = —965.1 — (—890.3) = —74.8
kJ/mol.
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Hess’s law: combining three given reactions

Given the following data,
(1) C(s)+ O,(g) — CO,(g), AH, =-393.5kJ

(2) Hy(g) + 2 O,(g) — H,O(l), AH, =—285.8kJ
(3) CHy(g) +20,(g) — CO,(g) +2H,0(I), AH; = —890.3 kJ

find AH for the target reaction C(s) + 2H,(g) — CHy(g).

Take reaction (1) as written, double reaction (2) (to supply 2 H,), and reverse reaction (3) (to
place CH, on the product side):

(1) C+0,—CO,,  AH,=-3935k)

—(3) CO,+2H,0 = CH,+20,  —AH, =+890.3kJ

Adding all three left sides and all three right sides: C + 2H, + 20, + CO, + 2H,0 — CO, +
2H,0+ CH, +20O,. Cancel CO,, 2H,0, and 2 O, from both sides, leaving exactly the target:
C(s) +2Hy(g) — CHy(g).

AHgpges = AH, + 2AH, + (—AH;) = —393.5 — 571.6 + 890.3 = [ —74.8 k|

This matches the tabulated AH;(CH,4) = —74.8 kJ/mol exactly, as it must: the target reaction
is the formation reaction of methane, and Hess's law guarantees any valid combination of
correct data reproduces the same answer.

(1) L6i thuwong gap: The single most common Hess’s-law error is combining the given A H values
without correctly flipping the sign when a reaction must be reversed to match the target. If a
given reaction must run backward relative to how it is written to fit into the target equation, its
AH contribution must be written as —A Hy;e,, NOt +A Hy,\e. Always physically rewrite each
reaction in the orientation and scale it will actually take in the sum before adding the enthalpies

— never try to track sign flips “in your head” while only writing the final arithmetic.

(1) L6i thuong gip: A closely related error is scaling the reaction (doubling or halving its coef-
ficients) without scaling its AH by the same factor. If reaction (2) above is doubled to supply
2H, instead of 1 H,, its enthalpy contribution must also double, from —285.8 kJ to —571.6 kJ
— forgetting this step is a very common source of numeric error even when the sign logic is
otherwise correct.

6.10 Practice Problems

Bai tap luyén tap

Which statement correctly describes an exothermic process, using the sign convention for the
system?

(A) ¢ > 0 and the surroundings cool down (C) ¢ > 0 and the surroundings warm up

(B) ¢ < 0 and the surroundings warm up (D) ¢ < 0 and the surroundings cool down
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Loi giai chi tiét
An exothermic process releases energy from the system to the surroundings: gg e < 0, and
since the surroundings receive that energy, they warm up. (B).

Bai tap luyén tap
Which of the following species has AH; =07

(A) O;(g) (C) Bry()
(B) Br,(g) (D) C(diamond)

Loi giai chi tiet

-

AH} = 0 only for an element in its standard (most stable) state at 25°C and 1 atm. Ozone
(O3) is not the standard state of oxygen (that is O,); gaseous bromine is not its standard state
(liquid bromine is); diamond is not carbon’s standard state (graphite is). Liquid bromine, Br,(l),
is the standard state of elemental bromine. (C).

Bai tap luyén tap

Solid ammonium nitrate is dissolved in water inside a test tube held in a gloved hand. The
outside of the test tube quickly becomes noticeably cold. Taking the dissolving salt as the
system, state the sign of g, e, and identify whether the process is endothermic or exothermic,
explaining your reasoning in terms of energy flow between system and surroundings.

Loi giai chi tiét

The hand and test tube (surroundings) lose thermal energy, evidenced by the cooling sensation;
that energy is drawn into the dissolving salt (the system) to break apart the ionic lattice and
separate the ions into solution. Since the system gains energy, gqem > 0, and the process
is endothermic. (The surroundings feeling cold is the observable evidence of an endothermic
system, not evidence of a negative system q.)

Bai tap luyén tap

On a reaction-coordinate diagram for an exothermic reaction, the product energy plateau is

the reactant energy plateau, and E, 4,4 is 18 o
(A) above; greater than (C) below:; less than
(B) above; less than (D) below; greater than

Loi giai chi tiet

-

Exothermic means AH < 0, so products must sit below reactants in energy. Since AH =

E, twd — Eqrey <0, it follows that E, ¢4 is less than E,, . (C).
Bai tap luyén tap
An energy diagram shows E, ¢4 = 68 kJ and E, ., = 112 kJ. Find AH for the reaction and

state whether it is endothermic or exothermic.
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Loi giai chi tiét
AH = Ea,de — ECL,FG:V = 68 — 112 = —44 kJ .

Since AH < 0, the reaction is exothermic.

Bai tap luyén tap

Two metal blocks, one at 80°C and one at 20°C, are pressed together and isolated from the rest
of the room. Which statement correctly describes what happens?

(A) Heat flows from the cold block to the hot (C) No heat flows because metals do not
block until both reach 50°C conduct heat well

(B) Heat flows from the hot block to the cold
block until both reach the same final tem- (D) Heat flows until the cold block is colder
perature (not necessarily 50°C) and the hot block is hotter

Loi gidi chi tiét
Heat always flows spontaneously from higher to lower temperature until thermal equilibrium
(@ common final temperature) is reached. The final temperature equals the simple average
(50°C) only if the two blocks have identical mass and identical specific heat — in general it
depends on both mc products. (B).

Bai tap luyén tap

An 80.0 g sample of aluminum (c = 0.900 J/(g-°C)) at 150.0°C is dropped into 200.0 g of water
(c =4.18 J/(g-°C)) at 20.0°C in an insulated container. Find the final equilibrium temperature.

Loi giai chi tiét

Set ga; + qwater = O
(80.0)(0.900) (T}, — 150.0) + (200.0)(4.18)(T}; — 20.0) = 0

72.0(T; — 150.0) + 836(T; — 20.0) =0 = 908 T} = 72.0(150.0) + 836(20.0)
908 T; = 10,800 + 16,720 = 27,520

The large mass and specific heat of the water dominate, pulling the final temperature much
closer to the water’s initial temperature than to the aluminum’s.

Bai tap luyén tap

Sample X (100.0 g, ¢ = 0.50 J/(g-°C)) and Sample Y (50.0 g, ¢ = 2.00 J/(g-°C)) both start at the
same temperature and are heated by the same amount of heat, g. Which sample undergoes
the larger temperature change?
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(A) Sample X, because it has greater mass (C) Sample X, because mc for X (50 J/°C) is
less than mc for Y (100 J/°C)

(B) Sample Y, because mc for Y (100 J/°C) is (D) They undergo the same AT because q is
greater than mc for X (50 J/°C) identical

Lai giai chi tiét

For fixed ¢, AT = ¢q/(mc), so the sample with the smaller mc product undergoes the larger
temperature change. mc(X) = (100.0)(0.50) = 50 J/°C; me(Y) = (50.0)(2.00) = 100 J/°C.
Since X has the smaller mc, X undergoes the larger AT. (C).

Bai tap luyén tap

500.0 g of water at 15.0°C absorbs 62.5 kJ of heat. Find the final temperature.

(A) 29.9°C (C) 59.9°C
(B) 44.9°C (D) 74.9°C

Loi giai chi tiét

2 2
Ap_ 4 _ 62500 62500 ..
me — (500.0)(4.18) 2090

Ty =150 +29.9 = [44.9°C|. (B).

Bai tap luyén tap

A 65.0 g sample of an unknown metal, initially at 99.0°C, is placed in 120.0 g of water at 24.0°C
inside a coffee-cup calorimeter (assume no heat loss to the calorimeter itself). The final tem-
perature is 28.1°C. Determine the specific heat of the metal, and identify the metal given:
Al = 0.900, Fe = 0.449, Cu = 0.385, Pb = 0.129 J/(g-°C).

Loi giai chi tiét
Gwater = (120.0)(4.18)(28.1 — 24.0) = (120.0)(4.18)(4.1) = 2056.6 J.

Umetal = —2056.6 ), AT, .. = 28.1—99.0 = —70.9°C.

. _ 20566
metal = (65.0)(—70.9)

Comparing to the table, this value matches iron (0.449 J/(g-°C)) far more closely than any of
the other candidates, so the unknown metal is identified as iron.

=[0.446 J/(g < O)|.

Bai tap luyén tap

Coffee-cup calorimetry directly measures which thermodynamic quantity, and why?

(A) AE, because no work of any kind occurs (C) AH, because the volume is fixed

(B) AH, because q, = AH at constant pres- (D) AE, because q, = AFE at constant vol-
sure ume
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Loi giai chi tiét

A coffee-cup calorimeter is open to the atmosphere and held at constant (ambient) pressure.
Heat exchanged at constant pressure equals the enthalpy change, ¢, = AH. (B).

Bai tap luyén tap

A 0.800 g sample of sucrose (C;,H»,044, M = 342.3 g/mol) is burned completely in a bomb
calorimeter with heat capacity C.,; = 5.00 kJ/°C. The temperature rises by 2.640°C. Find AE
of combustion per gram and per mole of sucrose.

Lai giai chi tiét

-

AT = (5.00)(2.640) = 13.20 kJ, g,y = —13.20 kJ (for 0.800 g).

Qabsorbed by calorimeter —

—13.20
Per gram: 500 —16.5 kJ/g|. Per mole: (—16.5)(342.3) = \ —5648 kJ/mol \

Since the bomb calorimeter operates at constant volume, both results are AE (equivalently
AU) values, not AH.

Bai tap luyén tap

80.0 g of hot water at 75.0°C is mixed with 120.0 g of cold water at 18.0°C inside a calorimeter.
The measured final temperature is 38.5°C. Find the calorimeter’s heat capacity C,,,.

| Loi giai chi tiét
ot = (80.0)(4.18)(38.5 — 75.0) = (80.0)(4.18)(—36.5) = —12,206 J.

Jeold = (120.0)(4.18)(38.5 — 18.0) = (120.0)(4.18)(20.5) = 10,283 J.
Geal = —(Ghot + Geold) = —(—12,206 + 10,283) = 1923 J.

dea 1923 1923 :
= p— ey = . J C .
Cal = AT, = 385—180 205 38V

Bai tap luyén tap

On a heating curve for a pure substance, the flat (constant-temperature) segment at the sub-
stance’s boiling point corresponds to which process?

(A) The liquid and gas phases coexisting (C) The liquid and gas phases coexisting

while ¢ = mcAT applies while ¢ = nAH,,, applies

(B) The liquid warming toward its boiling
point (D) The gas warming above the boiling point

Loi giai chi tiet

On a plateau, temperature is constant and the substance exists as a mixture of two coexisting
phases (here, liquid and gas); all heat added goes toward converting liquid to gas, so ¢ =
nAH,, applies rather than ¢ = mcAT (which applies only within a single phase). (C).

vap
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Bai tap luyén tap

Find the total heat required to raise 40.0 g of liquid water from 10.0°C to its boiling point and
then completely vaporize it at 100.0°C. Use M (H,0) = 18.02 g/mol, AH,,, = 40.7 kJ/mol.

Loi giai chi tiét

Heating step: ¢, = mcAT = (40.0)(4.18)(100.0—10.0) = (40.0)(4.18)(90.0) = 15,048 J = 15.05
kJ.

o 40.0
Vaporization step: n = 1802~ 2.220 mol; g, = nAH,,, = (2.220)(40.7) = 90.34 kJ.

Gtotal — 15.05 +90.34 =|105.4 kJ |.

Bai tap luyén tap

How many grams of ice at 0°C can be melted by 15.0 kJ of heat? (AH;, = 6.01 kJ/mol,
M(H,0) = 18.02 g/mol.)

Lai giai chi tiét

-

q 15.0
= = —— = 2.496 mol.
AHy, 6.01

m=mnx M = (2.496)(18.02) =[45.0 g

n

Bai tap luyén tap

Approximately how many times more energy is needed to vaporize 1 mole of liquid water at
100°C than to melt 1 mole of ice at 0°C?

(A) 0.15x (C) 6.8x
(B) 1x (D) 40.7x

Loi giai chi tiet

-

AH, 40.
—( | ﬂ = 6.77.
AHg,  6.01
(C). This large ratio reflects that vaporization must fully separate molecules against the entire

intermolecular attraction, while melting only loosens a rigid lattice into a still-touching liquid.

Bai tap luyén tap

For the reaction 250,(g) + O,(g) — 2505(g), AH,,, = —198 kJ (as written). Calculate the
heat released when 5.00 mol of SO, reacts completely with excess oxygen.

Lai giai chi tiét

-

The given AH = —198 kJ corresponds to 2 mol SO, reacting, so per mole of SO,:

—198 kJ
2 mol

= —99.0 kJ/mol SO,.
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AH = (5.00 mol)(—99.0 kJ/mol) =|—495 kJ |.

Bai tap luyén tap

If the forward reaction A — B has AH = +65 kJ, what is A H for the reverse reaction B — A?

(A) +65 kJ (C) 0kJ
(B) —65 kJ (D) Cannot be determined without more data

Loi giai chi tiét

Reversing a reaction reverses the sign of AH (the transition state and all bond energies are
unchanged; only the reference starting/ending points swap). AH,,, = —65 kJ. (B).

Bai tap luyén tap
Given N,(g) + O,(g) — 2NO(g), AH = +180.4 kJ, find AH for 2NO(g) — N,(g) + O,(g).

Loi giai chi tiet

-

This is the exact reverse of the given reaction, so its AH has the opposite sign:

AH =[-180.4 K]

Bai tap luyén tap

Use bond enthalpies to estimate AH,,, for H,(g) + Cl,(g) — 2 HCI(g), then check your value
against the value obtained from AH3(HCI) = —92.3 kJ/mol.

Loi giai chi tiét

Bond enthalpy method: bonds broken = H-H + CI-Cl = 436 + 243 = 679 kJ; bonds formed
— 2xH-Cl=2(431) = 862 kJ.

AH,, ~ 679 — 862 = [—183 kJ |

AH; check: AHY,, = 2(—92.3) — 0 = —184.6 kJ. The two methods agree closely (within 2 k),
because HCl's bond enthalpy is well represented by the tabulated average.

Bai tap luyén tap

Use bond enthalpies to estimate AH for the hydrogenation of ethylene, C,H,(g) + H,(g) —
C,H¢(g). (Ethylene has 4 C-H bonds and 1 C=C bond; ethane has 6 C-H bonds and 1 C-C
bond.)

Loi giai chi tiét
Bonds broken (reactants): 4 C-H +1 C=C (in C,H,) +1 H-H (in H,):

4(413) 4+ 614 + 436 = 1652 + 614 + 436 = 2702 kJ.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 164



BENO"ES? Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

Bonds formed (products): 6 C-H +1 C-C (in C,H,):

6(413) + 347 = 2478 + 347 = 2825 kJ.

AH,, ~ 2702 — 2825 =| —123 kJ |.

(Compare with the more precise AH}-based value of —137.1 kJ found in Problem 26 below —
the two estimates agree to within about 14 kJ, typical accuracy for the bond-enthalpy method.)

Bai tap luyén tap

Find AH;,, for the combustion of acetylene, 2C,H,(g) +50,(g) — 4CO,(g) + 2H,0O(l), and
express the answer per mole of C,H,.

Loi giai chi tiét

AH;, = [4(—393.5) + 2(—285.8)] — [2(226.7) + 0] = [ — 1574.0 — 571.6] — [453.4]

= —2145.6 — 453.4 =| —2599.0 kJ (for 2 mol C,H,)|.

—2 .
Per mole: 5299 0 = \ —1299.5 kJ/mol \

This matches the well-known, strongly exothermic combustion of acetylene used in oxy-
acetylene welding torches.

Bai tap luyén tap

Find AH;,,, for the thermal decomposition of limestone, CaCO;(s) — CaO(s) + CO,(g).

Lai giai chi tiét

-

AHj, = [AH3(CaO) + AH3(CO,)] — AH3(CaCOy) = [ — 635.1 + (—393.5)] — (—1206.9)

= —1028.6 + 1206.9 = | +178.3 kJ |.

The positive sign confirms this decomposition is endothermic, consistent with the industrial
process (lime kilns) requiring continuous, intense heating to drive the reaction forward.

Bai tap luyén tap

Given N,(g) +O,(g) — 2NO(g), AH; = +180.4 kJ, and N,(g) +20,(g) — 2NO,(g), AH, =
+66.4 kJ, use Hess's law to find AH for 2NO(g) + O,(g) — 2NO,(g).

Loi gidi chi tiét
Take reaction (2) as written and reverse reaction (1):

—(1) 2NO — N, + O,, —AH, =—180.4 kJ
Adding: N, +20, +2NO — 2NO, + N, 4+ O,; cancel N, and one O, from both sides, leaving
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2NO + O, — 2NO, — exactly the target.

(This also equals the AH-shortcut result, 2(33.2) — 2(90.2) = —114.0 kJ — a useful cross-
check.)

Bai tap luyén tap

Given the following three combustion reactions,

CoH4(8) +30,(8) — 2CO,(g) + 2H,0(l), AH, = —1411.0 kJ

Ha(g) + 1 O,(g) — H,O(l), AH,=—285.8kJ
CoHe(g) + £ O,(g8) — 2CO,(g) + 3H,0(l), AH; = —1559.7 kJ
use Hess’s law to find AH for the hydrogenation of ethylene, C,H,(g) + Hy(g) — C,H4(8).

Lai giai chi tiét

Add reactions (1) and (2), then reverse reaction (3):

(1)+(2): CyHs+H,+350, —2C0O,+3H,0

AH, + AH, = —1411.0 — 285.8 = —1696.8 kJ
—(3): 2C0O,+3H,0 = C,Hg +350,  —AH;=+1559.7kJ

Addlng C2H4 =4k H2 = 3.5 02 =4k 2 C02 - 3 Hzo — 2 C02 =4k 3 Hzo | C2H6 - 3.5 02, Cancel 2 COz,
3H,0, and 3.5 O, from both sides, leaving C,H, + H, — C,H — the target.

This matches the AH;-shortcut result, AH}(C,Hy ) —AH}(CyH,) = —84.7—52.4 = —137.1kJ,
and is close to the bond-enthalpy estimate of —123 kJ from Problem 22 — three independent
methods converging on essentially the same answer.

Bai tap luyén tap

A student combines two given reactions to find a target reaction’s AH. Reaction (1) must be
reversed and its coefficients doubled to fit the target. Which operation correctly transforms
AH, for use in the sum?

(A) Use +AH, unchanged (C) Use —2AH,
(B) Use +2AH, (D) Use —1AH,

Loi giai chi tiét
Reversing flips the sign; doubling the coefficients doubles the magnitude. Both operations
must be applied together: —2AH;. (C).
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Bai tap luyén tap

A comprehensive problem: 45.0 g of ice at 0.00°C is added to 200.0 g of liquid water at 35.0°C
in a well-insulated, isolated container. (a) Show that all of the ice melts. (b) Find the final
equilibrium temperature of the resulting liquid water. Use AH¢,, = 6.01 kJ/mol, M (H,0) =
18.02 g/mol, cyater = 4.18 J/(g-°C).

Lai giai chi tiét

(a) Maximum heat available if the 200.0 g of warm water cooled all the way down to 0.00°C:

Gavaitable = (200.0)(4.18)(35.0 — 0.00) = 29,260 J = 29.26 kJ.

. . 45.0
Heat required to melt all 45.0 g of ice: n = 18.00 = 2.497 mol,

Gt = NAHy,s = (2.497)(6.01) = 15.01 kJ.

Since e (15.01 kJ) < @uuailable (29-26 kJ), there is more than enough heat in the warm water
to melt all of the ice; all 45.0 g of ice melts, and the final state is entirely liquid water above
0°C.

(b) With all ice melted, set up the energy balance: heat lost by the original 200.0 g of water
cooling from 35.0°C to the final temperature T'; equals the heat used to melt the ice plus the
heat used to warm the resulting 45.0 g of meltwater from 0.00°C to 7':

(200.0)(4.18)(35.0 — T};) = 15,010 + (45.0)(4.18)(T}; — 0.00)

29,260 — 836 Ty = 15,010 + 188.1T, = 14,250 = 1024.1Ty = T, =|13.9°C}|.

Bai tap luyén tap

A bomb calorimeter, by design, holds volume constant so that no expansion work is possible.
Which statement correctly relates the measured heat to a thermodynamic state function?

(A) g, = AH, because pressure is held con- ume

stant (C) ¢, = 0, because the vessel is sealed

(B) g, = AFE, because w = 0 at constant vol- (D) ¢, = AH — AE

Loi giai chi tiét

At constant volume, no PAV expansion work occurs, so from the first law AE = g + w =
q, +0=gq,. (B).

Bai tap luyén tap

A catalyst is added to a reaction with AH = —120 kJ, E, g = 95 kJ, and E, ., = 215 kJ.
The catalyzed pathway lowers E,, 4,4 to 60 kJ. Find the new E, ., and the new AH for the

catalyzed pathway.
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Loi giai chi tiét

A catalyst lowers the transition-state peak, reducing both activation energies by the same
amount, but leaves A H completely unchanged (reactants and products are the same species
at the same energy levels regardless of pathway). The peak dropped by 95 — 60 = 35 kJ, so:

By revnew = 215—35 =180 kJ|,  AH,, =|—120 kJ (unchanged)|.

fwdnew — Farevnew = 60 — 180 = —120 kJ = AH, consistent.

Check: E

a

Bai tap luyén tap

Which of the following is a valid justification for Hess'’s law?

(A) ¢ and w are both state functions, so any (C) Bond enthalpies are always exactly addi-
path gives the same ¢ tive

(B) Enthalpy is a state function, so AH de-
pends only on initial and final states, not (D) Calorimeters always measure AH ex-
on the path/number of steps actly, regardless of design

Loi gidi chi tiét
Hess's law rests specifically on enthalpy (H) being a state function — path-independent. (g

and w individually are not state functions; only their sum, AE = ¢ + w, is, and AH is likewise
path-independent.) (B).

Bai tap luyén tap

75.0 mL of 2.00 M HNO; and 75.0 mL of 2.00 M KOH, both initially at 21.4°C, are mixed in
a coffee-cup calorimeter. The mixture reaches a maximum temperature of 35.1°C. Assume
the combined solution has mass 150.0 g and specific heat 4.18 J/(g-°C), with negligible heat
absorbed by the calorimeter. Find AH of neutralization per mole of water formed.

Loi giai chi tiét

Moles of each reactant: (0.0750 L)(2.00 mol/L) = 0.150 mol, reacting in a 1:1 ratio with no
excess, so 0.150 mol of H,O forms.

o = (150.0)(4.18)(35.1 — 21.4) = (150.0)(4.18)(13.7) = 8590 J = 8.590 kJ.

- = 20— [573K/mol]
Gon = 8590 k), AH = =2 =|-57.3 k)/mol |

This agrees closely with the accepted strong acid-strong base neutralization enthalpy near
—57 kJ/mol.
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Equilibrium

Muc tiéu Unit: Hiéu ban chat can bang dong (dynamic equilibrium) & cap dd phan ti; viét ding biéu
thirc hang s6 can bang K (bd chét ran/long nguyén chat), phan biét K, va K,; tinh K tir s6 liéu nong
d6/ap suat tai can bang; danh gia mirc d6 thuan lgi clia phan (rng qua dé 16n ctia K; ap dung cac quy tic
bién d8i K (dao chiéu, nhan hé s6, cong phan (rng); 1ap va giai bang ICE (k€ ca dung céng thirc nghiém
phuong trinh bac hai va quy tac gan ding 5%); doc hinh biéu dién hat can bang; van dung nguyén ly
Le Chatelier cho cac loai stress (néng dd, thé tich/ap suat, nhiét do) va phan biét ré su dich chuyén can
bang véi su thay doi gid tri K; nam vitng can bang tan K, d6 tan mol, hiéu (rng ion chung, anh huéng
cta pH lén dé tan mudi cé anion base, va méi lién hé dinh tinh gitra nang lugng tu do Gibbs va&i qua
trinh hoa tan.

7.1 Introduction to equilibrium

Many chemical reactions do not run to completion in one direction; instead, when reactants are
mixed in a closed system, the forward reaction produces products, and as soon as any product exists,
the reverse reaction begins converting product back into reactant. Chemical equilibrium is the state
reached when the rate of the forward reaction exactly equals the rate of the reverse reaction. At
that point the concentrations of every species stop changing, even though both reactions continue
to occur.

Dynamic equilibrium

Equilibrium is dynamic, not static: at the molecular level, forward and reverse reactions never
stop. Individual molecules of reactant are constantly converting to product, and individual
molecules of product are constantly converting back to reactant, at exactly matched rates.
Because these two flows exactly cancel, the macroscopic, measurable concentrations of every
species remain constant over time — but nothing has actually “stopped happening” at the
particle level. This is fundamentally different from a static system in which no reaction occurs
at all.

- GIAI THICH TIENG VIET
Can bang hoa hoc 13 trang thai déng (dynamic), khéng phai tinh (static): phan (rng thuan va
phan (rng nghich van dién ra lién tuc & cap dé phan tir, nhung véi téc dé bang nhau, nén ndng
d6 cac chat khéng d6i theo thdi gian & cap do vi mé. Day 1a diém hoc sinh dé hiéu nham nhat:
can bang khéng c6 nghia 1a phan (rng da dirng lai, ma c6 nghia 13 hai chiéu phan (ng triét tiéu
|an nhau vé mat téc do thay déi ndong dd quan sat dugrc.

For a generic reversible reaction ¢ A + bB < ¢C + dD, the double-headed arrow (=) is the
standard notation indicating that both the forward and reverse reactions occur. Equilibrium is typ-
ically approached from one side (all reactants, all products, or some arbitrary mixture) and, given
enough time in a closed system at constant temperature, the system will always settle into the same
equilibrium ratio of concentrations, regardless of the starting point.
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[Reactant]

equilibriim reached:
both conceqtrations
Loff and stay constant

Concentration

Time
Concentration-versus-time profile for a reaction A = B started with only A present. Both curves flatten into horizontal
plateaus once equilibrium is reached; the plateau values, not zero, mark where the forward and reverse rates have
become equal.

Reaching equilibrium does not mean reactants and products are present in equal amounts. It
only means the concentrations have stopped changing. The equilibrium mixture can be almost
entirely product, almost entirely reactant, or anywhere in between — Section 7.5 connects this
composition to the magnitude of the equilibrium constant K.

7.2 Direction of reversible reactions

Whether a reaction net proceeds forward (net formation of products) or in reverse (net formation
of reactants) as it moves toward equilibrium depends entirely on the initial conditions — what is
actually present in the container at the start, and in what amounts.

How initial conditions set the direction

e If a container is charged with only reactants (no products present at all), the reaction can
only proceed forward: some reactant must convert to product before any reverse reaction
is even possible.

e If a container is charged with only products (no reactants present at all), the reaction can
only proceed in reverse: net formation of reactants from products.

e If a container is charged with some mixture of reactants and products, either direction
is possible depending on how that particular mixture compares to the equilibrium ratio.
Section 7.3 formalizes this comparison using the reaction quotient Q.

In every case, the system evolves toward the same equilibrium ratio of concentrations (at a
fixed temperature) regardless of which direction it had to travel to get there.

. GIAI THICH TIENG VIET

Chiéu ctia phan (rng (tién téi can bang theo huéng thudn hay nghich) phu thudc vao diéu kién
ban dau trong binh phan &ng. Néu ban dau chi c6 chat phan (rng, phan (rng chi c6 thé tién
theo chiéu thuan. Néu ban dau chi cé san pham, phan (ng chi co6 thé tién theo chiéu nghich.
Né&u ban dau c6 ca hai, chiéu dich chuyé&n phu thudc vao viéc hdn hop ban dau “léch” vé phia
nao so vai ti 1é can bang — dugc dinh lvgng chinh xac bang thuwong s6 phan (rng @ & muc 7.3.
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7.3 The reaction quotient () and equilibrium constant K

For the general reaction a A+bB = ¢ C+d D, the reaction quotient Q and the equilibrium constant
K share the identical algebraic form — products raised to their coefficients divided by reactants
raised to their coefficients:
o O [CllDl,

[A]*[B]*’ [Ale,[Blég
The difference is purely about when the concentrations are measured: () can be evaluated using
concentrations at any moment (equilibrium or not), while K is, by definition, Q evaluated using con-
centrations that are specifically at equilibrium, at a given temperature. Because K depends only on
temperature, it is a fixed number for a given reaction at a given T, while () changes continuously as
the reaction proceeds.

7.3.1 Homogeneous versus heterogeneous equilibria

A homogeneous equilibrium has every species in the same phase (most commonly, all gases, or all
dissolved in one solution). A heterogeneous equilibrium involves species in more than one phase —
typically a solid or pure liquid together with gases or dissolved species.

Pure solids and pure liquids are omitted from K

The concentration of a pure solid or a pure liquid is an intrinsic physical property (density
divided by molar mass) that does not change as the amount of that solid or liquid changes, as
long as some of it is still present. Because K expressions only make sense in terms of quantities
that can actually vary, pure solids and pure liquids are omitted entirely from the equilibrium
expression (their “concentration” is folded into the constant K itself, effectively treated as 1).
Only gases (expressed as concentration or partial pressure) and dissolved (aqueous) species
are written into K. Water itself is omitted whenever it appears as the pure liquid solvent, but
is included if it appears as a gas, H,O(g).

GIAI THICH TIENG VIET
Chat ran nguyén chat va chat 1dng nguyén chat KHONG xuat hién trong biéu thirc K, vi ndng
dd (mol/thé tich thuc) ctia ching 12 hang s6 vat ly ndi tai, khéng d6i du lugng chat ran/léng
dé nhiéu hay it (mién con ton tai). Chi chat khi (theo néng dé hoidc ap suat riéng phan) va chat
tan trong dung dich m&i xuat hién trong K. Nudc dong vai trd dung moi (Iong nguyén chat)
thi bi bé qua; nhung néu nuéc & thé khi H,O(g) thi phai dua vao biéu thirc.

Writing equilibrium-constant expressions

Write the K expression for each reaction.
1. N,(g) + 3H,(g) = 2NH;3(g) (homogeneous, all gases)

2. CaCO4(s) = CaO(s) + CO,(g) (heterogeneous, two solids and a gas)
3. C(s) + H,O(g) = CO(g) + H,(g) (heterogeneous, one solid, two gases)
4. Ag*(aq) + 2NH;(aq) = Ag(NH3)7 (aq) (homogeneous, all aqueous)
1. All four species are gases, so all four appear:
o INHg?
© [NgJ[Ho?

2. Both CaCO; and CaO are pure solids and are omitted; only the gas remains:

Kc = [COZ]
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3. C(s) is a pure solid and is omitted; H,O(g), CO(g), and H,(g) are all gases and remain:
[COJ[H,]

ke = "h,0]

4. All species are dissolved (aqueous), so all three appear:

_ [Ag(NHs)Z]
¢ [AgT][NHg]*

7.3.2 K versus K,

For gas-phase reactions, the equilibrium constant may be expressed either in terms of molar con-
centrations (K_) or in terms of partial pressures in atmospheres (Kp). The two are related through
the ideal-gas law, and in general K, # K unless Ang,, = 0.

K,=K, (RT)Ames, Ang,s = (moles of gaseous products)—(moles of gaseous reactants),

using the coefficients of the balanced equation, with R = 0.08206 L-atm/(mol-K) and T in
kelvin. When Ang,s = 0, (RT)° = 1 and K, = K, exactly.

GIAI THICH TIENG VIET
K, dung 4p suat riéng phan (atm) thay vi néng d6 mol/L. Cong thirc lién hé: K, = K (RT)A™n,
VGi Anyy, 1a hiéu s& mol khi sdn pham trir s6 mol khi chat phan (ng (theo hé s6 can bang). Néu
Anyp; = 0 (s6 mol khi hai bén bang nhau) thi K, = K, diing bang nhau; néu khong, hai gia tri
nay khac nhau vé mat sé hoc (dU mé t3 ciing mot can bang).

Converting K, to K,

For PCl;(g) = PCl;(g) + Cl,(g), K. = 0.0434 at T' = 500 K. Find K.
Moles of gas: 1 reactant — 2 products, so Ang, =2 —1 = +1.

K, = K,(RT)A" = (0.0434)[(0.08206)(500)] " = (0.0434)(41.03) = [1.78].

K, is larger than K here because An,,; > 0 and RT > 1; whenever a gas-phase reaction
increases the number of gas moles, K, > K.

(1) L6i thueng gip: The single most common error in writing K expressions is including a
pure solid or pure liquid as if it were a normal concentration term. Always scan the balanced
equation for the state labels (s) and (1) other than the solvent water in an aqueous mixture,
and physically cross them out before writing the expression — only (g) and (aq) species (and
H,O when it is itself a gas) belong in K.

7.4 Calculating the equilibrium constant

When a reaction has reached equilibrium and the concentrations (or partial pressures) of every
species are measured, K is found simply by substituting those equilibrium values directly into the

Thay Twdng 0332747169 - Co Nancy 0983422 692 AP Chemistry - Trang 172



859359 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

equilibrium expression — no algebra beyond arithmetic is required, provided every species’ equilib-
rium value is already known.

Calculating K from equilibrium concentration data

At a certain temperature, a 1.00-L flask initially contains 0.0500 mol of N,O,4(g) and no NO,(g).
The system is allowed to reach equilibrium: N,O,(g) = 2NO,(g). At equilibrium, [NO,| =
0.0332 M. Find K.

By the reaction’s stoichiometry, every 2 mol of NO, formed consumes 1 mol of N,O,, so the
change in [N,O,4] is —5(0.0332) = —0.0166 M:

[N;O4leq = 0.0500 — 0.0166 = 0.0334 M.

INO,]?  (0.0332)2  0.0011022
K. = = = =10.0330 |
© = N,00 00331 0,038

Calculating K, from equilibrium partial pressures

For H,(g) + CO,(g) = H,O(g) + CO(g), an equilibrium mixture at a fixed temperature has
Py, = 0.20 atm, P, = 0.30 atm, By o = 0.55 atm, Pco = 0.55 atm. Find K.

PyoPco  (0.55)(0.55)  0.3025
K,= =" = = =5.04|.
P Py, Peo, (0.20)(0.30)  0.060

7.5 Magnitude of K

The numeric size of K (at a fixed temperature) reveals, at a glance, whether an equilibrium mixture
is dominated by products, dominated by reactants, or contains comparable amounts of both. This
follows directly from the definition of K: since K is products divided by reactants (each raised to a
coefficient), a large K can only occur if the numerator (products) dominates, and a small X can only
occur if the denominator (reactants) dominates.

e K > 1 (for example, K > 102): at equilibrium, products are strongly favored — the equilib-
rium mixture is mostly products, with only a small amount of reactant remaining.

e K «< 1 (for example, K < 1073): at equilibrium, reactants are strongly favored — the equi-
librium mixture is mostly unreacted starting material, with only a small amount of product
formed.

e K ~ 1 (roughly 1073 to 103, and especially close to 1): the equilibrium mixture contains
comparable amounts of reactants and products, neither side overwhelmingly dominant.

The magnitude of K says nothing about how fast equilibrium is reached — that is a kinetics
question, entirely independent of the thermodynamic size of K.

. GIAI THICH TIENG VIET

D6 16n ctia K cho biét can bang nghiéng vé phia ndo: K > 1 nghia |a san pham chiém wu thé;
K « 1 nghia la chat phan &rng chiém wu thé; K ~ 1 nghia la hai bén c6 luvgng twong duong.
Luu y quan trong: doé I&n cia K hoan toan khéng néi I1én téc dé phan (rng dat dén can bang
nhanh hay chdm — d6 |a van dé dong hoc (kinetics), tdch biét hoan toan véi ban chat nhiét
dong hoc cua K.
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7.6 Properties of the equilibrium constant

Because K is defined directly from the balanced equation, any manipulation of that equation (revers-
ing it, scaling its coefficients, or combining it with other equations) produces a predictable, calculable
change to K.

¢ Reversing a reaction inverts K: if A = B has constant K, then B = A has constant K|, =
1
?.

e Scaling a reaction’s coefficients by a factor n raises K to the nt" power: if A = B has
constant K, then n A = n B has constant K.

¢ Adding two (or more) reactions together to obtain an overall reaction multiplies their indi-
vidual K values: if reaction (1) has K, and reaction (2) has K, then (1)-+(2) has constant
Koverall = Kl X KQ'

These three rules can be combined in any order to relate the K of a target reaction to the K
values of other, related reactions — directly analogous to the Hess's-law manipulations used
for AH in Section 6.9, except that K values multiply (and are raised to powers) rather than
simply adding.

GIAI THICH TIENG VIET
Ba quy tic bién déi K: dao chiéu phan &rng = K méi = 1/K ci; nhan hé sé v6i n = K méi
= K™; cong hai phan itng = K téng = K, x K, (nhan, KHONG céng). Day la diém khac biét
quan trong so v&i AH: khi cong phan irng, A H thi cong, con K thi nhan.

Combining equilibrium constants

Given

(1) 2NO(g) + Oy(g) = 2NO,(g), K, =25,
(2) 2NO,(g) = NyO4(g), K, =0.40,

find (a) K for N,O,4(g) = 2NO,(g); (b) K for4NO(g)+20,(g) = 4NO,(g); (c) K for 2NO(g)+
O,(8) = NyO4(g).

.. . 1 1
(@) This is reaction (2) reversed: K = =040 .
2 .

(b) This is reaction (1) with every coefficient doubled: K = K? = 252 = .

(c) Add reaction (1) as written to reaction (2) as written: the 2NO, produced in (1) is exactly
consumed in (2), canceling to leave 2NO + O, = N,O,, the target.

K = K, x K, = (25)(0.40) =[10.0]

7.7 Calculating equilibrium concentrations

Given the initial concentrations of a system and the value of K, the equilibrium concentrations of ev-
ery species can be found using an ICE table — a bookkeeping structure with rows for Initial, Change,
and Equilibrium concentrations, tied together by the reaction’s stoichiometry.

aA bB cC
Initial (M) 1A, Blo [Clo
Change (M) —ax —bx +cx

Equilibrium (M) [A], —axz [B],—bxz [C],+ cz
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General ICE table skeleton for a A + bB = ¢ C proceeding in the forward direction. The changes are always in the exact
ratio of the balanced coefficients, with reactants decreasing and products increasing (signs reverse if the reaction instead
runs net in reverse).

Building and solving an ICE table

1. Write the balanced equation and set up the three rows (Initial, Change, Equilibrium) beneath
each species.

2. Fill in the known initial concentrations; if a species is not yet present, its initial value is 0.

3. Define the change in one species as z (or a multiple of = matching its coefficient), with the
correct sign (reactants decrease, products increase, if the reaction runs forward).

4. Add each column to get the equilibrium row in terms of .

5. Substitute the equilibrium row into the K expression and solve for x — sometimes by tak-
ing a square root directly, sometimes with the quadratic formula, and sometimes using a
simplifying approximation (below).

6. Back-substitute x into the equilibrium row to report each numeric equilibrium concentra-
tion, and check that all values are physically sensible (none negative).

- GIAI THICH TIENG VIET
Bang ICE (Initial - Change - Equilibrium) 13 cdng cu chuan dé giai bai toan can bang: hang Initial
ghi néng dé ban dau, hang Change ghi bién thién theo duing ti 1&é hé s& can bang (dung an z,
dau trir cho chat phan (rng bi tiéu hao, ddu céng cho san pham tao thanh), hang Equilibrium |3
téng hai hang trén. Thé hang Equilibrium vao biéu thirc K rdi giai ra x — cé thé can khai can
truc ti€p, dung céng thirc nghiém bac hai, hodc ap dung quy tic gan ding khi K rat nho.

7.7.1 Exact solution using the quadratic formula

When the stoichiometry does not reduce to a perfect square (for example, unequal initial concentra-
tions of two reactants, or a K value not small enough to approximate), solving the ICE table's equi-
librium expression for = requires expanding into a standard quadratic equation Az? + Bz + C =0

and applying
—B+ VB2 —4AC
€Tr =
2A ’

then rejecting whichever root is physically impossible (typically because it makes an equilibrium con-
centration negative).

ICE table requiring the quadratic formula

H,(g) +1,(g) = 2HI(g), K. = 54.3. Aflask is charged with [H,], = 0.200 M and [I,], = 0.100
M, with no Hl initially. Find all three equilibrium concentrations.

H, l, HI
Initial (M) 0.200 0.100 0
Change (M) —T —x +2z

Equilibrium (M) 0.200 —z 0.100—2 2z
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Because the two reactants start at unequal concentrations, the denominator is not a perfect
square, and the equation must be solved as a genuine quadratic:
(22)?

K = = 54.3.
(0.200 — 2)(0.100 — )

Expand the denominator, (0.200 — 2)(0.100 — z) = 0.0200 — 0.300x + z2, and cross-multiply:
42% = 54.3(0.0200 — 0.300x + xz) = 1.086 — 16.29x + 54.322.
Collecting all terms on one side with a positive leading coefficient:
50.322 — 16.29x + 1.086 = 0.

Applying the quadratic formula with A = 50.3, B = —16.29, C = 1.086:

Lo 16:294 V/(—16.29)2 — 4(50.3)(1.086) _ 16.29 + 1/265.36 — 218.50 _ 16.29 + 6.85
B 2(50.3) B 100.6 - 100.6

This gives z = 0.230 or z = 0.0939. The root z = 0.230 is rejected because it would make
[I,] = 0.100 — 0.230 < 0, which is physically impossible. Using the valid root = = 0.0939:

2
Check: © 152;1380)0612) = 006003056342 ~ 54.5, matching K = 54.3 within rounding.

[H,] = 0.200—0.0939 = [0.106 M|, [I,] = 0.100—0.0939 = [0.00612 M|,  [HI] = 2(0.0939) =[0.]

55 M}

7.7.2 The 5% simplifying approximation

When K is very small compared with the initial concentration (roughly K < 1073 relative to [],,
though the safest test is always the check below), the amount z that reacts is so small that [], — = ~
[]o- This lets the equilibrium expression be solved by a much simpler direct calculation — provided

the approximation is verified afterward.

[The 5% validity rule] After solving for = using the simplified (approximate) expression, always
check .

— x 100% < 5%.

[lo
If this holds, the approximation is valid and the simplified answer may be reported as-is (no
further refinement needed). If the ratio exceeds 5%, the approximation has failed and the exact
quadratic formula (above) must be used instead — the simplified answer is not acceptable.

ICE table using the 5% approximation, with validity check

A(g) = B(g) + C(g), K, = 1.8 x 1075, with [A], = 0.500 M and no B or C initially. Find the
equilibrium concentrations.
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A B C
Initial (M) 0.500 0 0
Change (M) —z +z +z

Equilibrium (M) 0.500 —2 =z x

.’152

~ 0.500 — =
Because K is extremely small relative to 0.500, assume 0.500 — z ~ 0.500:

K =1.8x107°.
22 ~ (1.8 x 1079)(0.500) = 9.0 x 10°¢ = 2~ v/9.0 x 1076 = 3.0 x 103,
Validity check:

0x 103
ﬁ x100%:%x100%:0.60% < 5%
O .

The approximation is valid, so the equilibrium concentrations are

[A] ~ 0.500 — 0.003 = 0.497 M | [B] = [C] =|3.0 x 1073 M|,

(1) L6i thuong gap: Applying the 5% approximation without checking the validity condition
afterward is one of the most frequent sources of error on equilibrium problems. A large K, a
small initial concentration, or a reaction that consumes a large fraction of the starting material
can all push the ratio z/[], well above 5%, in which case the shortcut answer is simply wrong
and the full quadratic formula must be used instead. Never skip the validity check, even when
the approximation “feels” safe.

7.8 Representations of equilibrium

Equilibrium mixtures are sometimes shown as particulate diagrams — boxes containing a small num-
ber of dots or shapes representing individual reactant and product particles, drawn to be roughly
proportional to relative concentration (all boxes representing equal volumes). Reading these dia-
grams correctly, and computing K directly from a particle count, is a core skill tested alongside the
algebraic definition of K.

Initial mixture (¢t = 0) At equilibrium
° ® o e
o O
L4 m|
O
° L O
[ ) o O
8 A particles (navy e), O B particles 2 A particles (navy e), 6 B particles (pink H)

Particulate representation of A(g) = B(g) in a fixed-volume container, from a starting mixture of pure A to the
equilibrium mixture. Treating particle count as directly proportional to concentration (equal container volume in both
boxes), K = [B]/[A] = 6/2 = 3: a value of K noticeably greater than 1, consistent with the equilibrium box showing

more product particles than reactant particles.
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. GIAI THICH TIENG VIET

Hinh biéu dién hat (particulate diagram) minh hoa s& lwgng hat twong déi ctia chat phan tng
va san pham tai can bang, v&i gia dinh cac hdp c6 cung thé tich nén sé hat ti 1€ thuan véi ndng
dé. Tir s6 hat d€m duoc, c6 thé tinh truc ti€p K theo ding biéu thirc dai s6 — day 1a cach kiém
tra tru'c quan xem gia tri K c6 phu hgp véi hinh vé hay khéng (nhiéu san pham hon = K 16n;
nhiéu chat phan &ng hon = K nho).

7.9 Introduction to Le Chatelier's principle

Le Chatelier’s principle states that if a system at equilibrium is subjected to a stress (a change in
concentration, volume/pressure, or temperature), the system responds by shifting in whichever di-
rection partially counteracts that stress, until a new equilibrium is established.

Types of stress and the qualitative response

¢ Adding a reactant or product shifts the equilibrium away from the added species (consum-
ing some of what was added). Removing a reactant or product shifts the equilibrium toward
the removed species (replacing some of what was removed).

e Decreasing the container volume (increasing pressure) shifts the equilibrium toward the
side with fewer moles of gas, since that partially counteracts the pressure increase. In-
creasing the volume (decreasing pressure) shifts the equilibrium toward the side with more
moles of gas. If both sides have equal moles of gas, volume changes cause no shift at all.

e Temperature changes are treated by imagining heat itself as a reactant (in an endother-
mic reaction) or a product (in an exothermic reaction) — see Section 7.10 for the crucial
distinction that temperature is the only stress that changes the actual value of K.

- GIAI THICH TIENG VIET
Nguyén ly Le Chatelier: khi mot hé dang & can bang chiu mot stress (thay d6i ndong do, thé
tich/ap suat, hodc nhiét do), hé sé dich chuyén theo chiéu lam gidm bé&t mot phan tac dong
cUa stress do, dé thiét 1ap can bang mai. Thém chat = can bang dich chuyén dé tiéu hao bét
chat vira thém; giam thé tich (tang ap suat) = dich chuyén vé phia cé it mol khi hon; ting thé
tich = dich chuyén vé phia nhiéu mol khi hon.

Concentration and volume stress on an equilibrium

N,(g) +3H,(g) = 2NH;(g), K. = 0.500 at a fixed temperature T'. A flask at equilibrium has
[N,] = 0.500 M, [Hy] = 1.00 M, [NH3] = 0.500 M (verify: K = (0.500)2/[(0.500)(1.00)3] =
0.250/0.500 = 0.500 v'). Predict the direction of shift for (a) suddenly adding N, until [N,] =
1.00 M (all else unchanged at that instant); (b) suddenly halving the container volume.

(a) Adding N,: immediately after the addition, before any reaction occurs,

(0.500)2 0.250
@ (1.00)(1.00)3 ~ 1.00

Since Q(0.250) < K (0.500), the reaction shifts forward (toward NH;), consuming some of the
added N, — consistent with Le Chatelier’s qualitative prediction.

(b) Halving the volume: every concentration instantaneously doubles: [N,] = 1.00, [H,] = 2.00,

[NH3] = 1.00 M.
(1.00)>  1.00

= = 0.125.
(1.00)(2.007 — 800 1%

Q=
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Since @(0.125) < K (0.500), the reaction again shifts forward. This matches the mole-counting
rule: the reactant side has 4 mol of gas (1 + 3) while the product side has only 2 mol of gas, so
compressing the container (raising pressure) favors the side with fewer gas moles, the product
side.

7.10 Reaction quotient and Le Chatelier's principle

Every stress can be analyzed rigorously (not just qualitatively) by recomputing Q immediately after
the stress is applied and comparing it with K: if ) < K, the system must shift forward to climb back
toward Q = K; if Q > K, the system must shift in reverse; if ) = K already, no net shift occurs (the
stress had no effect on that particular equilibrium, or none was actually applied).

Q < K = shifts forward (net reaction produces more products).
Q > K = shifts in reverse (net reaction produces more reactants).
(Q = K = already at equilibrium, no net shift.

7.10.1 Temperature: the one stress that changes K itself

Concentration and volume stresses shift the position of equilibrium (the specific concentrations
present) but leave the numeric value of K completely unchanged, because K depends only on
temperature. Temperature is different: changing T genuinely changes the value of K, because
it changes the underlying balance between the forward and reverse rate constants.

Direction of K’s change with temperature

Treat heat as if it were a chemical species on whichever side of the equation absorbs it:

e For an exothermic reaction (AH < 0, heat is effectively a “product”), raising the tem-
perature acts like adding a product, shifting the equilibrium in reverse and decreasing K.
Lowering the temperature shifts it forward and increases K.

e For an endothermic reaction (AH > 0, heat is effectively a “reactant”), raising the tem-
perature acts like adding a reactant, shifting the equilibrium forward and increasing K.
Lowering the temperature shifts it in reverse and decreases K.

For example, ammonia synthesis, N,(g) + 3H,(g) = 2 NH;(g), is exothermic (AH;,, = —91.8
kJ, Section 6.8). Raising the operating temperature therefore lowers the equilibrium constant
and, at equilibrium, lowers the fraction of NH; present — industrially, this is exactly why the
Haber process uses only a moderate temperature (a compromise with the reaction-rate ben-
efits of higher T), rather than the highest temperature possible.

- GIAI THICH TIENG VIET
Thay d6i nhiét dd 13 stress duy nhat thuc su l1am thay d6i gia tri K (thay déi nong do hay thé
tich chi lam dich chuy@én vi tri can bing, KHONG déi K). Coi nhiét nhu mot "chat” & bén toa
nhiét (néu phan rng toa nhiét, tang T giéng thém san pham = dich nghich, K gidm) hoic bén
thu nhiét (n€u phan (rng thu nhiét, tang T giong thém chat phan (ng = dich thun, K tang).
Day la ly do céng nghiép tong hop NH; (phan (rng toa nhiét) khong dung nhiét d6 qua cao —
vi K sé gidm manh du toc do phan &ng nhanh hon.
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Stress applied Direction of shift Effect on K

Add reactant Shifts forward (toward No change
products)

Add product Shifts in reverse (toward re- No change
actants)

Remove reactant Shifts in reverse No change

Remove product Shifts forward No change

Decrease volume (in- Shifts toward fewer moles No change

crease P) of gas

Increase volume (de- Shifts toward more moles No change

crease P) of gas

Increase T, exother- Shifts in reverse Decreases

mic rxn

Increase T', endother-  Shifts forward Increases

mic rxn

Decrease T', exother-  Shifts forward Increases

mic rxn

Decrease T, en- Shiftsinreverse Decreases

dothermic rxn

Add inert (non- No shift No change

reacting) gas, con-

stant V

Add catalyst No shift (reaches equilib- No change

rium faster)

Summary of Le Chatelier’s-principle responses to every standard type of stress. Only a temperature change alters K;
every other listed stress shifts the position of equilibrium while leaving K exactly the same.

(1) L6i thweng gap: A very common conceptual error is describing a concentration or volume
stress as “changing K. It does not: adding a reactant, removing a product, or compressing
the container all shift the equilibrium position (the specific numeric concentrations present at
the new equilibrium), but if K were recalculated from those new equilibrium concentrations,
it would come out to exactly the same value as before the stress. Only a genuine change in
temperature changes K itself.

7.11 Introduction to solubility equilibria

Even substances commonly labeled “insoluble” dissolve to a very small, measurable extent. When an
ionic solid M,X,(s) is placed in water and some of it dissolves, the system reaches a heterogeneous
equilibrium between the undissolved solid and its dissolved ions:

MpXy(s) = pM7(aq) + ¢ XP~(aq).

Because M, X, (s) is a pure solid, it is omitted from the equilibrium expression (Section 7.3), leaving
the solubility-product constant, K :

K,, = [Ma+]P[XP]a,
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Molar solubility

The molar solubility, s, of an ionic solid is the number of moles that dissolve per liter of solution
to produce a saturated solution. Because dissolution follows the fixed stoichiometric ratio of
the formula, [M%"] = ps and [XP~] = ¢s in a solution formed by dissolving the pure solid in
water alone (no other source of either ion), giving

Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

Ksp = (p‘S)p(qS)q = pPq? GETE

Foral:1salt(e.g., AgCl), K, = s*. Foral:2salt(e.g., CaF, or Mg(OH),), K, = (5)(2s)? = 45>

. GIAI THICH TIENG VIET

K, (tich s6 tan) la hang s& can bang cho qua trinh hoa tan mét mudi tan it, chi chira cac ion
(bd qua chat ran nguyén chat). D6 tan mol s 13 s6 mol mudi tan trong 1 lit dung dich bao hoa.
V&i muéi ti lé 1:1 (nhuw AgCl): K, = s2. V&i mudi ti Ié 1:2 (nhu CaF,, Mg(OH),): Ky, = 453,
Luu y: khéng thé so sanh truc ti€p do tan clia hai mudi chi dua vao K, néu ching cé ti lé ion
khac nhau.

aqueou&solution

(aq)
[
L]

MX(s)

Solubility equilibrium for a sparingly soluble salt MX(s): dissolution (solid — dissolved ions) and precipitation (dissolved
ions — solid) occur continuously at equal rates once the solution is saturated, exactly analogous to any other dynamic

equilibrium.
Salt Stoichiometry K, Molar solubility s (M)
Agl 1:1 8.3 x 10717 9.11 x 107?
BaSO, 1:1 1.1 x 10719 1.05 x 107°
AgCl 1:1 1.8 x 10710 1.34 x 107°
CaCO, 1:1 3.3x 107 5.74 x 107°
Mg(OH), 1:2 5.6 x 10712 1.12 x 1074
CaF, 1:2 3.9x 101 2.14 x 1074
PbCl, 1:2 1.7 x 107° 1.62 x 1072

K, values (25°C) and the corresponding molar solubility for each salt, computed from the stoichiometry-specific
formula. Notice that K, ranking does not match solubility ranking across different stoichiometries: Mg(OH), has a
smaller K, than AgCl, yet a larger molar solubility, because its 1:2 stoichiometry involves a cube root rather than a

square root.
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Molar solubility from K : a 1:1 salt

Find the molar solubility of AgCl in pure water at 25°C, given K, = 1.8 x 10719,

AgCl(s) = Ag™(aq) + Cl~(aq), K, =[Ag'[Cl"]=5-5=s"
s= /K, =V18x 1010 =[1.34 x 10° M|

K, from molar solubility: a 1:2 salt

The molar solubility of CaF, in water at 25°C is measured to be s = 2.14 x 10~* M. Calculate
K, and compare with the reference value 3.9 x 107"

CaF,(s) = Ca?*(aq) + 2F (aq), [Ca%t]=s, [F]=2s.
K., = [Ca%t][F7)? = (5)(25)% = 45 = 4(2.14 x 107%)3.

sp

4(2.14 x 1074)3 = 4(9.80 x 1071?) =]3.92 x 1011 |,

This matches the reference K, = 3.9 x 10~ to within rounding, confirming the measured
solubility is consistent with the accepted K ,.

7.12 Common-ion effect

If a solution already contains one of the ions produced by a sparingly soluble salt (supplied by a
separate, fully soluble source), Le Chatelier’s principle predicts that the solubility equilibrium shifts
toward the solid, and the molar solubility of the salt decreases relative to its solubility in pure water.
This is the common-ion effect.

Solving common-ion-effect solubility problems

Let C be the fixed concentration of the common ion supplied by the other (fully dissociating)
source. In the ICE table for the sparingly soluble salt’s dissolution, that ion’s initial concentra-
tion is C' (not 0), so its equilibrium concentration is C' + (stoichiometric multiple of s) rather
than simply a multiple of s. Because the common-ion effect typically suppresses s to a value
orders of magnitude below C, it is normally an excellent approximation to treat the common
ion’s equilibrium concentration as simply C' itself (the small contribution from the sparingly
soluble salt is negligible next to the large concentration already supplied).

GIAI THICH TIENG VIET
Hiéu &rng ion chung (common-ion effect): néu dung dich da c6 s3n mét ion trung véi ion cla
mu@i tan it, cAn bang hoa tan sé dich chuyén vé phia ran (theo Le Chatelier), lam giam d6 tan
mol so v&i hoa tan trong nudc tinh khiét. Vi do gidm thuong rat I6n (vai bac do 16n), nbng do
ion chung tai can bang gan nhu bang ding néng do ion chung ban dau C' — phan déng gép
nho tr mudi tan it cé thé boé qua.

Common-ion-effect solubility calculation

Find the molar solubility of CaF, (K, = 3.9 x 10) in a solution that is already 0.10 M in
NaF (a fully soluble source of F~), and compare with its solubility in pure water.
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CaF,(s) Ca?* F-
Initial (M) — 0 0.10
Change (M) — +s +25
Equilibrium (M) — s 0.10 + 25 =~ 0.10

K,, = [Ca*T][F7]? ~ 5(0.10)? = 3.9 x 1071,

* T 0102 0.010 a

Check of the approximation: 2s = 7.8 x 107 M, utterly negligible next to 0.10 M, so treat-
ing [F7] ~ 0.10 M is fully justified. Comparing with the pure-water solubility computed
earlier, syuer = 2.14 x 107* M, the common-ion solubility is smaller by a factor of about
2.14x107%/3.9x 107 ~ 5.5 x 10* — a dramatic suppression, exactly as Le Chatelier’s principle
predicts.

Predicting precipitation: comparing @, with K,

A solution is prepared by mixing 25.0 mL of 0.0040 M AgNO3 with 75.0 mL of 0.0020 M NaCl.
Will a precipitate of AgCl (K, = 1.8 x 10~19) form?

Mixing dilutes both solutions into a common total volume of 25.0 + 75.0 = 100.0 mL:

25.0 75.0

+1 — — -3 -1 _
[Ag*]o = (0.0040 M) x 7oon = 1.0x 1073 M, [Ty = (0.0020 M) x 150

=1.5x1073 M.

Compute the reaction quotient for the dissolution equilibrium, @
(not-yet-equilibrium) concentrations:

sp? using these just-mixed

Qqp = [AgT]o[CIT]p = (1.0 x 1073)(1.5 x 1073) = 1.5 x 1075,

Since Q,,(1.5x107°) > K_ (1.8 x 107'?), the solution is supersaturated with respect to AgCl,
and a precipitate forms — solid AgCl deposits until the remaining dissolved ion concentrations
satisfy [Ag*][CI] = K, once more.

(1) L6i thudng gap: When comparing K, values across different salts to judge which is “more
soluble,”itis only valid to compare K, directly when the salts share the same ion stoichiometry
(e.g., two 1:1 salts). For salts with different stoichiometries, the actual molar solubility must
be calculated separately for each (using s2, 4s3, or the appropriate general formula) before
any comparison is meaningful — a smaller K, does not automatically mean a smaller molar
solubility, as the Mg(OH),-versus-AgCl comparison in Section 7.11 demonstrates.

7.13 pH and solubility

Some sparingly soluble salts contain an anion that is itself a base — one capable of reacting with
H*. Common examples include hydroxides (OH™), carbonates (CO%‘), and sulfides (S2-). For these
salts, the pH of the surrounding solution has a direct, predictable effect on molar solubility.
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Why acidic solution increases solubility of a basic-anion salt

Consider the dissolution equilibrium M(OH),(s) = M?*(aq) + 20H~(aq). In an acidic so-
lution, added H* reacts with the basic anion, OH (aq) + H"(aq) = H,O(l), continuously
removing OH™~ from the dissolution equilibrium. By Le Chatelier’s principle, removing a prod-
uct (OH™) shifts the dissolution equilibrium forward, dissolving more solid than would dissolve
in neutral water. The lower the pH (the more acidic the solution, and the lower [OH™]), the
greater the molar solubility. The same reasoning applies to carbonates (whose CO%‘ reacts
with H* to form HCOj; and eventually H,CO,) and sulfides (whose S2- reacts with H* to form
HS~ and H,S).

By contrast, a salt whose anion is the conjugate base of a strong acid (for example, Cl~ in
AgCl, or SOﬁ‘—type salts) shows essentially no pH dependence, because that anion has no
meaningful tendency to react with H*.

GIAI THICH TIENG VIET
Mudi chtra anion c6 tinh base (nhu hydroxide OH—, carbonate CO?, sulfide S2-) sé tan nhiéu
hon trong méi truong acid: HY phan (rng v&i anion, ldm giam néng dé anion doé, theo Le
Chatelier can bang hoa tan dich chuyén vé phia tao thém ion (hoa tan thém chat ran). pH cang
thap (cang acid), d6 tan cang cao. Nguoc lai, mudi cé anion |3 base lién hgp cha acid manh
(nhu CI~ trong AgCl) hau nhu khéng bi anh hudng bai pH.

Numeric effect of pH on the solubility of a metal hydroxide

Mg(OH), has K, = 5.6 x 10~ 2. Find its molar solubility in a solution buffered at (a) pH = 9.00
and (b) pH = 11.00, and compare both with its solubility in pure water, s,,1o = 1.12 x 1074 M.
When the pH is held fixed by a buffer, [OH™] is externally fixed rather than being tied to
the amount of Mg(OH), that dissolves, so K, = [Mg?+][OH~]? can be solved directly for
[Mg?*] = s:

K

sp

[OH-]2
(@) pH = 9.00: pOH = 14.00 — 9.00 = 5.00, so [OH"] = 107200 =1.0 x 107°> M.
5.6 x 10712 5.6 x 10712
— = =|5.6 x 1072 M|
*TL0x105)2 1.0 x 10-10 a
(b) pH = 11.00: pOH = 14.00 — 11.00 = 3.00, so [OH~] = 107390 = 1.0 x 103 M.
5.6 x 10712 5.6 x 10712
— = = . 1 —6 M .
ST ox10972 ~ 10x1006 20x10
At the lower, more acidic pH (9.00), the solubility (5.6 x 1072 M) is far greater than in pure
water (1.12 x 10~* M); at the higher, more basic pH (11.00), the solubility (5.6 x 1076 M) is far

smaller than in pure water — a direct numeric confirmation that lowering the pH increases the
solubility of a metal hydroxide, and raising the pH (adding a common ion, OH™) suppresses it.

S =

7.14 Free energy of dissolution

Whether a given amount of a solid dissolves spontaneously under a particular set of conditions is
ultimately governed by the Gibbs free energy of dissolution, AG,,, exactly as any other process’s
spontaneity is governed by AG (developed fully in a later unit). The qualitative connection to K,
however, can already be stated precisely here.
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AG®and K,

The standard free energy change for the dissolution reaction is related to K, by
AG* = —RTInK,,

o If K, < 1 (true of essentially every “sparingly soluble” salt), In K, < 0, so AG® > 0:
dissolution to reach standard-state (1 M) ion concentrations is not spontaneous. This is
entirely consistent with such salts being labeled “insoluble” — only a small amount can
dissolve before the process becomes non-favorable.

e A very negative AG® would correspond to a very large K, (K, > 1), describing a salt so
soluble that essentially all of it dissolves — the everyday case of a “soluble” salt like NaCl.

Qualitatively, dissolution of an ionic solid is driven by two competing thermodynamic effects:
breaking the ionic lattice costs energy (unfavorable, tends to make AH,,, less negative or
positive), while dispersing the rigid solid into freely moving, independently hydrated ions in
solution is strongly favored entropically (dissolution generally increases the disorder of the ion
arrangement, favoring AS,,, > 0). Whether dissolution is spontaneous at a given temperature
depends on the balance of these two contributions, AG,,,, = AH, — T AS,qn a relationship
developed in full quantitative detail in the thermodynamics unit.

- GIAI THICH TIENG VIET

AG" clia qua trinh hoa tan lién hé v6i K, qua AG® = —RT'In K. Vi hau hét muGi "tan it” c6
K,, <1,nén AG° > 0 — qua trinh hoa tan dé dat néng dé chuan (1 M) la khéng tw dién ra, phu
hop véi viéc mudi do duoc coi 13 it tan”. V& mat dinh tinh, pha v& mang tinh thé ion can ning
lwgng (bat loi cho AH), nhung viéc phan tan ion thanh cac ion tu do, hydrat hoa trong dung
dich lam ting dé hén loan (c6 Igi cho AS > 0) — qua trinh hoa tan cé tu dién ra hay khéng phu
thudc vao su’ can bang gitra hai hiéu irng nay, AG = AH — TAS (ndi dung dinh lugng day da
thudc chuong nhiét dong hoc).

Computing AG® of dissolution from K,

Find AG" for the dissolution of AgCl at 25°C (298 K), given K, = 1.8 x 10~ '°.

AG® = —RTInK_, = —(8.314 J/(mol - K))(298 K) In(1.8 x 10~'7).
IN(1.8 x 10710) = —22.44.

AG* = —(8.314)(298)(—22.44) =| +55,600 J/mol | = +55.6 kJ/mol.

The large positive AG° confirms that dissolving AgCl to standard-state (1 M) ion concentrations
is strongly non-spontaneous, consistent with AgCl’s very small K, and its classification as an
insoluble salt.

7.15 Practice Problems

Bai tap luyén tap

I Which statement most accurately describes a chemical system at equilibrium?

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 185



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

(A) The forward and reverse reactions have (C) Only the forward reaction occurs, but so
both stopped completely. slowly that no change is detectable.

(B) The forward and reverse reactions con-
tinue to occur, but at equal rates, so con- (D) The concentrations of reactants and
centrations no longer change. products are always exactly equal.

Loi giai chi tiét

The correct answer is (B). Equilibrium is dynamic: both reactions continue indefinitely, but
because their rates are equal, the net (observable) concentrations stop changing. (A) and (C)
both incorrectly describe equilibrium as reactions having stopped. (D) confuses “equal rates”
with “equal concentrations,” which are unrelated — the equilibrium concentrations can be very
unequal (Section 7.5) even though the rates are, by definition, equal.

Bai tap luyén tap

A student claims that once a reaction reaches equilibrium, no individual reactant molecule can
ever convert into a product molecule again. Explain, in one or two sentences, why this claim
is incorrect.

Loi giai chi tiet

The claim is incorrect because equilibrium is a dynamic state, not a static one. Individual reac-
tant molecules continue converting into product molecules (the forward reaction), and individ-
ual product molecules continue converting back into reactant molecules (the reverse reaction),
at all times after equilibrium is reached. What stops changing is only the net, macroscopically
observable concentration of each species, because the forward and reverse conversions are
happening at exactly matched rates and therefore cancel out in their effect on the bulk con-
centrations.

Bai tap luyén tap

A rigid, sealed container is charged with 2.0 mol of SO,(g) and 1.0 mol of O,(g), with no
SO;(g) present, for the reaction 250,(g) + O,(g) = 2505(g). In which direction must the
net reaction initially proceed to reach equilibrium, and why?

Lai giai chi tiét

The net reaction must proceed in the forward direction. Since SOj; (the only product) is ini-
tially completely absent, @ = [SO3]?/([SO,]?[O,]) = 0. Because ) = 0 is necessarily less
than K for any positive equilibrium constant, the reaction can only shift forward (producing
SO;) until equilibrium is established; a reverse shift is physically impossible when the product’s
concentration cannot go below zero.

Bai tap luyén tap

For CO(g)+H,0(g) = CO,(g)+H,(g), K, = 5.10 at a certain temperature. A flask is charged
with [CO] = 0.0500 M, [H,0] = 0.0500 M, [CO,] = 0.0500 M, and [H,] = 0.100 M (not yet at
equilibrium). Determine the direction the reaction must proceed to reach equilibrium.
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Loi giai chi tiét
Compute the reaction quotient using the given (non-equilibrium) concentrations:

[CO,JH,]  (0.0500)(0.100)  0.00500

@= [CO][H,O]  (0.0500)(0.0500)  0.00250 2.00.

Since (2.00) < K (5.10), the reaction must proceed forward (net production of CO, and H,)
to increase @ up to K and reach equilibrium.

Bai tap luyén tap

Which of the following correctly gives the K expression for 4 Fe(s) + 30,(g) = 2Fe,05(s)?

_ [Fe,0,)? _ 1
W) K= 2 € K= 5,7
(B) K, = [O,]° (D) K. = [Fe]*[O,]?

Loi giai chi tiet

The correct answer is (C). Both Fe(s) and Fe,O5(s) are pure solids and are omitted entirely;
only the gas, O,, remains, and it sits in the denominator of the general products-over-reactants

F 2
form (it is a reactant). Written out fully before cancellation, K, = [E:Si%]]?) becomes, after
2
1
removing the solids, K. = .
[O,]?

Bai tap luyén tap

Write the K. expression for CH;COOH(aq) + H,O(l) & CH;COO (aq) + H3;0"(aq).

Loi gidi chi tiét
Water appears here as the pure liquid solvent, so it is omitted; the three aqueous species
remain:

s _ [CHCO0 [H;0]
¢ [CH,COOH]

L

Bai tap luyén tap

For 2NO,(g) = N,O4(g), K. = 170 at 25°C (298 K). Find K.

Lai giai chi tiét

Moles of gas: 2 reactant — 1 product, so Ang,, =1 —2 = —1.

1170
K, = K (RT)A" = (170)[(0.08206)(298)] ' = L 16.95 .

Bai tap luyén tap

At equilibrium, a mixture of 250;(g) = 250,(g) +0,(g) has [SO;] = 0.150 M, [SO,] = 0.0500
M, and [O,] = 0.0250 M. Calculate K.

L
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Loi giai chi tiét

2 2 =5
K [502] [Oz] _ (0.0500) (0.0250) _ (0.00250)(0.0250) _ 6.25 x 10 :‘

¢~ [SOg)? (0.150)2 0.0225 0.0225

Bai tap luyén tap

Which of the following units, if any, is correct for a value of K_ reported for a gas-phase
reaction?

(A) K is always reported in mol/L. cally defined using activities relative to a

(B) K is always reported in atm. standard state.

(C) K is a unitless number, since it is techni- (D) The units of K depend on temperature.

Loi giai chi tiét

The correct answer is (C). Although K expressions are written using molar concentrations (or
partial pressures), the rigorous thermodynamic definition of K uses dimensionless activities
(each concentration or pressure divided by its standard-state value of 1 M or 1 atm), so K
itself is unitless. In introductory work, K is often reported as a bare number for exactly this
reason, even though the intermediate calculation clearly involves concentrations with units.

Bai tap luyén tap

For Hy(g) + CO,(8) = H,0(g) + CO(g), an equilibrium mixture has P, = 0.20 atm, Peo, =
0.30 atm, Py o = 0.55 atm, and Po = 0.55 atm. Calculate K.

Loi giai chi tiet

-

PyoPco  (0.55)(0.55)  0.3025
P~ Py, Peo, (0.20)(0.30)  0.060

Bai tap luyén tap

A reaction has K = 4.2 x 10~ at a given temperature. Which best describes the equilibrium

mixture?

(A) Almost entirely products products

(B) Almost entirely reactants (D) Cannot be determined without knowing
(C) Roughly equal amounts of reactants and the initial concentrations

Loi gidi chi tiét
The correct answer is (B). A K value this far below 1 (K <« 1) means the denominator (reac-
tants) of the equilibrium expression must dominate over the numerator (products) for the ratio

to come out so small — the equilibrium mixture consists almost entirely of unreacted starting
material, with only a trace of product formed.
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Bai tap luyén tap

Two reactions at the same temperature have K; = 8.5 x 10° and K, = 3.1. Without doing
any further calculation, state which reaction produces the higher percentage conversion of
reactants to products at equilibrium, and justify your answer in one sentence.

Loi giai chi tiét

Reaction 1 (with K; = 8.5 x 10°) produces the higher percentage conversion. Both con-
stants exceed 1 (both are somewhat product-favored), but K, is vastly larger, indicating an
equilibrium mixture that is overwhelmingly product, whereas K, ~ 3 (close to 1) indicates
comparable, not overwhelming, amounts of both reactants and products at equilibrium.

Bai tap luyén tap

Given SO,(g) + NO,(g) = SO;(g) + NO(g), K; = 3.75, find K for SO5(g) + NO(g) =
SO,(g) + NO,(g).

Loi giai chi tiét

This target reaction is the exact reverse of the given reaction, so

11
K:E:ﬁ:-

Bai tap luyén tap
Given 2NO(g) + O,(g) = 2NO,(g), K, = 140, find K for 4NO(g) +20,(g) = 4NO,(g).

Loi giai chi tiét

The target reaction is the given reaction with every coefficient doubled, so

K = K3 = (140)% = 19,600 |

Bai tap luyén tap

Using SO, (g) + NO,(g) = SO;(g) + NO(g), K; = 3.75, and 2NO(g) + O,(g) = 2NO,(g),
K, = 140, find K for the target reaction 2S0,(g) + O,(g) = 250;(g).

Loi giai chi tiét

Double the first reaction (to supply 2SO, and 2 SO;), giving K = K7 = (3.75)% = 14.0625:
250,(g) +2NO,(g) = 2505(g) +2NO(g).
Add the second reaction as written (K, = 140):
2NO(g) + O,(g) = 2NO,(g).

Summing both equations, 2 NO, and 2 NO each appear on both sides and cancel, leaving ex-
actly the target: 250,(g) + O,(g) = 2505(g).

K = K2 x K, = (14.0625)(140) =[1968.75 |
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Bai tap luyén tap

COCl,(g) = CO(g) +Cly(g), K. = 8.30 x 10~* at a fixed temperature. A flask is charged with
[COCl,], = 0.0250 M and no products. First check whether the 5% approximation is valid;
then find the correct equilibrium concentrations of all three species.

Attempted approximation: 2z =~ K,-[COCL], = +/(8.30x 10-4)(0.0250) =
V2.075 x 1075 = 4.56 x 107>,

4.56 x 103
T 100% = 220 % 10

[COCl,] 00250 100% = 18.2% > 5%,
210 .

so the approximation is not valid, and the exact quadratic must be solved.

.”L'2

K. = 5oom0—5 = 30 x 107 24+ (8.30 x 107*)z — (2. 107°) =0.
e = Jomo—g = 530 x 107 = 27+ (8.30 x 107)z — (2.075 x 107) = 0

WithA=1,B=28.30 x 1074, C = —2.075 x 107°:

L 830 1074 + 1/(8.30 x 10-%)2 — 4(1)(—2.075 x 10°)  —8.30 x 10~* + v/8.369 x 10-°

2 2

_ —830x10*+9.148 x 10~  8.318 x 103
B 2 B 2

(The negative root is rejected as physically impossible.) So [CO] = [Cl,] = 4.16 x 1073 M,
and [COCl,] = 0.0250 — 0.00416 = [0.0208 M |. Note that the exact answer (z = 4.16 x 10~3)
differs meaningfully from the invalid approximate answer (z = 4.56 x 1072), a roughly 10%
discrepancy — exactly why the validity check must never be skipped.

Bai tap luyén tap

A(g) = B(g) + C(g), K. = 4.5 x 1075, with [A], = 0.800 M and no products initially. Use the
5% approximation (after verifying it is valid) to find the equilibrium concentrations.

Loi giai chi tiét
z ~ /K_[A], = /(4.5 x 10-6)(0.800) = V3.6 x 10-6 = 1.90 x 1073.

-3
Validity check: % % 100% = 0.237% < 5% v — valid.

[A] ~ 0.800 — 0.0019 =[0.798 M],  [B] = [C] =|1.90 x 103 M|
Bai tap luyén tap

Set up the ICE table entries (in terms of x) for the equilibrium row only, for PCl;(g) = PCl;(g)+
Cl,(g), given initial concentrations [PCl;s], = 0.400 M, [PCl;], = 0, [Cl,], = 0.

=416 x 103 M|,

X
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Loi giai chi tiét

PCl;  PCl, Cl,

Initial (M) 0.400 0 0
Change (M) —z +z 4z
Equilibrium (M)  0.400 — z x x

The equilibrium-row entries are [PCls;] = 0.400 — z, [PCl5] = z, [Cl,] = =z, which would then be
substituted into K, = x2/(0.400 — z) to solve for x once a numeric value of K is given.

Bai tap luyén tap

For N,O4(g) = 2NO,(g), K. = 0.0330, a flask initially contains only NO, at [NO,|, = 0.0500
M (no N,O,). Find the equilibrium concentrations of both species.

Lai giai chi tiét

Since only the product (as the equation is written) is present initially, the net reaction must run
in reverse, forming N,O,.

N,O, NO,
Initial (M) 0 0.0500
Change (M) +z —27

Equilibrium (M) T 0.0500 — 2z

. —2x)2
K, = (0.0500 = 22)7 _; 1330,
i
Expanding: 0.0025 — 0.200z + 422 = 0.0330z, so 422 — 0.233z + 0.0025 = 0. Applying the
quadratic formula with A = 4, B = —0.233, C = 0.0025:

0.233 + 1/(0.233)2 — 4(4)(0.0025)  0.233 + 1/0.05429 — 0.0400  0.233 + 0.1195
€Tr = = = .
2(4) 8 8

This gives = 0.0441 or z = 0.0142. The root z = 0.0441 is rejected because it would make
[NO,] = 0.0500 — 2(0.0441) < 0. Using = = 0.0142:

[N,O,] =[0.0142M]|,  [NO,] = 0.0500 — 2(0.0142) =|0.0216 M |.

Check: (0.0216)2/0.0142 = 4.67 x 107%/0.0142 ~ 0.0329, matching K, = 0.0330 within round-
ing.

Bai tap luyén tap

A sealed box (equal volume, both panels) representing 2 A(g) = B(g) shows, at equilibrium, 4
particles of A and 3 particles of B. Treating particle count as directly proportional to concen-
tration in a 1.0-L box, calculate K.
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Loi giai chi tiét

Treat each particle as representing 1 M (since the box volume is 1.0 L): [A] = 4 M, [B] = 3 M.

[B] 3 3
K=—=—=—=]|0.1 L
[A]2 42 16 0.1875
Bai tap luyén tap

Two particulate diagrams (equal box volumes) are shown for X(g) = Y(g) + Z(g): diagram (i)
has 6 particles of X and 2 each of Y and Z; diagram (ii) has 1 particle of X and 5 each of Y and
Z. Both diagrams claim to represent the same equilibrium at the same temperature. Is this
possible? Justify using calculated K values.

Loi gidi chi tiét
No, this is not possible for a single, fixed K at one temperature. Computing K from each
diagram (treating particle count as proportional to concentration):
Y|[Z 2)(2 5)(5
Ky <ME_ @O e 06y

X] 6

These two implied K values are wildly different (0.667 versus 25), so the two diagrams cannot
both represent equilibrium states of the same reaction at the same fixed temperature — only
one (at most) could be a valid equilibrium diagram for a system with a single, well-defined K.

Bai tap luyén tap

For 2H,5(g) = 2H,(g) + S,(g) at equilibrium, predict the direction of shift if additional H,(g)
is injected into the container at constant volume and temperature.

Loi giai chi tiet

Adding H, (a product) increases [H,], making  momentarily larger than K (since H, sits in the
numerator of Q = [H,]?[S,]/[H,S]?). Because Q > K, the system shifts in reverse, consuming
some of the added H, (along with S,) to regenerate H,S, partially counteracting the stress —
consistent with Le Chatelier’s principle.

Bai tap luyén tap

For PCl;(g) = PCl;(g) + Cly(g) at equilibrium, the container volume is suddenly increased
at constant temperature. Which describes what happens immediately after the expansion,
before the system re-equilibrates?

(A) Shifts forward; Q < K immediately after (C) No shift; @ = K immediately after the

the expansion expansion
(B) Shifts in reverse; @ > K immediately af- (D) Shifts forward; Q > K immediately after
ter the expansion the expansion
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Loi giai chi tiét
The correct answer is (A). If the volume increases by a factor f > 1, every concentration is

divided by f. Since @ = [PCl;][Cl,]/[PCl5] has two concentration terms in the numerator and
only one in the denominator,

(PCLI/NHCL]/f) _ 1 [PCLI[CL] _ Quu _ K

Gew = pCllJf F POl f F

Since f > 1, Qnew = K/f < K, so the system must shift forward to climb back to @ = K
— consistent with the mole-counting rule (expanding favors the side with more moles of gas,
here the product side with 2 mol versus 1 mol of reactant gas).

Bai tap luyén tap

A(g) = 2B(g), K = 0.360. An equilibrium mixture has [A] = 0.250 M and [B] = 0.300 M (verify
this satisfies K). Half of the B present is suddenly removed from the container at constant
volume and temperature. Calculate ) immediately afterward and predict the direction of the
resulting shift.

Lai giai chi tiét

Verify: K = (0.300)2/(0.250) = 0.090/0.250 = 0.360 v’
Removing half of B leaves [B] = 0.150 M, with [A] = 0.250 M unchanged at that instant:

[B]2  (0.150)2  0.0225
Q= ~ 020 020
Since Q(0.0900) < K(0.360), the system shifts forward (converting more A into B), partially

replacing the B that was removed — exactly the qualitative prediction Le Chatelier’s principle
gives for removing a product.

Bai tap luyén tap

For an endothermic reaction, increasing the temperature at constant volume will the
value of K.

(A) Increase (C) Leave unchanged

(B) Decrease (D) Effect depends on the total pressure

Loi giai chi tiét

The correct answer is (A). For an endothermic reaction, heat can be treated as a reactant.
Raising the temperature is equivalent to adding more of that “reactant,” shifting the equilib-
rium forward and increasing the equilibrium concentration of products relative to reactants —
which corresponds to a genuine increase in the numeric value of K itself, not merely a shift in
position.

Bai tap luyén tap

The reaction 250,(g)+0,(g) = 2S05(g) is exothermic. Starting from an equilibrium mixture,
predict both the direction of shift and the effect on K (increase, decrease, or no change) for
each of the following stresses, applied one at a time: (a) adding O,(g); (b) decreasing the
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container volume; (c) increasing the temperature.

Loi gidi chi tiét
(a) Adding O,: a reactant is added, so the equilibrium shifts forward (toward SO3). Concen-

tration stresses never change K, so K is unchanged.

(b) Decreasing volume: the reactant side has 2 + 1 = 3 mol of gas, the product side has 2 mol
of gas, so compression shifts the equilibrium toward the side with fewer gas moles: forward
(toward SOj). Volume/pressure stresses never change K, so K is unchanged.

(c) Increasing temperature: because the reaction is exothermic, heat behaves like a prod-
uct; adding heat shifts the equilibrium in reverse (toward SO, and O,). Unlike the other two
stresses, a temperature change genuinely alters the equilibrium constant: K decreases.

Bai tap luyén tap

Aglhas K, = 8.3 x 10!, Calculate its molar solubility in pure water at 25°C.

Loi giai chi tist
Agl(s) = Ag*(aq) + 1 (aq), K, =s"

s=/K,, = V83 x 1017 =[9.11 x 10° M|

Agl is even less soluble than AgCl (s = 1.34 x 107> M), consistent with its far smaller K, (both
salts share the same 1:1 stoichiometry, so a direct K, comparison is valid here).

Bai tap luyén tap

PbCl, has K, = 1.7 x 10°. Calculate its molar solubility in pure water at 25°C.

Lai giai chi tiét

-

PbCl,(s) = Pb2*(aq) + 2Cl-(aq),  K,, = (s)(25)? = 4s°.

sp

K 1/3 1. 1 _5 1/3
s = (431’) = <7X4(]> = (4.25 x 1076)1/3 = \ 1.62 x 1072 M|,
Check: 45% = 4(1.62 x 1072)3 = 4(4.25 x 10~%) = 1.70 x 10~°, matching K, v

Bai tap luyén tap

AgClhas K, = 1.8 x 107'% and Mg(OH), has K, = 5.6 x 10~ '2. Even though Mg(OH), has

the smaller K, which salt has the greater molar solubility in pure water?

(A) AgCl, because smaller K, always means (C) They are exactly equal, since both are
smaller solubility “sparingly soluble” salts

(B) Mg(OH),, because its 1:2 stoichiometry
gives a cube-root relationship that out- (D) Cannot be determined without additional
weighs its smaller K, data
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Loi giai chi tiét

The correct answer is (B). For AgCl (1:1), s = /K, = V1.8 x 10710 = 1.34 x 10~° M. For
Mg(OH), (1:2), s = (K, /4)"/? = (5.6 x 10712 /4)1/3 = 1.12 x 10~* M. Despite its smaller K,
Mg(OH), is roughly 8 times more soluble than AgCl, because the cube-root relationship for a

1:2 salt grows much less steeply as K, shrinks than the square-root relationship for a 1:1 salt.
K, values can only be compared directly across salts that share the same ion stoichiometry.

Bai tap luyén tap

Calculate the molar solubility of AgCl (K, = 1.8 x 10~'°) in a solution that is 0.050 M in NaCl,
and compare with its solubility in pure water (1.34 x 1075 M).

Lai giai chi tiét

With [CI7] & 0.050 M held nearly constant by the large common-ion source:

K,, = [Ag*][CI"] ~ 5(0.050) = 1.8 x 1071C.

- =|3. 1079 M|
S 0.050 3.6 x 10

This is smaller than the pure-water solubility by a factor of 1.34 x 107°/3.6 x 10~ ~ 3730 — the
common-ion effect suppresses solubility dramatically, exactly as predicted by Le Chatelier’s
principle.

Bai tap luyén tap

Which of the following actions would decrease the molar solubility of solid BaSO, already in
equilibrium with its saturated solution?

(A) Adding solid Na,SO,, which dissolves (C) Adding more solid BaSO, to the same

completely saturated solution
(B) Adding solid KNO,, which dissolves com-
pletely (D) Stirring the solution more vigorously

Loi giai chi tiet

The correct answer is (A). Dissolved Na,SO, supplies additional SO2~, a common ion with
BaSO,’s dissolution equilibrium; by Le Chatelier’s principle this shifts the equilibrium toward
the solid, decreasing molar solubility. (B) supplies no common ion (neither K* nor NO3 par-
ticipates in the BaSO, equilibrium) and has no effect. (C) does not change the solubility at all,
since the solution is already saturated — the extra solid simply sits undissolved. (D) affects
only how quickly equilibrium is reached, not the equilibrium concentrations themselves.

Bai tap luyén tap

Explain, using Le Chatelier’s principle and the relevant chemical equilibria, why CaCO; dis-
solves more extensively in an acidic solution than in pure water, while AgCl’s solubility is es-
sentially unaffected by pH.
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CaCOy's dissolution equilibrium is CaCOj4(s) = Ca?*(aq) + CO%~(aq), and the carbonate ion
is a base: CO3~(aq) + H*(aq) = HCOj3(aq). In acidic solution, the added H* continuously
consumes CO§*, removing a product from the dissolution equilibrium; by Le Chatelier’s princi-
ple, this pulls the dissolution equilibrium forward, dissolving more CaCO, than would dissolve
in neutral water. By contrast, AgCl's anion, CI—, is the conjugate base of the strong acid HCI
and has essentially no tendency to react with H; because Cl~ is not consumed by acid, the
AgCl dissolution equilibrium is not pulled forward, and its solubility shows no meaningful pH
dependence.

Bai tap luyén tap

Using K, = 5.6 x 102 for Mg(OH),, calculate its molar solubility in a solution buffered at
pH = 10.00, and compare with its solubility in pure water (1.12 x 10~ M).

Loi giai chi tiét
pOH = 14.00 — 10.00 = 4.00, so [OH"] = 107%% = 1.0 x 10~* M. With [OH"] fixed by the
buffer: x b "
s 5.6 x 10~ 5.6 x 10—
= P — = =|5.6 x 107* M|,
STIOH T A0x1092  1.0x10- a

Thisis about 5.6 x 107%/1.12 x 10~* ~ 5.0 times greater than the pure-water solubility, because
pH 10.00 is more acidic (lower [OH™]) than the natural pH of a saturated Mg(OH), solution

— consistent with the general rule that lowering the pH increases the solubility of a metal
hydroxide.

Bai tap luyén tap

If a dissolution reaction has K, > 1 at a given temperature, what does this imply about the
sign and approximate magnitude of AG® for that dissolution?

(A) AG" is large and positive (C) AG° is exactly zero

(D) No conclusion about AG° can be drawn
(B) AG" is large and negative from K, alone

Loi giai chi tiét

The correct answer is (B). Since AG® = —RT'In K, a value of K, > 1gives InK_, > 0,
and the leading negative sign makes AG® large and negative — describing a salt so soluble
that dissolution to standard-state (1 M) ion concentrations is strongly spontaneous. This is
the opposite regime from a typical “sparingly soluble” salt, where K, < 1 and AG” is large
and positive.

Bai tap luyén tap

Calculate AG" for the dissolution of BaSO, at 25°C (298 K), given K, = 1.1 x 101,
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AG®* = —RTInK_, = —(8.314 J/(mol K))(298 K) In(1.1 x 10~19).
In(1.1 x 10710) = —22.93.

AG* = —(8.314)(298)(—22.93) = | +56,800 J/mol | = +56.8 kJ/mol.

As with AgCl (Section 7.14), the large positive AG” reflects BaSO,’s very small K, and con-
firms that its dissolution to standard-state concentrations is strongly non-spontaneous — con-
sistent with BaSO,’s use as an insoluble barium source safe enough for medical imaging (its
extremely limited dissolution prevents toxic free Ba?* from entering the bloodstream).
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Acids and Bases

Muc tiéu Unit: Phan biét va ap dung ba dinh nghia acid-base (Arrhenius, Bransted-Lowry, Lewis); xac
dinh cap acid-base lién hgp va nhan dién chat ludng tinh (amphoteric); tinh pH/pOH cla acid manh va
base manh (ké cd base manh phan li hai OH™); thiét |ap va gidi bang ICE dé€ tinh pH va phan tram ion
héa ctia acid yéu va base yéu, déng thai giai thich vi sao phan trdm ion héa tang khi néng dé gidm; giai
thich phan &ng trung hoa va cach hinh thanh dung dich dém (buffer) tir acid yéu ho3c base yéu bi trung
hoa mét phan; doc va giai thich dudng cong chuin dé acid manh-base manh va acid yéu-base manh,
xac dinh diém tuong duong va diém nira twong duong; lién hé cau tric phan tir (d6 phan cuc va dé
bén lién két H-X, do am dién nguyén tir trung tdm, s6 nguyén tlir O trong oxoacid) véi dé manh acid;
str dung phuong trinh Henderson-Hasselbalch dé tinh pH dém hoic ti 1& thanh phan can thiét cho mot
pH muc tiéu; danh gia kha nang dém (buffer capacity) dua trén nong do tuyét doi va tilé [A~]/[H A].

8.1 Introduction to Acids and Bases

Chemists use three progressively broader definitions of acids and bases. Each definition is consistent
with the ones before it but extends the concept to a wider range of chemical systems.

8.1.1 The Arrhenius definition

The earliest modern definition, due to Svante Arrhenius, is restricted to aqueous solutions: an Ar-
rhenius acid is a substance that increases the concentration of hydrogen ion (H*, more accurately
hydronium, H;O™) when dissolved in water, and an Arrhenius base is a substance that increases the
concentration of hydroxide ion (OH™) when dissolved in water. For example, HCI dissolves in water
to give H;O™ and CI—, and NaOH dissolves to give Na* and OH~. The Arrhenius picture works well
for the substances it was designed for, but it cannot explain why a substance with no OH™ in its
formula, such as NH;, produces a basic solution, and it has no meaning outside of water.

8.1.2 The Brgnsted-Lowry definition

The Brgnsted-Lowry definition defines acids and bases in terms of proton transfer, independent
of solvent: a Brgnsted-Lowry acid is a proton (H™) donor, and a Brgnsted-Lowry base is a proton
acceptor. Every proton-transfer reaction can be written as an acid donating H™ directly to a base:

NH;(aq) + H,O(1) = NH; (ag) + OH™ (aqg).

Here water acts as the Brgnsted-Lowry acid (it donates a proton to NH3) and ammonia acts as
the Brgnsted-Lowry base (it accepts the proton). Because the definition depends only on proton
transfer and not on the presence of water, it also describes gas-phase and nonaqueous reactions,
such as

HCl(g) + NH3(g) — NH,Cl(s),

in which gaseous HCl (the acid) transfers a proton directly to gaseous NH; (the base) with no solvent
present at all. The Bransted-Lowry definition is the one used throughout the rest of this unit.

Conjugate acid-base pairs

Every Brgnsted-Lowry acid-base reaction produces two conjugate acid-base pairs, each pair
differing by exactly one proton (H"). When an acid HA donates a proton, it becomes its con-
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jugate base A—; when a base B accepts a proton, it becomes its conjugate acid BH™:
HA+B = A~ +BH™.

In the ammonia example above, H,O/OH™ is one conjugate pair (acid/base) and NHI/NH3 is
the other (conjugate acid/base). A general rule follows directly from this pairing: the stronger
an acid, the weaker its conjugate base, and vice versa, because a species that holds on to a
proton very weakly (strong acid) leaves behind a conjugate base with very little tendency to
reclaim that proton.

GIAI THICH TIENG VIET
mIF.heo Brgnsted-Lowry, acid |a chat cho proton (H™), base la chat nhan proton - dinh nghia
nay ap dung duogc ca trong méi truang khong phai nudce (vi du phan irng pha khi gitra HCl va
NH,). Méi phan (rng acid-base Brgnsted-Lowry tao ra hai c3p acid-base lién hgp (conjugate
pairs), moi c3p chi khac nhau ding mét proton. Quy tic quan trong: acid cang manh thi base
lién hop cla né cang yéu, va ngugc lai.

8.1.3 The Lewis definition

The broadest definition, due to G. N. Lewis, is based on electron pairs rather than protons: a Lewis
acid is an electron-pair acceptor, and a Lewis base is an electron-pair donor. Every Bransted-Lowry
acid-base reaction is also a Lewis acid-base reaction (a proton is an excellent electron-pair accep-
tor), but the Lewis definition additionally covers reactions with no protons involved at all. A classic
example is the reaction between boron trifluoride and ammonia:

BF; +: NH; — F3B—NH,.

Boron in BF; has only six electrons around it and an empty orbital, so BF; acts as the Lewis acid,
accepting the lone pair donated by nitrogen in NH3, which acts as the Lewis base. Metal cations such
as Agt, Fe3*, and AI** are Lewis acids whenever they accept electron pairs from surrounding ligands
(for example, in Ag(NH3)7), even though they contain no protons to accept. The Lewis definition
is used mainly to describe complex-ion formation and organic reaction mechanisms; the pH and
equilibrium calculations in the rest of this unit are handled with the Brgnsted-Lowry framework.

GIAI THICH TIENG VIET

inh nghia Lewis m& rong khai niém acid-base sang cap electron thay vi proton: acid Lewis |a
chat nhan cap electron, base Lewis 1a chat cho cip electron. Moi phan (rng Bransted-Lowry
déu 1a phan (rng Lewis, nhung dinh nghia Lewis con bao trum ca nhirng phan &ng khéng hé cé
proton, vi du BF; (acid Lewis, thi€u electron & boron) phan rng v&i NH; (base Lewis, cé cap
electron chua lién két trén N).

8.1.4 Amphoteric species

A species that can act as either a Brgnsted-Lowry acid or a Bransted-Lowry base, depending on the
partner it reacts with, is called amphoteric. Water is the most important example: it acts as a base
(proton acceptor) toward a stronger acid such as HCI,

HCl + H,0 — H,0* + CI-,

but as an acid (proton donor) toward a stronger base such as NH3, as shown above. Water even
reacts with itself in this way, in the autoionization of water,

H,O(l) + H,O(l) = H30" (aq) + OH™ (ag),
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which is the source of the equilibrium constant K, used throughout this unit (Section 8.2). The
hydrogen carbonate ion, HCOg3, is another common amphoteric species: it can donate a proton to
become carbonate, or accept a proton to become carbonic acid,

HCO3 + H,0 = CO%~ + H;O* (acting as acid),

HCO3; + H,0 = H,CO;3 + OH™ (acting as base).

Any species that lies in the "middle” of a polyprotic acid’s proton-loss sequence (retaining at least
one ionizable proton while also carrying a negative charge capable of accepting one) is generally
amphoteric.

- GIAI THICH TIENG VIET
Chat ludng tinh (amphoteric) 1a chat cé thé déng vai tro acid hodc base tuy vao chat phan (ng
cuing n6. Nuéc 13 vi du dién hinh nhat - vira c6 thé cho proton (khi gdp base manh hon) vira cé
thé nhan proton (khi gdp acid manh hon); chinh phan &ng nuéc tu ion hoa véi nhau la ngudn
gdc cta hang s6 K. lon HCOj ciing ludng tinh: c6 thé cho proton dé tao CO%*, hodc nhan
proton dé tao H,CO;.

Identifying conjugate pairs and acid-base type

For the reaction HSO, + coZ = SOE{ + HCQOg3, identify the two conjugate acid-base pairs
and label each species as a Brgnsted-Lowry acid or base. Then identify the Lewis acid in the
reaction AP* + 6 H,0 — Al(H,0)3".

Conjugate pairs: HSO, donates a proton to become SO2-, so HSOZ/SOE* is one conjugate
acid/base pair, with HSO, acting as the Brgnsted-Lowry acid. CO%f accepts that proton to
become HCO3, so HCO; /COZ%~ is the other conjugate acid/base pair, with CO3~ acting as the
Brgnsted-Lowry base.

Lewis acid: In AI** +6 H,0 — Al(H,0)3", no proton is transferred at all - six water molecules
donate lone pairs to the aluminum ion. AI®* is the Lewis acid (electron-pair acceptor, since it
is a small, highly charged cation with empty orbitals), and H,O is the Lewis base (electron-pair
donor) in each Al-O bond formed.

(') L6i thueng gip: Do not assume that "strong” and “concentrated” (or "weak” and "dilute”)
mean the same thing. Strong/weak describes the extent of ionization of an acid or base in
water (a fixed chemical property of the substance), while concentrated/dilute describes the
amount of solute per unit volume (a property of a particular solution that you can change by
adding water). A dilute solution of a strong acid, such as 1 x 104 M HCl, is still 100% ionized
- it is simply a small amount of a strong acid, not a "weak” one.

8.2 pH and pOH of Strong Acids and Bases

Strong acids and strong bases are those that ionize (or dissociate) essentially completely (100%) in
aqueous solution. Because the reaction goes to completion rather than reaching a partial equilib-
rium, no equilibrium calculation (ICE table) is needed: the concentration of H;O" or OH™ is deter-
mined directly from the stoichiometry of the ionization reaction and the labeled (analytical) concen-
tration of the acid or base.
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Strong acids (memorize this list - essentially the only common strong acids): HCI, HBr, HlI,
HNO,, HCIO,, and H,SO, (for its first ionizable proton). Strong bases: the Group 1 (alkali
metal) hydroxides (LiOH, NaOH, KOH, RbOH, CsOH) and the heavier Group 2 hydroxides
Ca(OH),, Sr(OH),, and Ba(OH),, each of which releases two OH™ ions per formula unit.
(Mg(OH), and Be(OH), are not treated as strong bases in this context because of their very
low solubility.) Every acid or base not on these lists should be treated as weak unless stated
otherwise.

For a monoprotic strong acid HA at labeled concentration C, ionization is complete, so [H;0"] =
C and
pH = —log[H;0"] = —log C..

For a strong base MOH at labeled concentration C, [OH] = C, while for a strong base of the form
M(OH), (e.g., Ca(OH),), each formula unit releases two hydroxide ions, so [OH~] = 2C. In every
case,

pOH = —log[OH ], pH + pOH = 14.00 (at 25°C),

because K,, = [H;OT][OH"] = 1.0 x 10~ * at 25°C, and taking — log of both sides of that expression
gives pH + pOH = —log K, = 14.00.

pH of a strong acid

Find the pH of a 0.045 M solution of HCI.
HCl is a strong acid, so ionization is complete: [H;O"| = 0.045 M. Then

pH = —log(0.045) = 1.35.

pH of a strong base

Find the pH of a 0.0072 M solution of NaOH.
NaOH is a strong base with one OH™ per formula unit, so [OH] = 0.0072 M.

pOH = —1log(0.0072) = 2.14, pH = 14.00 — 2.14 = 11.86.

pH of a diprotic strong base

Find the pH of a 0.015 M solution of Ca(OH),.
Ca(OH), is a strong base that releases two OH™ ions per formula unit:

Ca(OH),(s) — Ca**(aq) +2O0H (aq).

So [OH"] =2 x 0.015 = 0.030 M (not 0.015 M - this factor of two is the single most common
source of error with these bases).

pOH = —10g(0.030) = 1.52,  pH = 14.00 — 1.52 = 12.48.

- GIAI THICH TIENG VIET
V&i acid manh/base manh, phan (rng ion héa xay ra hoan toan (100%) nén khéng can bang ICE:
[H;0%] hodc [OH~] bang diing néng dé chat tan ban dau (nhan vai hé s6 hop thirc néu can).
Diém can dac biét luu y: va&i cac base manh dang M(OH), nhu Ca(OH),, Sr(OH),, Ba(OH),,
moi cong thirc phan tir gidi phéng haiion OH—, nén [OH~| = 2C ch khéng phai C.
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Igrpon pure ammonia
battery Juice black water paking soln.
acid coffee soda
0 [ 2 4 6 [ 7 8 10 [ 12 [ 14
. . ka . .
gastric mil milk of drain
juice orange human magnesia cleaner
juice blood

Approximate pH values of common substances at room temperature. Acidic solutions (pH < 7) have [H;O*] > [OH";
basic solutions (pH > 7) have [OH~] > [H;07]; at pH = 7 the two are equal.

8.3 Weak Acid and Base Equilibria

Unlike strong acids and bases, weak acids and weak bases ionize only partially in water, establishing
a true equilibrium between the un-ionized and ionized forms. Most acids and bases encountered in
chemistry are weak.

8.3.1 K, and K, expressions
For a generic weak acid HA in water,

H,OT|[A~
HA(aq) + H,0(l) = H30% (aq) + A~ (agq), K,= [S[HA]‘][]
K, is the acid ionization (dissociation) constant; the larger K, is, the more the equilibrium favors
products, and the stronger the acid. Water is the solvent and is omitted from the equilibrium ex-
pression by convention (its concentration is effectively constant). Analogously, for a generic weak
base B,
[BH][OH™]
B]

where K, is the base ionization constant. Reference values used throughout this unit: K,(CH;COOH) =
1.8 x 1072, K, (HF) = 6.8 x 107, K, (HCN) = 6.2 x 107, K,(NH}) = 5.6 x 1079, K,(HNO,) =
4.5 x 1074, and K,(NH3) = 1.8 x 107°.

B(aq) + H,O(l) = BH (aq) + OH (aq), K, =

8.3.2 ICE tables and pH of weak acids and bases

Because ionization of a weak acid or base is an equilibrium, its pH is found by setting up an ICE table
(Initial, Change, Equilibrium) and solving for the equilibrium concentration of H;O" or OH™ using
K, or K,.

Weak acid ICE table: pH and percent ionization

Find the pH of 0.20 M CH3;COOH (K, = 1.8 x 107°), and the percent ionization of the acid at
this concentration.

| CH;COOH H,0* CH,CO0-

| 0.20 0 0
C —z +x +x
E 0.20 — x T T
2
T
K =——=1. 1075,
o« 00 _p  1Sx 10

Since K, is small relative to 0.20, try the approximation 0.20 — z ~ 0.20: z?> = (1.8 x
1075)(0.20) = 3.6 x 1079, so = ~ 1.90 x 10~3. Checking the approximation, 2/0.20 = 0.95% <
5%, so it is valid; solving the quadratic exactly gives = 1.888 x 1073 M, confirming the ap-
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proximation.
[H;O] =189 x 1073 M = pH = —log(1.89 x 1073) = 2.72.
. H,O*]. . 1.89 x 1073
% ionization — L1130 Jionized . ygn0r _ 189X 1072 00 0400
[HA nitial 0.20

When the small-z approximation fails, and the dilution effect

(a) Find the pH and percent ionization of 0.10 M HF (K, = 6.8 x 107%). (b) Find the percent
ionization of CH;COOH at 0.020 M and compare it with the 0.94% value found above at 0.20
M.

(a) Setting up the same ICE table with K, = 22 /(0.10—z) = 6.8x 104, the approximate solution
would give z &~ /(6.8 x 104)(0.10) = 8.25 x 1073 M, but 8.25 x 1072/0.10 = 8.3% > 5%, so
the approximation is not valid here and the quadratic must be solved exactly:

2?2+ (6.8 x 107z — (6.8 x 107%)(0.10) =0 = z =791 x 1073 M.

o T91x107
pH = —log(7.91 x 10%) = 2.10, % ionization = ﬁ x 100% = 7.9%.

(b) For CH;COOH diluted to 0.020 M, 22/(0.020 — z) = 1.8 x 1075 gives x = 5.91 x 107 M, so
5.91 x 1074

% ionization = —o00 % 100% = 2.96%,

compared with 0.94% at 0.20 M. Diluting a weak acid tenfold increases its percent ionization

(here, roughly by a factor of v/10 ~ 3.2, consistent with  ~ \/K,C so 2/C ~ /K, /C), even
though the absolute concentration of H;O" decreases.

[Hﬂionized at equilibrium

x 100%
. HALgar R o
weak acid decreases, for a fixed K,. Intuitively, Le Chatelier’s principle explains this: diluting
the solution shifts the ionization equilibrium HA + H,O = H;0" + A~ toward the side with
more dissolved particles (the ionized products) to partially counteract the dilution, so a larger
fraction of the original HA ionizes even though the absolute concentration of ions present is
lower.

Weak base ICE table: pH

Find the pH of 0.15 M NH; (K, = 1.8 x 107°).

Percent ionization = increases as the initial concentration of a

‘ NH; NH; OH~
I 0.15 0 0
C —x +x +x
E|015—2 =« x

LUQ

_ _ -5
= 015—= 1.8 x 107°.

Ky,
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Approximating 0.15 — z ~ 0.15: = /(1.8 x 10-5)(0.15) = 1.64 x 1073 M; check: 1.64 x
1073/0.15 = 1.1% < 5%, valid.

[OH"]=1.63x103M = pOH = —log(1.63x1073) =2.79,  pH = 14.00—2.79 = 11.21.

. GIAI THICH TIENG VIET

V6i acid yéu/base yéu, phai 1ap bang ICE va gidi phuong trinh can bang (thudng 1a phuong

trinh bac hai) d€ tim 2 = [H;0*] hoic [OH~] - khéng dugcc coi ndng do ion hoa bang néng do

ban dau nhu acid/base manh. Cé thé xap xi C — z ~ C néu x nho han 5% cua C; néu khong,
A L Lm e s , H" )45 10n ho . .

phai giadi chinh xac phuong trinh bac hai. Phan tram ion héa = [H)aa ion hea x 100% tang khi

N N . [.HA]ban dau
nong do ban dau giam (& cung mét K ), theo nguyén ly Le Chatelier.

(1) L6i thuong gap: The most common error in this unit is applying the strong-acid shortcut
(H;O"] = C) to a weak acid, or vice versa. Before starting any pH calculation, always check
first whether the species is on the strong-acid/strong-base list (Section 8.2, complete ioniza-
tion, no ICE table needed) or not (weak, requires an ICE table and a K, or K, value).

8.4 Acid--Base Reactions and Buffers

8.4.1 Neutralization

A neutralization reaction is the reaction of an acid with a base, in which the acid’s H* (or H;O")
combines with the base’s OH™ (or the base directly accepts a proton) to form water (plus a salt,
when a strong acid reacts with a strong base):

H;O0" (aq) + OH™ (aq) — 2H,0(1).

When a strong acid neutralizes a strong base in exactly stoichiometric amounts, the resulting solution
is simply a salt solution with pH = 7.00 (assuming the salt’s ions do not hydrolyze). When a weak acid
or base is involved, however, neutralization does not necessarily give a neutral solution, because the
conjugate species left behind can itself react with water (Section 8.5).

8.4.2 Buffer formation by partial neutralization

A buffer solution contains substantial, comparable amounts of a weak acid and its conjugate base
simultaneously (or a weak base and its conjugate acid). The most common way to prepare a buffer
in the laboratory (besides simply dissolving a weak acid together with a salt of its conjugate base)
is to partially neutralize a weak acid with a strong base, or partially neutralize a weak base with a
strong acid, stopping before the equivalence point so that some of the original weak acid (or base)
remains unreacted alongside the newly formed conjugate species.

Buffer formation by partial neutralization

50.0 mL of 0.200 M CH3;COOH is mixed with 20.0 mL of 0.150 M NaOH. Find the pH of the
resulting solution (K, = 1.8 x 1075).

Moles CH;COOH initial = 0.0500 L x 0.200 M = 0.01000 mol. Moles NaOH added = 0.0200 L x
0.150 M = 0.00300 mol. NaOH is the limiting reagent and reacts 1:1 with CH;COOH:

CH5COOH + OH~ — CH,COO~ + H,0.
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This consumes 0.00300 mol CH;COOH and produces 0.00300 mol CH;COO™, leaving 0.01000—
0.00300 = 0.00700 mol CH3;COOH unreacted. Because both the weak acid and its conjugate
base are now present in comparable amounts, this is a buffer solution. Since both species
share the same total volume, the ratio of moles equals the ratio of concentrations, so (using
the Henderson-Hasselbalch relationship developed fully in Section 8.9):

n(A”)
n(HA)

Why buffers resist pH change

A buffer resists changes in pH when small amounts of strong acid or strong base are added
because it contains two reservoirs of chemical "protection”: the weak acid component HA can
neutralize any added OH—, and the conjugate base component A~ can neutralize any added
H;O". In each case the strong, highly reactive species (H;O* or OH™) is converted into a
comparatively small perturbation of the HA/A~ ratio rather than being left free in solution,
so the pH - which depends only on the logarithm of that ratio - shifts only slightly. This
mechanism is developed quantitatively in Sections 8.8-8.10.

0.00300
0.00700

pH =pK, + log =4.74 + log ( ) =4.74 —0.37T = 4.38.

. GIAI THICH TIENG VIET

Trung hoa acid manh-base manh theo duing ti 1é hgp thirc cho dung dich muéi trung tinh (pH
= 7.00). Dung dich dém (buffer) dugc tao ra khi trung hda mét phan acid yéu bang base manh
(hodc base yéu bang acid manh), khién trong dung dich con lai déng thdi ca acid yéu ban dau
vad base lién hgp mai tao thanh vai lwvong dang ké. Buffer chong lai su thay déi pH vi thanh
phan acid yéu trung hoa OH~ thém vao, con thanh phan base lién hop trung hoa H;O" thém
vao - pH chi phu thudc logarit cua ti Ié hai thanh phan nén thay doi rat cham.

8.5 Acid--Base Titrations

A titration is a controlled, stepwise addition of a solution of known concentration (the titrant) to a
solution of unknown or analyzed concentration (the analyte), while monitoring pH, until the reaction
between them is complete. Plotting pH (vertical axis) against volume of titrant added (horizontal axis)
produces a titration curve whose shape depends on whether the acid and base involved are strong
or weak.
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8.5.1 Strong acid-strong base titrations

14 % I
l
12 | |
l
10 +
8 4
I 7
6 4
4 equivalence point
1V =25.00 mL
|
H=7.
9 | P 7.00
l
0 . . . . : |
0 10 20 25 30 40 50

Volume of 0.100 M NaOH added (mL)

Titration curve for 25.00 mL of 0.100 M HCI titrated with 0.100 M NaOH. The curve is symmetric about the
equivalence point and the pH rises almost vertically there because both species are fully ionized; the equivalence-point
pH is exactly 7.00 because neither Na™ nor CI~ undergoes hydrolysis.

For a titration of a strong acid with a strong base (or the reverse), the curve begins at a low pH set
by the initial strong-acid concentration, rises slowly at first, then shoots up almost vertically through
pH = 7 at the equivalence point - the point at which moles of titrant added exactly equal the moles
of analyte originally present (by stoichiometry) - before leveling off at a high pH set by the excess
strong base. Because the product salt (here NaCl) is formed from the conjugate base of a strong acid
and the conjugate acid of a strong base, neither ion reacts with water, so the equivalence-point pH
is exactly 7.00 for a strong acid-strong base titration, and only for this case.

8.5.2 Weak acid-strong base titrations

14 %

12 ¢

Uivalence point
V = 25.00 mL
pH=8.72>7

10 +

pH
EN|

half-equivalence
V =12.50mL I
| pH=pK_ =4.74

0 12.5 25 30 40 50

Volume of 0.100 M NaOH added (mL)

Titration curve for 25.00 mL of 0.100 M CH;COOH (K, = 1.8 x 10~5) titrated with 0.100 M NaOH. The initial rise is
gradual and the curve flattens through the buffer region, where the Henderson-Hasselbalch equation (Section 8.9)
applies; pH = pK , exactly at the half-equivalence point. The equivalence point lies above pH 7 because the conjugate
base CH;COO™ hydrolyzes water.

The weak acid-strong base curve differs from the strong-strong curve in three important ways.
First, the initial pH is higher than for a strong acid of the same concentration, because the weak
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acid is only partially ionized. Second, soon after titrant addition begins, the curve enters a long,
gently sloped buffer region, where comparable amounts of HA and A~ are simultaneously present
and the solution strongly resists pH change (Sections 8.8-8.10); the midpoint of this region is the
half-equivalence point. Third, the equivalence-point pH is greater than 7, because at that point the
solution contains only the conjugate base A~ (plus spectator cations and water), and A~ is a weak
base that hydrolyzes water to produce a basic solution:

A~ (aq) + H,0(l) = HA(aq) + OH (aq).

(By the same logic, titrating a weak base with a strong acid gives an equivalence-point pH less than
7, because the conjugate acid BH™ left behind hydrolyzes water to produce an acidic solution.)

Equivalence point: the volume of titrant at which moles of titrant added exactly equal the
moles of analyte originally present, in the stoichiometric ratio of the balanced neutralization
equation. Half-equivalence point: the volume at which exactly half the volume needed to
reach equivalence has been added; at this point [HA] = [A~] (or [B] = [BHT] for a weak base),
so from the Henderson-Hasselbalch equation, pH = pK, (Sections 8.7 and 8.9). Reading
the pH at the half-equivalence point directly off a titration curve is the standard experimental
method for measuring an unknown acid’s pK,,.

Reading a titration curve

Using the weak acid-strong base curve above, identify (a) the equivalence-point volume and
pH, (b) the half-equivalence-point volume and pH, and (c) the approximate K, of the acid being
titrated.

(a) The curve rises steeply and inflects at V' = 25.00 mL, where pH = 8.72; this is the equiva-
lence point.

(b) Half of 25.00 mL is 12.50 mL; reading the curve at that volume gives pH = 4.74; this is the
half-equivalence point.

(c) Since pH = pK, at the half-equivalence point, pK, = 4.74,50 K, = 107%™ = 1.8 x 107° -
consistent with CH;COOH.

Titration calculation: equivalence volume and pH

35.00 mL of 0.100 M HF (K, = 6.8 x 10%) is titrated with 0.150 M NaOH. Find (a) the volume
of NaOH needed to reach the equivalence point, and (b) the pH at the equivalence point.

(a) Moles HF = 0.03500 L x 0.100 M = 3.500 x 10~2 mol. At equivalence, moles NaOH added
must equal moles HF (1:1 stoichiometry):

3.500 x 103 mol
VaaoH = 0'150 o = 002333 L = 23.33 mL.

(b) At equivalence, total volume = 35.00423.33 = 58.33 mL, and all the HF has been converted
to F—:

= 3.500 x 1073 mol
~0.05833L
F~ hydrolyzes water with K, = K, /K, = (1.0 x 1071)/(6.8 x 10~%) = 1.47 x 10~ 1. Setting
up an ICE table for F~ + H,O0 = HF + OH:
z = /K, x 0.0600 = \/(1.47 x 10-11)(0.0600) = 9.39 x 10°7 M = [OH"].
pOH = —10g(9.39 x 10~7) = 6.03, pH = 14.00 — 6.03 = 7.97.

(Only mildly basic, consistent with F~ being a very weak base - HF is a relatively strong weak
acid.)

= 0.0600 M.
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(') L6i thuong gip: An equivalence-point pH of exactly 7.00 applies only to a strong acid-
strong base titration. Do not assume equivalence always occurs at neutral pH: a weak acid
titrated with a strong base gives an equivalence point above 7 (conjugate-base hydrolysis), and
a weak base titrated with a strong acid gives an equivalence point below 7 (conjugate-acid
hydrolysis).

8.6 Molecular Structure of Acids and Bases

The strength of an acid - how completely it ionizes and how large its K, is - can often be predicted
directly from its molecular structure, without needing a memorized or measured K, value.

8.6.1 Binary acids: bond polarity and bond strength

For binary acids H—X (where X is a nonmetal), two competing structural factors control acid strength:
the polarity of the H—X bond (how easily the bond can heterolyze to release H™) and the strength
of the H—X bond (how much energy is required to break it). Their relative importance depends on
whether the comparison is made across a period or down a group.

Across a period, bond length changes only modestly, so electronegativity of X dominates: a
more electronegative X polarizes the H—X bond more strongly (pulling electron density away from
H) and better stabilizes the resulting negative charge on X~ in the conjugate base, so acid strength
increases left to right across a period, e.g.

CH, <« NH; < H,O < HF (increasing acid strength).

Down a group, however, bond strength dominates over the (decreasing) electronegativity trend:
as X gets larger down a group, the H—X bond gets longer and weaker (poorer orbital overlap), and
this effect outweighs X's lower electronegativity. So among the hydrohalic acids,

HF < HCl < HBr < HI (increasing acid strength),

even though fluorine is the most electronegative halogen - HF is in fact a weak acid (K, ~ 6.8 x
10~4) precisely because the short, strong H—F bond (~ 570 kJ/mol) is so difficult to break, while HlI
(weakest bond, ~ 298 kJ/mol) is one of the strongest common acids.

8.6.2 Oxoacids

An oxoacid has the general structure H—O-Y, where the ionizable proton is attached to an oxygen
that is itself bonded to a central atom Y (which may carry additional oxygen atoms, as = O). Two
structural trends govern oxoacid strength.

For a series of oxoacids of the same central atom, acid strength increases as the number of
oxygen atoms bonded to the central atom increases, for two related reasons: (1) each addi-
tional highly electronegative oxygen inductively withdraws electron density through the Y—O
bonds, further polarizing and weakening the O—H bond; and (2) the negative charge on the
conjugate base is delocalized (by resonance) over a greater number of oxygen atoms as more
oxygens are present, which stabilizes the conjugate base and shifts the ionization equilibrium
further toward products.

Oxoacid Total O atoms Approx. pK,, Relative strength
HCIO 1 ~ 7.5 weakest

HCIO, 2 ~1.9

HCIO, 3 < 0 (essentially strong)

HCIO, 4 ~ —8 strongest
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Acid strength increases steadily with the number of oxygen atoms bonded to chlorine,
HCIO < HCIO, < HCIO; < HCIO,; HCIO, is one of the strongest common acids known.

A second, related structural effect is the electronegativity of the central atom itself when com-
paring oxoacids with the same number of oxygens: for example, HCIO (Cl, more electronegative) is
a stronger acid than HBrO (Br, less electronegative), because the more electronegative central atom
pulls more electron density away from the O—H bond by the same inductive mechanism.

8.6.3 Inductive and resonance stabilization of the conjugate base

The same two effects - inductive electron withdrawal and resonance delocalization - also explain
why substituting more electronegative groups near the acidic proton increases acid strength even
for organic acids. Trichloroacetic acid, CCI;COOH, is dramatically more acidic (K, ~ 3 x 1071)
than acetic acid, CH;COOH (K, = 1.8 x 107°), because the three highly electronegative chlorine
atoms inductively withdraw electron density through the carbon skeleton, both weakening the O—H
bond and strongly stabilizing the resulting carboxylate anion’s negative charge; the effect diminishes
rapidly with distance from the acidic proton (fewer or more distant electronegative substituents give
a smaller boost to acid strength).

Ranking acid strength from molecular structure

Rank the following acids from weakest to strongest, giving the structural reasoning in each
case: (a) H,Se, H,S, H,0 (same group, Group 16 hydrides); (b) HCIO, and HCIO,.

(a) These are binary acids of elements in the same group, so bond strength dominates: bond
strength decreases (bonds get longer/weaker) going down the group from O to S to Se, so acid
strength increases down the group:

H,0 < H,S < H,Se (weakest to strongest).

(b) These are oxoacids of the same central atom (Cl) with different numbers of oxygen atoms.
HCIO, has more oxygens (4 vs. 2), giving greater inductive withdrawal and greater resonance
delocalization of charge in the conjugate base, so

HCIO, < HCIO, (weaker to stronger).

- GIAI THICH TIENG VIET
V&i acid nhi nguyén H—X: theo chu ky (ciing hang), dé am dién cta X quyét dinh - X cang am
dién thi acid cang manh (CH,<NH;<H,O<HF). Theo nhém (cung c6t), do bén lién két H-X
chiém wu thé - lién két cang dai/yéu (xuéng dudi nhém) thi acid cang manh, du doé am dién
giam (HF<HCI<HBr<HlI). V&i oxoacid, cang nhiéu nguyén tir O gan vao nguyén tlr trung tam
thi acid cang manh, do hiéu &rng cdm rng (inductive) rut electron va hiéu &ng cong hudng
(resonance) giai tda dién tich am trén base lién hop.

8.7 pHand pK,

It is often more convenient to compare acid strengths using pK, = —log K, rather than K, itself,
exactly as pH is a more convenient scale than [H;O]. Because pK, is a negative logarithm of K,
the relationship between pK, and acid strength is inverted relative to K ,: a larger K, (stronger
acid) corresponds to a smaller (or more negative) pK,,.
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The lower the pK ,, the stronger the acid. Equivalently, for a base, the lower the pK,, the
stronger the base. For any conjugate acid-base pair at 25°C,

K,x K,=K, =1.0x10"4, equivalently  pK, + pK, = 14.00.

This identity follows directly from taking — log of both sides of K K, = K, and it lets you
compute the K, (or pK,) of any conjugate base directly from the K, (or pK,) of its parent acid,
without needing a separate table of base constants.

The relationship between pH, pK ,, and the composition of a HA/A~ mixture is central to buffers
and titrations: pH = pK, precisely when [A~] = [HA] (equal concentrations of the weak acid and its
conjugate base), which is exactly the condition that holds at the half-equivalence point of a titration
(Section 8.5) or in any 1:1 buffer mixture (Sections 8.8-8.9). This falls directly out of the Henderson-
Hasselbalch equation, developed in Section 8.9: when [A~]/[HA] = 1,log(1) = 0,sopH = pK,+0 =
pK

a*

Using K, K, = K, to find a conjugate base’s K

Given K,(CH;COOH) = 1.8 x 107%, find K, and pK, of the acetate ion, CH;COO~. Then find
the pOH of a 0.10 M solution of CH;COO™.

CH3;COO™ is the conjugate base of CH;COOH, so

K, 10x10
Ky = K, 18x10-°

a

=5.6 x 10710, pK, = —log(5.6 x 10719) = 9.25.

Check: pK,(CH3;COOH) + pK,(CH;COO ™) = 4.74 4+ 9.25 = 13.99 ~ 14.00 v (rounding).
Fora 0.10 M CH;COO™ solution, ICE table with K, = 5.6 x 1071°:

z = /K, x 0.10 = /(5.6 x 10-10)(0.10) = 7.5 x 1076 M = [OH"],

pOH = —log(7.5 x 107%) = 5.12.

(!) L6i thueng gap: Never confuse K, with pK: they move in opposite directions. A stronger
acid has a larger K, but a smaller (more negative or closer to zero, and possibly negative) pK,,.
Students frequently rank acids backward by comparing p K, values the same way they would
compare K, values - always double-check which quantity ("K” or "pK”) a problem is asking
you to rank.

- GIAI THICH TIENG VIET
pK, = —log K,: pK, cang nhé thi acid cang manh (nguoc chiéu véi K ). V&i mot cap acid-
base lién hogp, luén c6 K, x K, = K, va pK, + pK, = 14.00 & 25°C - dung cdng thirc nay dé
suy ra K, cua base lién hop tir K, cla acid ban dau (hoac ngugc lai) ma khéng can tra bang
riéng. pH = pK, dung khi [A~] = [HA], tlrc tai diém nira tuwong duong clda chuan do hoac
trong buffer cé tilé 1:1.

8.8 Properties of Buffers

Sections 8.4 and 8.7 introduced how buffers form and why pH = pK, at a 1:1 mixture; this section
examines the buffering mechanism in more quantitative detail.

A buffer solution contains a weak acid HA and its conjugate base A~ (or a weak base B and
its conjugate acid BH™) in comparable, appreciable amounts. When a small amount of strong base
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(OH™) is added to a HA/A~ buffer, it is consumed almost entirely by the weak acid component,
HA + OH™ — A~ + H,0,

converting a small amount of HA into A~. When a small amount of strong acid (H;O7) is added, it is
consumed almost entirely by the conjugate base component,

A + H30+ — HA + Hzo,

converting a small amount of A~ back into HA. In both cases, the strong acid or base that was added
is converted into a small change in the ratio [A~]/[HA], rather than remaining as free H;O" or OH™
in solution. Because pH depends only on the logarithm of that ratio (Section 8.9), even a substantial
percentage change in the ratio produces only a small change in pH - this is the essence of buffering.

Buffer resistance versus an unbuffered solution

A buffer contains 0.40 M CH3;COOH and 0.10 M CH;COO™ (K, = 1.8 x 107°, pK, = 4.74).
Find the pH of the buffer, then find the pH after 0.020 mol/L of NaOH is added to it, and
compare the resulting change with the pH change that the same addition would cause in 1 L
of pure water.

Initial pH:

_ Al <
pH = pK, + log Al ~ 4.74 + log

=4.74 —0.60 = 4.14.
0‘4(]) 74 —0.60

After adding 0.020 mol/L NaOH: HA decreases by 0.020 M and A~ increases by 0.020 M:

[HA] = 0.40 —0.02=0.38M,  [A]=0.10+0.02 =0.12 M,

0.12
H=4.74+1 —— | =4.74 —0.50 = 4.24.
p 7 +og<0.38> 74 —0.50
The pH shifted by only ApH = 0.10 units. Compare with pure water: adding 0.020 mol NaOH
to 1 L of pure water gives [OH~] = 0.020 M directly, so pOH = —log(0.020) = 1.70 and

pH = 14.00 — 1.70 = 12.30 - a swing of over 5 pH units from neutral. The buffered solution
changed by only about 5—10 as much.

GIAI THICH TIENG VIET

o ché dém: khi thém mét lugng nhd base manh, thanh phan acid yéu HA trong buffer sé
trung hoa no (tao thém A~); khi thém mét lwgng nho acid manh, thanh phan base lién hop A~
sé trung hoa no (tao thém HA). Nho vay, acid/base manh thém vao chi 1am thay d6i nhe ti lé
[A~]/[HA] thay vi ton tai ty do trong dung dich, va vi pH chi phu thudc logarit cua ti 1é nay nén
pH thay déi rat it so v&i dung dich khéng co buffer.

8.9 The Henderson--Hasselbalch Equation

The Henderson-Hasselbalch equation is the standard tool for calculating buffer pH directly from

the concentrations of the weak acid and conjugate base, without setting up a full ICE table each
time.

8.9.1 Derivation

Starting from the K, expression for a weak acid HA,

_ [H3O"][A7] 4 [HA]
KQ_MT — [H,0 ]_Kaxﬁ.
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Taking — log of both sides,

—log[H;0%] = —log K, — Iog[[:\lf‘]] = —log K, + lOg[[ﬁ'\A]])

which gives the Henderson-Hasselbalch equation:

A7

H=»K [ .
p pa+0g[HA]

The concentrations used are normally the initial (analytical) concentrations of the acid and conjugate
base as mixed, rather than true equilibrium concentrations - this approximation is valid whenever
the buffer components are present in large enough amounts that the small extent of further ioniza-
tion or hydrolysis does not meaningfully change either concentration (true for essentially all buffers
prepared by mixing appreciable, comparable amounts of HA and A—, as opposed to a dilute solution
of the acid or salt alone).

Henderson-Hasselbalch: buffer pH from component concentrations

Find the pH of a buffer containing 0.30 M CH;COOH and 0.20 M CH;COONa (K, = 1.8x1075).
pK, = —log(1.8 x 107°) = 4.74.
A7

p p “+og[HA] 7—|—0g<

0.30> 74 + (—0.18) = 4.57

Because [A~] < [HA], the ratio is less than 1, its logarithm is negative, and the buffer’s pH is
slightly below its p K, - reasonable, since acid is in excess.

Buffer preparation: solving for the required ratio and mass

What mass of CH;COONa (M = 82.03 g/mol) must be dissolved in 500.0 mL of 0.40 M
CH;COOH to produce a buffer of pH = 4.50 (K, = 1.8 x 1075, pK, = 4.74)? Assume the
volume stays at 500.0 mL.

Solve the Henderson-Hasselbalch equation for the required ratio:

A7)

A-
=450 —4.74 = —0.24 = A = 10924 = 0.5609.

[A7]
4.50 = 4.74 + log — log HA| m

[HA]

Moles CH;COOH present = 0.5000 L x 0.40 M = 0.200 mol. Since [A~]/[HA] equals the mole
ratio (same volume for both),

n(CH3;COO™) = 0.569 x 0.200 mol = 0.1138 mol.

mass of CH;COONa = 0.1138 mol x 82.03 g/mol = 9.34 g.

Because the Henderson-Hasselbalch equation depends only on the ratio [A~]/[HA], diluting a
buffer (adding water to both components equally) does not change its pH, to a good approxima-
tion - the ratio is unaffected by dilution even though both concentrations decrease. (Extreme
dilution eventually breaks this approximation, but it holds well over the normal working range
of a buffer.)
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ENGLISH

GIAI THICH TIENG VIET

A~ e rve IR
Phuong trinh Henderson-Hasselbalch: pH = pK, + log [[HA]] duoc suy ra truc tiép tir biéu
thirc K,. Cong thirc nay cho phép tinh nhanh pH cla buffer tir nong dé (hoac sé mol, néu
cung thé tich) hai thanh phan, hodc ngugc lai tinh ti lé [A~]/[HA] can thiét dé€ dat mot pH muc

tiéu - rat hiru ich khi pha ché buffer trong phong thi nghiém.

8.10 Buffer Capacity

Buffer capacity is a measure of how much strong acid or strong base a buffer solution can absorb
before its pH changes significantly. It depends on two separate structural features of the buffer: the
absolute concentrations of HA and A—, and the ratio between them.

Buffer capacity increases with the absolute (analytical) concentrations of HA and A—. A buffer
made from 0.50 M HA/0.50 M A~ contains far more moles of each species per liter than a buffer
made from 0.050 M HA/0.050 M A~ (even though both have identical pH, since the ratio is the
same 1:1 in both), so the more concentrated buffer can absorb a much larger amount (in moles)
of added strong acid or base before either component is nearly used up.

For a fixed total buffer concentration, buffer capacity is greatest when [A~] = [HA] (ratio = 1,
so pH = pK,), because that is the composition that maximizes both reservoirs simultaneously
- enough HA to neutralize added base and enough A~ to neutralize added acid. A buffer with
a very lopsided ratio (e.g., [A~] > [HA]) can absorb a large amount of added acid but only a
small amount of added base before HA runs out.

T
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€
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4 o L
Buffer A Buffer B

Change in pH after adding the same absolute amount of strong base (4.0 mmol NaOH) to 100 mL of two
CH;COOH/CH4;COO™ buffers with identical 1:1 ratio (both start at pH = p K, = 4.74) but different total
concentration: Buffer A is 0.50 M/0.50 M (50.0/50.0 mmol); Buffer B is 0.050 M/0.050 M (5.0/5.0 mmol). The more
concentrated buffer resists the same absolute addition far more effectively.

Buffer capacity: concentrated versus dilute buffers

Buffer A contains 50.0 mmol CH;COOH and 50.0 mmol CH;COO™ in 100 mL; Buffer B contains
5.0 mmol of each in 100 mL (K, = 1.8 x 107°, pK, = 4.74). Both buffers start at pH = pK, =
4.74 (equal ratio). Find the pH of each after 4.0 mmol NaOH is added.

Buffer A: HA decreases by 4.0 mmol, A~ increases by 4.0 mmol:

HA =50.0 — 4.0 =46.0 mmol, A = 50.0 + 4.0 = 54.0 mmol,

54.0
oH = 4.74 + log <m> _474+007 =481,  ApH =0.07.
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Buffer B:
HA=50—4.0=10mmol, A =5.0+4.0=9.0mmol,

9.0
pH = 4.74 + log (ﬁ) = 4.74+0.95=5.70,  ApH = 0.95.

Buffer A's pH shifted by only 0.07 units, while Buffer B’s shifted by 0.95 units - more than 13
times as much - because Buffer B had far less HA in reserve relative to the amount of base
added. Had 6.0 mmol NaOH been added to Buffer B instead, it would exceed the 5.0 mmol of
HA available entirely, exhausting the buffer’s capacity to neutralize added base.

A buffer is generally considered effective only within about one pH unit of its pK, i.e., pH =
pK, + 1. This range corresponds to a ratio [A~]/[HA] between 1:10 and 10:1 (since log(10) = 1
and log(0.1) = —1). Outside this range, one of the two buffering components is present in such
a small amount relative to the other that it is quickly exhausted by even a modest addition of
strong acid or base, and the solution’s pH begins to change rapidly, behaving more like an
unbuffered solution.

GIAI THICH TIENG VIET

ha nang dém (buffer capacity) phu thudc vao (1) néng do tuyét déi cia HA va A~ - nong do
cang cao thi kha ndng dém cang I&n (c6é nhiéu "du trit” hon dé trung hoa acid/base thém vao);
va (2) ti lé [A~]/[HA] - kha nang dém I&n nhat khi ti 1€ gan 1 (térc pH gan pK ), vi khi d6 ca hai
thanh phan déu doi dao. M6t buffer chi thuc sy hiéu qua trong khoang pH = pK, + 1 (tuong
tng ti lé tir 1:10 dén 10:1); ngoai khoang nay, mét thanh phan gan can kiét va dung dich mat
kha nang chéng lai su thay déi pH.

8.11 Practice Problems

Problem 1

Which of the following species is amphoteric in aqueous solution?

(A) NH; (C) CI-
(B) HCO; (D) CH,COO~

Lai giai chi tiét

NH; can only act as a Brgnsted-Lowry acid (it has a proton to donate but no lone pair suited
to accepting one favorably); CI~ and CH;COO™~ can only act as bases (conjugate bases of
strong/weak acids). HCOj3 can both donate a proton (to become CO%‘) and accept a proton
(to become H,CO3), so it is amphoteric. Answer: (B).

Problem 2

For the reaction NH;+H,0O = NHj; + OH", identify both conjugate acid-base pairs and state
which species is the Brgnsted-Lowry acid and which is the base in the forward reaction.
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ENGLISH

Loi giai chi tiét

Forward reaction: H,O donates a proton to NHj3, so H,O is the Brgnsted-Lowry acid and
NH; is the Brgnsted-Lowry base. The two conjugate pairs (each differing by one proton) are
H,0O/OH" (acid/conjugate base) and NH;; /NH; (conjugate acid/base).

Problem 3

In the reaction BF; + : NH; — F3B—NHj;, which species is the Lewis acid?

(A) BF; (C) F-
(B) NH4 (D) Neither - no electron pair is transferred

Loi giai chi tiet

Boron in BF5 has only six valence electrons and an empty p orbital, making it an electron-pair
acceptor (Lewis acid); nitrogen in NH; donates its lone pair (Lewis base) to form the new B-N
bond. Answer: (A).

Problem 4
Find the pH of a 0.062 M solution of HNO,.

Lai giai chi tiét

-

HNOj is a strong acid (complete ionization), so [H;O"] = 0.062 M.

pH = —log(0.062) = 1.21.

Problem 5
Find the pH of a 0.0038 M solution of Sr(OH),.

Lai giai chi tiét

-

Sr(OH), is a strong base releasing two OH~ per formula unit: [OH~] = 2 x 0.0038 = 0.0076

pOH = —log(0.0076) = 2.12,  pH = 14.00 — 2.12 = 11.88.

I <

Problem 6
What is [H;O0*] in 0.10 M HCI?

(A) 0.10 M (C) 0.050 M
(D) 1.0 x 10~ M, but only after equilibrium is
(B) 1.0 x 10713 M reached over time

Loi giai chi tiet

-

HCl is a strong acid and ionizes completely and essentially instantaneously, so [H;O*] equals
the full labeled concentration, 0.10 M. Answer: (A).
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j Problem 7

30.0 mL of 0.050 M HCl is mixed with 20.0 mL of 0.060 M NaOH. Find the pH of the resulting
solution.
Loi giai chi tiét

Moles HCI = 0.0300 L x 0.050 M = 1.50 x 102 mol. Moles NaOH= 0.0200 L x 0.060 M =
1.20 x 1073 mol. HCl is in excess:

n(Hz0™ )excess = 1.50 x 1073 — 1.20 x 1072 = 3.0 x 10~* mol.

Total volume = 30.0 + 20.0 = 50.0 mL = 0.0500 L.

3.0x 1074

H.,O+] =
(7] 0.0500

Problem 8

Write the K, expression for HNO, and find the pH of a 0.050 M solution (K, = 4.5 x 107%).
Also find its percent ionization.

Lai giai chi tiét

=6.0x 1073 M, pH = —1log(6.0 x 1073) = 2.22.

x _ [HsO'JINO, ]
° [HNO,]
ICE table: 22/(0.050 —z) = 4.5 x 10~%. Approximate = ~ /(4.5 x 10-4)(0.050) = 4.74 x 1073,

check 4.74 x 1073/0.050 = 9.5% > 5%, so solve the quadratic exactly: 2% + (4.5 x 10~%)z —
(4.5 x 1074)(0.050) = 0 gives z = 4.52 x 1073 M.

. 4.52 x 1073
pH = —log(4.52 x 1073) = 2.34, % ionization = 4.52x 1077 x 100% = 9.0%.

0.050
Problem 9

Find the percent ionization of CH;COOH (K, = 1.8 x 10~°) at (a) 0.50 M and (b) 0.0050 M, and
explain the trend.

Loi giai chi tiét

2 _5 _3 . 2.99 x 1073
(@)2%/(0.50— ) = 18 x 105 = 2 =299 x 104 M; % ion = == x 100% = 0.60%.
2 5 . . 2.91 x 1074

Diluting the acid 100-fold increased percent ionization from 0.60% to 5.82% (roughly a factor
of v/100 = 10), consistent with  ~ /K,C so 2/C ~ /K,/C: as C decreases, the fraction
ionized increases even though the absolute [H;O] decreases.

j Problem 10

Rank 1.0 M, 0.10 M, 0.010 M, and 0.0010 M solutions of the same weak acid by percent ioniza-
tion, from lowest to highest.
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(A) 1.0M < 0.10M < 0.010 M < 0.0010 M since K, is fixed
(B) 0.0010M <0.010M <0.10M<1.0M (D) Percent ionization cannot be ranked
(C) All four have equal percent ionization without knowing K,

Loi giai chi tiét
Percent ionization increases as concentration decreases for a fixed K, (Problem 9), so the most

concentrated solution has the lowest percent ionization and the most dilute has the highest.
Answer: (A).

Problem 11
Find the pH of a 0.075 M solution of NH; (K, = 1.8 x 1075).

Loi giai chi tiét

2%/(0.075 — ) = 1.8 x 10~°; approximate z = /(1.8 x 10-5)(0.075) = 1.16 x 10~3 M (check:
1.5% < 5%, valid).

[OH"] =1.15x 1073 M, pOH = —log(1.15x 1073) = 2.94, pH = 14.00—2.94 = 11.06.

Problem 12
What volume of 0.200 M KOH is required to completely neutralize 25.0 mL of 0.150 M H,SO,?

Loi giai chi tiet

-

H,SO, + 2KOH — K,SO, + 2H,0: each mole of H,SO, requires two moles of KOH.
n(H,S0,4) = 0.0250 Lx0.150 M = 3.75x 102 mol, n(KOH) peeded = 2%3.75x1073 = 7.50x 1073 mol.

7.50 x 10~ mol
V(KOH) = 0200 Mmo — 0.0375 L = 37.5 mL.

Problem 13

Which of the following mixtures forms a buffer solution?

(A) 0.10 mol HCI + 0.10 mol NaCl (C) 0.10 mol NaOH + 0.10 mol HCI
(B) 0.20 mol CH3;COOH + 0.10 mol NaOH (D) 0.10 mol NaOH + 0.10 mol HNO,

Loi giai chi tiét
(A) is a strong acid with its salt - no conjugate weak-acid/weak-base pair, not a buffer. (C) and
(D) are complete strong acid-strong base neutralizations, leaving only a neutral salt solution.
In (B), NaOH partially neutralizes the weak acid CH;COOH: it consumes 0.10 mol CH;COOH
and produces 0.10 mol CH;COO, leaving 0.10 mol CH;COOH unreacted alongside 0.10 mol

CH5;COO™ - a true HA/A™ buffer. Answer: (B).
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Problem 14

40.0 mL of 0.250 M NHj is mixed with 15.0 mL of 0.400 M HCI. Find the pH of the resulting
solution (K, (NH;) = 5.6 x 10~19).

Loi giai chi tiét
n(NH3) = 0.0400 x 0.250 = 0.0100 mol; n(HCI) = 0.0150 x 0.400 = 0.00600 mol. HC| converts
0.00600 mol NH; to NH, leaving 0.0100 — 0.00600 = 0.00400 mol NH5 and 0.00600 mol NH
- a buffer.

pK,(NH;) = —log(5.6 x 1071%) = 9.25.
0.00400
0.00600

pH = 9.25 + log ( ) =9.25—-0.18 =9.08.

Problem 15

What volume of 0.125 M NaOH is required to reach the equivalence point when titrating 20.0
mL of 0.150 M HBr?

Lai giai chi tiét

HBr is a strong acid; the neutralization is 1:1 with NaOH. n(HBr) = 0.0200x0.150 = 3.00x 1073

mol.
3.00 x 103 mol
NaOH) = = 0.0240 L = 24. L.
V(NaOH) O1EM 0.0240 0m

Problem 16

30.0 mL of 0.100 M HNO,(K, = 4.5 x 10~4) is titrated with 0.100 M NaOH. Find (a) the volume
of NaOH needed to reach the equivalence point, (b) the volume and pH at the half-equivalence
point, and (c) the pH at the equivalence point.

Loi giai chi tiet

-

(@) n(HNO,) = 0.0300 x 0.100 = 3.00 x 10~3 mol; since the NaOH concentration equals the
acid’s, Veg = 30.0 mL.

(b) Vi = 15.0 mL; at half-equivalence [HNO,] = [NO5], so pH = pK, = —log(4.5 x 107%) =
3.35.

(c) At equivalence, total volume = 30.0 + 30.0 = 60.0 mL, and all the acid is converted to NO;:

300 x 1077 1.0 x 10714 .
INO7] = == oegg— =00500M, Ky = — =222 107"
x = 1/(2.22 x 10-11)(0.0500) = 1.05x10 M = [OH"], ~ pOH =5.98,  pH = 14.00—5.98 = 8.02.

j Problem 17

On a titration curve for an unknown monoprotic weak acid titrated with NaOH, the half-
equivalence point occurs at pH = 5.20. Find pK, and K, of the acid.
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Loi giai chi tiét
At the half-equivalence point, pH = pK,, so pK, = 5.20.
K,=10"520=6.3 x 1075,

Problem 18

On a titration curve for a weak acid titrated with a strong base, the pH at the equivalence
point is found to be 8.9. What does this indicate about the species present at that point?

(A) The titrant was a weak base (C) An arithmetic error must have occurred,
(B) The conjugate base of the acid is hy- since equivalence points are always at pH
7

drolyzing water, producing a basic solu-
(D) The acid used must have been diprotic

I :t
o
=]

Lai giai chi tiét

At the equivalence point of a weak acid-strong base titration, the solution contains only the
conjugate base A~ (plus spectator ions and water). A~ is a weak base and hydrolyzes water,
A~ +H,0 = HA+OH™, producing a solution with pH above 7 - exactly as observed. Answer:
(B).

Problem 19

Rank HF, HCI, HBr, and HI from weakest to strongest acid, and explain the structural basis for
the trend.

Lai giai chi tiét

These are binary acids of elements in the same group (halogens), so H—X bond strength - not
electronegativity - controls the trend. Bond length increases and bond strength decreases
going down the group, so acid strength increases down the group:

HF < HCl < HBr < HI.

HF is a weak acid despite fluorine’s high electronegativity because its very short, strong H—F
bond is difficult to break; HI, with the weakest H—X bond, ionizes essentially completely.

Problem 20

Explain, using molecular structure, why HCIO, is a much stronger acid than HCIO,.

Lai giai chi tiét

HCIO, has four oxygen atoms bonded to chlorine, versus two for HCIO,. The additional, highly
electronegative oxygen atoms in HCIO, withdraw electron density inductively from the O—H
bond through the CI-O framework, weakening it and making the proton easier to remove; in
addition, the negative charge on the conjugate base CIO; is delocalized by resonance over four
oxygen atoms (versus two for CIO5 ), which stabilizes CIO, far more effectively. Both effects
favor greater ionization for HCIO,, consistent with pK,(HCIO,) ~ —8 versus pK,(HCIO,) ~
1.9.
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Problem 21

Trichloroacetic acid, CCI;COOH, has K, ~ 3 x 10!, dramatically larger than acetic acid’s
K, = 1.8 x 1075, Explain this difference using the inductive effect.

Loi giai chi tiet

The three chlorine atoms in CCI;COOH are highly electronegative and pull electron density
toward themselves through the carbon framework (the inductive effect), which both weakens
the O—H bond (making the proton easier to remove) and stabilizes the negative charge that
develops on the carboxylate oxygen atoms of the conjugate base CCl;COO™ after ionization.
Acetic acid’s methyl group has no such electron-withdrawing substituents, so its conjugate
base is far less stabilized and its K, is nearly four orders of magnitude smaller.

j Problem 22
Acid X has pK, = 3.2; acid Y has pK, = 7.4. Which is the stronger acid?

(A) Acid X (C) They are equally strong
(B) AcidY (D) Cannot be determined from pK, alone

Loi giai chi tiét

Lower pK, corresponds to larger K, and therefore a stronger acid. Answer: (A), Acid X.

B Problem 23

A weak base has K, = 4.0 x 10~*. Find the K, and pK,, of its conjugate acid.

Lai giai chi tiét

K 1.0 x 10714
K w _ 20X

S 2OXO T g5 q01 K, = —log(2.5 x 10-11) = 10.60.
« T K,  40x101 X107, pRa = —log(2:5x 1077

Problem 24

A weak acid HA has pK, = 5.10. (a) At what pH does a solution contain [HA] = [A~]? (b) What
is the ratio [A~]/[HA] at pH = 6.10?

Loi giai chi tiet

-

(a) By definition, pH = pK, when [HA] = [A7], so pH = 5.10.

(b) From Henderson-Hasselbalch, 6.10 = 5.10 + log ([[':;]]) = log (M) =100 =
[A7]

=2 — 10100 — 10.0.
HA = 10 0.0

Problem 25

Describe, at the level of chemical species reacting, what happens when a small amount of HCI
is added to a CH;COOH/CH;COONa buffer.
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Loi giai chi tiét

The added HCI fully ionizes, releasing H;O™. This H;O™ reacts with the conjugate base com-
ponent of the buffer, CH;COO~: CH;COO~ + H;0" — CH3;COOH + H,0O. Nearly all of the
added H;O™ is consumed this way, converting a small amount of CH;COO~ into CH;COOH
rather than remaining free in solution. The ratio [CH;COO~]/[CH;COOH] decreases slightly,
so by Henderson-Hasselbalch the pH decreases slightly - but far less than if the same HCI
had been added to an unbuffered solution.

Problem 26

Which of the following combinations will not function as an effective buffer?

(A) HF/NaF (C) CH;COOH/CH,COONa
(B) HCI/NaCl (D) NH3/NH,Cl

Lai giai chi tiét

A buffer requires a weak acid (or weak base) together with its conjugate partner. HCl is a
strong acid, and its conjugate base Cl~ is negligibly basic (essentially a spectator ion) - adding
strong acid or base to this mixture is not resisted the way a true weak-conjugate-pair buffer
resists it. Answer: (B).

j Problem 27

A buffer contains 0.25 M HF and 0.40 M NaF (K, (HF) = 6.8 x 10~%). Find its pH.

Lai giai chi tiét

pK, = —log(6.8 x 107%) = 3.17.

0.40

Problem 28

What ratio [NH;]/[NH;] is needed to prepare a buffer with pH = 9.00 (K,(NH}) = 5.6 x
10719)?

Loi giai chi tiet

pK,(NH}) = —log(5.6 x 10710) = 9.25.

9.00 = 9.25 + log GSEED = log GSEED =025 = [[mg]] = 107925 = 0.56.

j Problem 29

What mass of NaF (M = 41.99 g/mol) must be added to 250.0 mL of 0.30 M HF to produce a
buffer with pH = 3.50 (K, (HF) = 6.8 x 10~%)?
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pK, = 3.17.
[F] [F] [F]

_ _ _100:33 _
3.50_3.17+Iog<[HF]> — IOg([HF]) 0.33 — ] 10 2.15.

n(HF) = 0.2500 x 0.30 = 0.0750 mol, s0 n(F7),eeded = 2-15 x 0.0750 = 0.161 mol.

mass NaF = 0.161 mol x 41.99 g/mol = 6.77 g.

j Problem 30

The Henderson-Hasselbalch equation gives an accurate buffer pH under which condition?

(A) Only when [HA] and [A~] are both exactly that ionization/hydrolysis does not sig-
1M nificantly change them

(B) When the initial (analytical) concentra- (C) Only when pH =7
tions of HA and A~ are large enough (D) Only for strong acids

Loi giai chi tiét

The Henderson-Hasselbalch equation substitutes initial (analytical) concentrations for true
equilibrium concentrations. This is an accurate approximation whenever those initial con-
centrations are large enough, relative to K, that the small amount of further ionization or
hydrolysis does not meaningfully change either concentration - true for essentially any buffer
prepared with appreciable, comparable amounts of HA and A~. Answer: (B).

Problem 31

Buffer 1 contains 10.0 mmol CH3;COOH/10.0 mmol CH;COO~; Buffer 2 contains 1.0 mmol
CH;COOH/1.0 mmol CH;COO~ (K, = 1.8 x 10~°). Both start at pH = pK, = 4.74. Find the
pH of each after 0.50 mmol H;O is added, and compare the pH changes.

Lai giai chi tiét

Added strong acid converts A~ into HA, mole for mole.
Buffer 1: HA = 10.0 + 0.50 = 10.5 mmol; A~ = 10.0 — 0.50 = 9.5 mmol.

pH = 4.74 + log (190‘55> = 4.74—0.04 = 4.70,  ApH = 0.04.

Buffer 2: HA=1.0+0.50 = 1.5 mmol; A" = 1.0 — 0.50 = 0.5 mmol.
pH =4.74 + log (?2) =4.74 — 0.48 = 4.27, ApH = 0.48.

Buffer 1, with ten times the absolute concentration, changes barely a tenth as much as Buffer
2 for the same addition, demonstrating that buffer capacity increases with the absolute con-
centrations of the buffer components even when the ratio (and hence starting pH) is identical.
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j Problem 32

For a fixed total buffer concentration, at what ratio of [A~] to [HA] is buffer capacity greatest?

(A) 10:1 (C) 1:1
(D) Buffer capacity does not depend on this
(B) 1:10 ratio

Loi giai chi tiét

Buffer capacity is greatest when [A~] = [HA] (ratio 1:1, so pH = pK,), since this composition
provides the largest simultaneous reserve of both the weak acid (to neutralize added base) and
the conjugate base (to neutralize added acid). Answer: (C).

Problem 33

A buffer is prepared from a weak acid with pK, = 4.74, but a measurement shows the so-
lution’s actual pH is 6.90. Is this buffer still within its effective buffering range? Justify your
answer.

Loi giai chi tiét

The effective range of a buffer is approximately pK, + 1, i.e., 3.74 to 5.74 here.

IpH — pK, | = [6.90 — 4.74| = 2.16,

which is well outside the +1 range. This buffer is not within its effective range - at pH = 6.90,
the ratio [A7]/[HA] = 10690474 —= 10216 ~ 145, meaning HA is almost entirely depleted
relative to A—; the solution has essentially no reserve left to neutralize additional added base
and will resist further pH increases very poorly.

Problem 34

A student titrates 20.00 mL of an unknown monoprotic weak acid with 0.100 M NaOH and
finds the equivalence point at V' = 32.00 mL and the half-equivalence point at pH = 4.60. Find
(a) the original concentration of the weak acid, and (b) its K,.

Loi giai chi tiét
(a) At equivalence, moles NaOH added equal moles of acid originally present:

: 5 : 3.20 x 1073

(b) At the half-equivalence point, pH = pK, = 4.60, so

K,=10"%60 =25 x 1075.
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Applications of Thermodynamics

Muc tiéu Unit: Giai thich entropy nhu thudc do mirc dd phan tan nang lugng/so trang thai vi mé co
thé ti€p can; du doan dinh tinh dau ctia AS cho cac qua trinh vat ly va hoa hoc; tinh AS° phan (ng tir
bang entropy tuyét déi chuan; tinh AG theo AG = AH — T AS va xac dinh chiéu thuan Igi nhiét déng
& moét nhiét do cho trudc, ké ca nhiét do chuyén tiép khi AG = 0; phan biét phan &rng thuan loi vé nhiét
dong (ki€ém soat nhiét dong) vai phan (rng xay ra nhanh (kiém soat dong hoc); lién hé AG® vé&i hang s6
can bang K qua AG° = —RT In K; 4p dung khai niém phan (rng ghép c3p (coupled reactions) dé€ lam
thuan lgi mét qua trinh von bat |oi; phan biét pin dién hoa (galvanic/voltaic) tu phat véi binh dién phan
(electrolytic) can ngudn dién ngoai, xac dinh dung anode/cathode va chiéu dong electron; tinh £, tir
hai thé khir chuin va lién hé véi AG° = —nFE°; 4p dung phuong trinh Nernst cho diéu kién khéng
chuan; ap dung dinh luat Faraday dé tinh khéi lugng/thé tich san phdm dién phan tir cudng dé dong
dién va thoi gian.

9.1 Introduction to entropy

Entropy, symbol S, is a thermodynamic state function that measures the number of ways a sys-
tem'’s energy and particles can be arranged among the microstates accessible to it — informally,
how "spread out,” or dispersed, the energy and matter of a system are. A system with many equally
probable microstates (many ways to arrange its particles’ positions and energies while still looking
the same at the macroscopic level) has high entropy; a highly ordered system with few accessible
microstates has low entropy. Unlike enthalpy, for which only changes A H can be measured directly,
entropy has an absolute, always-positive value for any pure substance at a given temperature (Sec-
tion 9.2).

Entropy is a state function: AS for a process depends only on the initial and final states, never
on the path taken. The second law of thermodynamics requires that the entropy of the universe
(system plus surroundings) increase for any spontaneous process — but the entropy change of the
system alone (for example, a reacting mixture) can be positive or negative; the surroundings’ entropy
change compensates. This unit focuses on predicting and calculating AS for the chemical system
itself.

Qualitative rules for predicting the sign of AS

e Phase. For a given substance, Sy, > Sjiquia > Ssolia PEF mole. Gas particles have vastly
more accessible positions and translational energy states than a liquid, which in turn has
more than a rigid solid lattice. Melting, vaporizing, or subliming increases S; freezing, con-
densing, or depositing decreases S.

e Moles of gas. A reaction that increases the total moles of gas (comparing gas-phase species
only) has AS > 0; one that decreases moles of gas has AS < 0. This is usually the dominant
factor in predicting AS,,,, since gas-phase molar entropy is so much larger than condensed-
phase entropy that solids and liquids barely move the total.

¢ Dissolution. Dissolving a molecular or ionic solid in a solvent generally increases S: a rigid
lattice breaks apart into freely moving, solvated particles that can occupy far more positions
than in the solid. (Exception: dissolving a gas in a liquid decreases S, since the dissolved gas
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particles lose the enormous positional and translational freedom they had in the gas phase.)

o Temperature. Raising the temperature of any single phase increases S: more thermal en-

ergy is available to populate a larger number of accessible vibrational, rotational, and trans-
lational energy levels.

e Mixing. Mixing pure substances (two gases, or a solute dispersing through a solvent) in-
creases S relative to the separated pure components — there are more ways to arrange a
mixture than to arrange components kept apart.

GIAI THICH TIENG VIET

ntropy (S) do mirc d6 "phan tan” cua nang luong va vat chat — s6 cach sap xép vi mo (mi-
crostates) ma hé cé thé c6. Quy tic du doan dau AS: khi c6 entropy I6n hon nhiéu so véi
I6ng, 1dng I&6n hon ran; phan (ng 1am ting s6 mol khi thi AS > 0; hoa tan chat ran vao dung
moi thuong lam tang S (trr hoa tan khi vao Iéng thi S gidm); tang nhiét dé luon lam ting S;
tron 13n cac chat tinh khiét 1am ting S so véi dé riéng tirng chat.

Predicting the sign of AS

Predict the sign of AS for each process, with reasoning.
(@) CaCOg4(s) — CaO(s) + CO,(g)

(b) 250,(g) + O,(g) — 2505(g)
(c) NaCl(s) — Na*(aq) + Cl(aq)
(d) 1,(g) — l,(s) (deposition)

(e) Heating a fixed sample of Ar(g) from 250 K to 400 K at constant volume.

(a) Positive. One mole of gas (CO,) appears where the reactant side had none — moles of gas
increase from 0 to 1.

(b) Negative. Moles of gas decrease from 3 (2 + 1) to 2.

(c) Positive. A rigid ionic lattice dissociates into freely moving, hydrated ions in solution — a
large increase in accessible positions.

(d) Negative. Gas condenses directly into an ordered solid; particles lose the enormous free-
dom of the gas phase.

(e) Positive. Raising temperature at constant volume increases the number of thermally acces-
sible translational energy levels.

(1) L6i thweng gédp: "More moles of gas” compares the gas-phase mole count on each side only,
not the total number of chemical species written (including solids and liquids). The reaction
C(s) + O,(g) — CO,(g) has AS° governed almost entirely by the fact that gas moles stay the
same (1 — 1), so AS° for this reaction turns out to be small in magnitude (Section 9.2, Practice
Problem) — the solid reactant’s disappearance barely affects the total, even though the number
of terms in the equation changes.

9.2 Absolute entropy and entropy change

The third law of thermodynamics states that a perfect crystal at exactly 0 K has zero entropy, S = 0:
at absolute zero, a perfectly ordered crystalline solid has only one possible microstate (every particle
locked into its single lowest-energy configuration), so there is no positional or energetic disorder left
to count. Because entropy has this unambiguous zero point, every pure substance has a well-defined,
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measurable absolute (standard molar) entropy, S°, at any other temperature (conventionally 298 K,
1 atm) — unlike enthalpy, which has no natural zero and is reported only as differences or relative to
a defined reference state.

[Absolute entropy versus enthalpy of formation] Because every substance’s entropy is mea-
sured from the same absolute zero point, standard molar entropies S° are always positive
numbers — including for elements in their standard states. This is fundamentally different from
standard enthalpies of formation AHj, which are defined to be exactly zero for elements in
their standard states purely as a bookkeeping convention with no absolute physical zero point.
Never set S° = 0 for an element in an entropy calculation — only AHS = 0 for elements, never
S°.

- GIAI THICH TIENG VIET
Dinh luat Ill nhiét déng Iuwc hoc: mot tinh thé hoan hdo & 0 K ¢ entropy bang 0 (chi c6 duy
nhat mot cach sap xép vi md). Nhd diém goc tuyét ddi ndy, moi chat déu cé entropy tuyét déi
S° xac dinh — khac véi AH} von chi 12 quy wéc tuong déi, quy dinh bang 0 cho don chat. Luu
y quan trong: S° ctia don chat KHONG bing 0 — chi ¢ AHj; clia don chat méi bang 0; S° ludn
l& mét s6 duong.

The entropy change of a reaction, AS;,,,, is calculated from tabulated absolute entropies using
the same Hess’s-law-style pattern used for AH},,, from formation enthalpies:

ASin =Y n, 5°(products) — Y n, $°(reactants)

where n,, and n,. are the coefficients from the balanced equation.

Species S° (J/(mol-K)) Species S° (J/(mol-K))
0,(g) 205.0 CO,(8) 213.7
H,(g) 130.6 NHs(g) 192.3
N,(g) 191.6 C(graphite, s) 5.7
H,O(I) 69.9 C(diamond, s) 2.4
H,O(g) 188.8

Standard molar entropies S° at 298 K, 1 atm. Every value is positive, including for the elements H,, N,, O,, and both
carbon allotropes.

Calculating AS;,, from tabulated entropies

Calculate AS° for the Haber synthesis of ammonia, N,(g) + 3H,(g) — 2NH;(g).

AS® = [25°(NHg)] — [S°(N2) +3.5°(Hy)]
AS® = [2(192.3)] — [191.6 + 3(130.6)] = 384.6 — (191.6 + 391.8) = 384.6 — 583.4

|AS° = —198.8 J/(mol-K)]

The large negative value makes physical sense: 4 mol of gas (reactants) become 2 mol of gas
(product) — the reaction sharply reduces the number of independently moving gas particles,
so the system becomes markedly less disordered.
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9.3 Gibbs free energy, AG, and thermodynamic favorability

Whether a process occurs spontaneously — proceeding on its own in the direction written, without
continuous outside intervention — depends on both its enthalpy change and its entropy change,
together with the temperature. Combining these gives the Gibbs free energy change for a process
at constant temperature and pressure:

|AG = AH —TAS]|

with T in kelvin. AG packages the full spontaneity criterion (an increase in the entropy of the uni-
verse) into a single quantity evaluated using only properties of the reacting system — AH and AS of
the reaction itself — because the —T'AS term stands in for the entropy change of the surroundings.

[The spontaneity criterion]
e AG < 0: the process is thermodynamically favorable (spontaneous) as written, at the
specified temperature.

e AG > 0: the process as written is not favorable at that temperature — the reverse process
is favorable instead.

e AG = 0: the system is at equilibrium, with no net driving force in either direction (Section
9.5).

Because AG = AH —TAS contains a temperature-dependent term, favorability can depend on
temperature. There are four possible sign combinations of AH and AS:

AH AS Sign of AG Favorable at...

— (exothermic)  + (increases) always negative all temperatures

-+ (endothermic) — (decreases) always positive no temperature

— (exothermic)  — (decreases) negative only if ' < AH/AS low temperatures only

+ (endothermic) + (increases) negative only if ' > AH/AS high temperatures only

Sign of AG = AH — TAS for each combination of A H and AS signs. The two mixed cases have a crossover
temperature T'= AH/AS where AG changes sign.

- GIAI THICH TIENG VIET
AG = AH — TAS két hop ca enthalpy va entropy dé du doan chiéu thuan loi nhiét dong cua
phan ing. AG < 0: phan &rng thuan Igi (tv dién bién) theo chiéu d3 viét; AG > 0: chiéu nguoc
lai méi thuan loi; AG = 0: can bang. C6 4 trudng hop dau: (1) AH < 0, AS > 0 — ludn thuan
loi moi nhiét do6; (2) AH > 0,AS < 0 — khong bao gio thuan lgi; (3) AH < 0,AS < 0 — chi
thuan loi & nhiét d6 thap; (4) AH > 0, AS > 0 — chi thuan lgi & nhiét d6 cao. Nhiét dé chuyén
tiép (noi AG = 0)1a T = AH/AS.

Calculating AG at a given temperature and classifying favorability

For the Haber synthesis, AH° = —92.0 kJ/mol and (Section 9.2) AS° = —198.8 J/(mol K).
Calculate AG” at 298 K, classify the sign combination, and state whether the forward reaction

is favorable.
Convert to consistent units: AH° = —92,000 J/mol.

AG® = AH® — TAS® = —92,000 — (298)(—198.8) = —92,000 + 59,242

AG° = —32,758 J/mol = —32.76 kJ/mol\
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Since AH° < 0 and AS° < 0, this is the "favorable at low temperature only” case. At 298 K,
AG° < 0, so ammonia formation is thermodynamically favorable at room temperature.

Finding the crossover temperature where AG = 0

Using the same Haber data, find the temperature above which the forward reaction stops being
favorable.

At the crossover temperature, AG° =0 = AH° —TAS", so

AH®  —92,000 J/mol
AS°  —198.8 J/(mol K)

T =

T =462.8 K (189.6°C) |

Below 462.8 K, AG° < 0 and ammonia formation is favorable; above it, AG° > 0 and decom-
position back to N, and H, becomes the favorable direction instead. Industrially, the Haber
process nonetheless runs at 450-500°C — well above this crossover — for reasons explored in
Section 9.4.

9.4 Thermodynamic versus kinetic control

A negative AG guarantees only that a reaction is thermodynamically favorable: that products are
more stable than reactants under the stated conditions, so the system will move toward products
given enough time. It says nothing about how fast that motion happens. Reaction rate is governed by
kinetics — specifically by the activation energy E,, the height of the barrier the system must climb
on its way from reactants to products, regardless of how far downhill the products ultimately sit.
A reaction with a very negative AG can still be immeasurably slow at a given temperature if E, is
large, because AG (a difference between two energy states) carries no information about the path
connecting them.

Kinetic vs. thermodynamic control: diamond and graphite

Converting diamond to graphite, C(diamond, s) — C(graphite, s), is thermodynamically fa-
vorable at every ordinary temperature. Using AH° = —1.90 kJ/mol (graphite is very slightly
lower in enthalpy) and, from the Section 9.2 table, AS° = S°(graphite) — S°(diamond) =
5.7 —2.4 = +3.3 J/(mol K) = 0.0033 kJ/(mol K):

AG5os = —1.90 — (298)(0.0033) = —1.90 — 0.98 = —2.88 kJ/mol.

Since AH° < 0and AS° > 0, this reaction is favorable at all temperatures (Section 9.3, case 1)
— graphite is the thermodynamically more stable form of carbon. Yet diamonds do not visibly
turn into graphite on a jeweler’s shelf, or even over a human lifetime: converting the rigid
three-dimensional network of strong covalent C — C bonds in diamond into graphite’s stacked
planar sheets requires breaking a very large number of strong bonds nearly simultaneously,
giving this transformation an enormous activation energy. At room temperature essentially
no atoms have enough thermal energy to surmount that barrier, so the reaction proceeds at
a rate indistinguishable from zero — thermodynamically favorable but kinetically forbidden
under ordinary conditions.
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. GIAI THICH TIENG VIET

AG < 0 chi cho biét phan (rng thuan lgi vé mat nhiét déng (sdn pham bén hon chat dau),
KHONG cho biét phan (tng nhanh hay cham — tdc d6 phu thudc hoan toan vao nang luong
hoat hoa E, (yéu té dong hoc). Vi du kinh dién: kim cuong chuyén thanh than chi cé AG® < 0
& moi nhiét do (thuan lgi), nhung E, cuc I1&n (phai pha v& rat nhiéu lién két cong hoa tri bén
cung ltc) khién phan rng khong quan sat dugc & nhiét do phong — thuan loi vé nhiét dong
nhung bi "khod” vé dong hoc.

This tension between favorability and rate also explains a puzzle from Section 9.3: the Haber pro-
cess is favorable only below 462.8 K (189.6°C), yet industrial plants run it at 450-500°C — above the
crossover temperature, where AG° > 0. The higher temperature is chosen for kinetic, not thermo-
dynamic, reasons: at lower temperature the reaction is more favorable but proceeds far too slowly
(even with an iron catalyst) to be industrially useful, since breaking the very strong N = N triple
bond requires substantial activation energy. Engineers accept a smaller equilibrium yield per pass —
a consequence of operating above the crossover temperature — in exchange for a commercially vi-
able rate, then improve overall output by continuously removing NH5 and recycling unreacted gases.
This is a practical illustration that industrial conditions are chosen by balancing thermodynamic fa-
vorability against kinetic feasibility, not by thermodynamics alone.

() Li thueng gap: Do not equate "AG < 0” with "fast” or "AG > 0” with "slow.” Favorability
(thermodynamics) and rate (kinetics) are governed by entirely different quantities: AG de-
pends only on the energies of the initial and final states, while rate depends on E,_, the height
of the barrier between them. A reaction can be slow and favorable (diamond — graphite),
fast and favorable (most exothermic reactions with low barriers, once ignited), or slow and
unfavorable (most "shelf-stable” substances) — thermodynamic favorability and kinetic speed
must always be evaluated independently.

9.5 Free energy and equilibrium

AG° — the free energy change under standard conditions (all species at 1 M or 1 atm, 298 K) — is
directly related to the equilibrium constant K of a reaction:

AG° = —RTInK|

with R = 8.314 J/(molK), T in kelvin, and K dimensionless. This equation bridges the thermody-
namic quantity AG° and the equilibrium quantity K: each can be calculated directly from the other.

[Reading the AG°-K relationship]

e \ery negative AG° = large positive In K = K > 1: at equilibrium, products are strongly
favored.

e \ery positive AG° = large negative In K = K « 1: at equilibrium, reactants are strongly
favored.

e AG°=0= InK =0= K = 1: products and reactants are equally favored at equilibrium.

More generally, at any composition, AG = AG® + RT In Q, where Q is the reaction quotient for
the system'’s current composition. As a reaction proceeds, (Q moves toward K; the reaction continues
spontaneously in whichever direction drives @ toward K — which is exactly why AG # 0 away from
equilibrium. Precisely at equilibrium, Q = K,so0 AG = AG°+RT In K = AG°—AG° = 0, recovering
the equilibrium criterion of Section 9.3 and confirming that AG° = —RT'In K is the special case of
AG = AG°+ RTInQ evaluated at Q = K.
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AG° = —RT In K lién hé truc tiép nang luong tu do chuin véi hang s6 can bang: AG° cang
am thi K cang I&n (san phdm chiém uu thé luc can bang); AG® cang duong thi K cang nho;
AG® = 0 thi K = 1. O diéu kién khong chuan, AG = AG® + RT InQ; phan tng tiép tuc tw
dién bién theo chiéu dua Q tién vé K, va AG = 0 chinh xac khi Q = K (tai can bang).

Finding K from AG®

Using AG° = —32.76 kJ/mol found in Section 9.3 for the Haber synthesis at 298 K, find K.

ne— “AG _ 32,760 J/mol 32,760
~ RT (8314 J/(molK))(298 K) ~ 2477.6

K — 1322

| K ~ 5.5 x 107

=13.22

The large K confirms strongly favored products at equilibrium, consistent with the negative
AG° — even though (Section 9.4) the reaction is far too slow at 298 K to reach that equilibrium
in any practical time without a catalyst and elevated temperature.

Finding AG®° from K

A reaction has K = 5.0 x 1072 at 298 K. Find AG".

AG® = —RTInK = —(8.314)(298) In(5.0 x 10~3) = —(2477.6)(—5.298)

| AG" = +13,130 J/mol = +13.1 kJ/mol |

The positive AG” is consistent with K < 1: at equilibrium this mixture favors reactants.

AG"* (kJ/mol)
40 4

20 |
Ex. /
; ; ; : : {In K
—15 —10 —5 5 10 15
_20 1
_40 €1
AG"° versus In K at 298 K: a straight line through the origin with slope —RT = —2.478 kJ/mol per unit In K. Both
worked examples above fall exactly on this single universal line, since AG° = —RT In K holds at fixed T regardless of

the reaction involved.

9.6 Coupled reactions

Because AG is a state function, free energy changes for two (or more) reactions occurring together
can simply be added, exactly as enthalpies are added in Hess's law. This underlies coupled reactions:
a thermodynamically unfavorable reaction (positive AG) can be driven forward by pairing it with
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a strongly favorable one (sufficiently negative AG), provided the two reactions share a common
intermediate species that cancels when the equations are summed — so the overall coupled process
has a net negative AG, even though one component reaction is individually unfavorable.

Coupling in metal extraction

Many metals occur naturally as oxides, and extracting the free metal requires reducing the
oxide, MO(s) — M(s) + 30,(g) — a process with a strongly positive AG on its own, since
metal oxides are generally far more thermodynamically stable than the free metal plus oxygen
gas. Smelting furnaces drive this unfavorable step forward by coupling it to the combustion
of carbon (coke), C(s) + %OQ(g) — CO(g), which has a strongly negative AG: the O, released
by the oxide’s decomposition is immediately consumed by carbon’s combustion, and summing
the two free-energy changes can turn an otherwise unfavorable extraction into a net-favorable
coupled process.

- GIAI THICH TIENG VIET
Vi AG la ham trang thai, c6 thé cdng AG cua nhiéu phan (rng lai (giéng dinh luat Hess v&i AH).
Phan (rng ghép cip (coupled reactions): mét phan trng bat loi (AG > 0) c6 thé dugc "kéo” theo
chiéu thuan loi néu ghép va&i mot phan rng khac da thuan lgi (AG rat Am), mién I3 hai phan
ing c6 chung mét ti€u phan trung gian triét tiéu khi cdng phuong trinh. Vi du kinh dién: khir
oxit kim loai (bat lgi) ghép vai dot chay than coc thanh CO (rat thuan loi) trong luyén kim.

Coupled-reaction AG addition

The reduction of a metal oxide, MO(s) — M(s) + 30,(g), has AG® = +120.0 kJ/mol at the fur-
nace operating temperature. This is coupled with the combustion of carbon to carbon monox-
ide, C(s) + 30,(g) — CO(g), for which AG® = —137.2 kJ/mol (a well-established real value
near 298 K, applied here at process temperature for illustration). Find AG® for the coupled
overall reaction and state whether it is favorable.

Adding the two equations (the %Oz(g) released by the first is exactly consumed by the second,
so it cancels):
MO(s) — M(s) + 30,(g)  AG5 = +120.0 kJ/mol

C(s) + 30,(g) — CO(g) AG = —137.2 kJ/mol
MO(s) + C(s) — M(s) + CO(g) AG: = AG] + AG;

overall

AG: . = 120.0 4 (—137.2) = —17.2 kJ/mol

o
overall

Although the direct reduction of MO is unfavorable on its own (AG$ > 0), coupling it with car-
bon’s combustion to CO makes the overall two-step process favorable — the thermodynamic
principle underlying carbothermic metal extraction.

9.7 Galvanic (voltaic) and electrolytic cells

Electrochemistry connects redox chemistry (reactions in which electrons transfer from one species
to another) to electrical work. Two complementary types of electrochemical cell physically separate
the oxidation and reduction half-reactions into two distinct compartments (half-cells), forcing the
transferred electrons to travel through an external wire rather than passing directly between species
in solution.

¢ A galvanic (voltaic) cell houses a spontaneous redox reaction (AG < 0) and harnesses the electron
flow it produces to do useful electrical work — the operating principle of batteries.
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¢ An electrolytic cell uses an external power source (electrical work supplied from outside) to force
a nonspontaneous redox reaction (AG > 0) to occur — the basis of electrolysis (Section 9.10) and
electroplating.

In both cell types, the same vocabulary applies: the anode is the electrode where oxidation
occurs (electrons are released into the external circuit), and the cathode is the electrode where re-
duction occurs (electrons are consumed from the external circuit). A useful mnemonic: An Ox, Red
Cat — ANode = OXidation, REDuction = CAThode.

(1) L6i thueng gip: Electrode polarity (which terminal is "+” and which is ”—”) is opposite be-
tween the two cell types, even though the anode/cathode = oxidation/reduction assighnment
never changes. In a galvanic cell, the cathode is the positive terminal (electrons flow toward
it through the external circuit) and the anode is negative. In an electrolytic cell, the exter-
nal power source forces electrons into the cathode and withdraws them from the anode, so
the cathode connects to the source’s negative terminal and the anode to its positive terminal.
Anode = oxidation and cathode = reduction remain true in every case; only the sign of the
terminal switches.

GIAI THICH TIENG VIET

in dién hoa (galvanic/voltaic cell) chira phan (rng oxi hoa-khtr tu phat (AG < 0), dung dong
electron sinh ra dé€ sinh céng dién. Binh dién phan (electrolytic cell) dung ngudn dién ngoai dé
ép mot phan (rng bat loi (AG > 0) xdy ra. O CA HAI loai: anode ludn la noi oxi hoa, cathode
luén 1a noi khir (ghi nhé "An Ox, Red Cat”). Tuy nhién cuc duong/am thi NGU'OC nhau: & pin
galvanic, cathode la cuc duong; & binh dién phan, cathode néi cuc &m clia nguén dién ngoai.

9.7.1 Cell construction, the salt bridge, and standard notation

A typical galvanic cell — the classic Zn/Cu Daniell cell — places a zinc electrode in ZnSO,(aq) and
a copper electrode in CuSO,4(aq), in two separate beakers connected by (1) an external wire joining
the electrodes and (2) a salt bridge, a tube of inert electrolyte (e.g., KNOj, in a gel) connecting the
two solutions. At the zinc anode, Zn(s) — Zn?*(aq) + 2e~; the released electrons travel through
the wire to the copper cathode, where Cu?*(aq) + 2e~ — Cu(s).

Without the salt bridge, charge would rapidly build up in each compartment — the anode side
accumulating excess positive charge as Zn?* forms, the cathode side accumulating excess negative
charge as Cu?* is consumed — and current would stop almost immediately. The salt bridge main-
tains electroneutrality in both half-cells: anions migrate through it toward the anode compartment
(balancing the growing Zn?* concentration), and cations migrate toward the cathode compartment
(replacing consumed Cu?*), completing the circuit without letting the two solutions mix directly.

e~ flow

z : @

cations
—_—

anions
—

ZnS0,(aq) CuSO,(aq)

anode (oxidation), cathode (reduction), 4

The Zn/Cu Daniell cell. Oxidation (Zn — Zn?t + 2e~) at the anode releases electrons that travel through the external
wire to the cathode, where reduction (Cu?* 4+ 2e~ — Cu) occurs. The salt bridge carries anions toward the anode
compartment and cations toward the cathode compartment, preserving electroneutrality as the cell operates.
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Cells are described compactly with standard cell notation, read left to right: anode — anode solu-
tion — (salt bridge) — cathode solution — cathode. A single vertical line, |, marks a phase boundary;
a double vertical line, |, marks the salt bridge. For the Daniell cell:

Zn(s) | Zn**(aq) || Cu**(aq) | Cu(s).

Identifying anode and cathode from standard cell notation

The cell Pb(s) | Pb%*(aq) || Ag*(aq) | Ag(s) is built from E°(Pb%*/Pb) = —0.13 V and
E°(Ag*/Ag) = +0.80 V. Identify the anode and cathode, write the half-reactions and overall

balanced equation, and calculate E7,.

The species written on the left of the notation is the anode, on the right is the cathode — con-
sistent here with the thermodynamics, since the more positive reduction potential (Ag™/Ag)
identifies the spontaneous cathode:

Anode (oxidation): Pb(s) — Pb%*(aq) + 2e~

Cathode (reduction, x 2): 2Ag*(aq) + 2e~ — 2Ag(s)
Overall: Pb(s) 4 2Ag*(aq) — Pb%*(aq) + 2Ag(s), n =2
EO

cathode E;node = 0.80 — (_O~13) ={+0.93V

Eo

cell —

GIAI THICH TIENG VIET
Ky hiéu pin chuan viét tir trdi sang phai: anode — dung dich anode || (cAu mudi) || dung dich
cathode — cathode. Dau ”|” 1a ranh gidi pha, dau ”||” 1a cadu mudi. Chat bén trai luon la anode
(oxi hod), chat bén phai ludn la cathode (khtr).

9.8 Cell potential and free energy

Each half-reaction has an intrinsic tendency to occur as a reduction, quantified by its standard re-
duction potential, E°, in volts, measured against the standard hydrogen electrode (E° = 0.00 V for
2H" + 2e~ — H,, by definition). A more positive E° means a stronger pull toward reduction (that
species is a better oxidizing agent); a more negative E° means it is harder to reduce (its reduced form
is a better reducing agent).

Half-reaction (reduction) E° (V)
F,+2e — 2F +2.87
MnO;, + 8H* + 5e~ — Mn?" +4H,0 +1.51
Cl, +2e~ — 2CI~ +1.36
O, +4H" +4e~ — 2H,0 +1.23
Agt +e — Ag +0.80
Cu®t +2e~ — Cu +0.34
2H" +2e~ — H, 0.00
Pb2t +2e~ — Pb —0.13
Ni?t + 2e~ — Ni —0.26
Fe2t + 2e~ — Fe —0.44
Zn*t +2e~ — Zn —0.76
ARt + 3e~ — Al —1.66
Mg?t +2e~ — Mg —2.37
Na®™ +e~ — Na —2.71
Lit +e —Li —3.04
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Standard reduction potentials at 298 K, ordered from most easily reduced (strongest oxidizing agent, top) to least easily
reduced (strongest reducing agent in its reduced form, bottom) — a standard electrochemical activity series.

The standard cell potential for any pairing of two half-reactions is

Bl = E¢ — K

C cathode anode

where both potentials are looked up as reduction potentials — never flip the sign of either table
value, even though the anode reaction physically runs in reverse (as an oxidation); the reversal is
already accounted for by the subtraction itself. To identify the cathode, choose the half-reaction
with the more positive (or less negative) E°; it runs as written (reduction), while the other runs in
reverse (oxidation) as the anode.

[Predicting galvanic versus electrolytic behavior] Pairing two half-reactions so the more posi-

tive potential becomes the cathode always gives E7, > 0 — guaranteed by construction, since

subtracting a smaller (more negative) value from a larger one is always positive. A specific re-

action, written in a specific direction, is spontaneous (galvanic) only if EZ; = E 04 — Eanode
evaluated for that direction is positive; if the reaction as written corresponds to £, < 0, that

specific process is nonspontaneous and requires electrolysis to proceed.

Determining £, and classifying galvanic vs. electrolytic

Two half-cells are available: AP+ /Al (E° = —1.66 V) and Cu?* /Cu (E° = 40.34 V). Determine
the spontaneous combination, calculate £, write the balanced overall equation with n, and
classify the cell.

ell”

Cu?* /Cu has the more positive potential, so it is the cathode; AI** /Al is the anode (oxidized):

E:y = 0.34 — (—1.66) = +2.00 V.

Balancing electrons (Al loses 3¢—; Cu?* gains 2¢—; LCM = 6):
2Al(s) — 2AIP*(aq) + 6e™, 3Cu?*(aq) + 6e~ — 3Cu(s)

Overall:  2Al(s) 4+ 3Cu?*(aq) — 2AIP*(aq) + 3Cu(s), n==6

Since £, = +2.00 V > 0, this reaction is spontaneous as written: a galvanic (voltaic) cell.
Forcing Cu to be oxidized by AI** (the reverse reaction) would give EZ, = —2.00 V and would
require electrolysis.

The free energy change and cell potential are directly proportional:

AG° = —nFE°

cell

where F' = 96,485 C/mol (Faraday’s constant, the charge on one mole of electrons) and n is the
number of moles of electrons transferred, taken from the fully balanced overall equation — not
from either half-reaction alone, since the two half-reactions may need different integer multiples to
make their electron counts match (as above, where n = 6, not 2 or 3). A positive E¢ always gives a

cel
negative AG* and a large K > 1: £, AG”, and K always agree on whether a reaction is favorable.

(1) Li thuong gip: Two sign errors are especially common with EZi = Ethode — Eanode- First,
do not flip the sign of a negative anode potential before subtracting — the formula already
handles this correctly, since subtracting a negative number correctly adds its magnitude, as

in 0.34 — (—1.66) = +2.00. Second, do not compute anode — cathode instead of cathode
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— anode: this gives the right magnitude but the wrong sign, silently flipping a spontaneous
cell into an apparently nonspontaneous one, or vice versa. Always identify the cathode (more
positive E°) first, then subtract the anode’s value — never the reverse order.

Calculating AG* from E

ell

For the Daniell cell, Zn(s) + Cu?*(aq) — Zn?*(aq) + Cu(s), E

o = 0.34 — (—0.76) = +1.10 V,
with n = 2. Find AG".

AG° = —nFE°

cell —

—(2)(96,485 C/mol)(1.10 V)

AG°:—Ql&%ﬁJAﬂOh:—QlZSkUmow

The large negative AG” confirms a strongly favorable, essentially irreversible galvanic reaction,

consistent with the large positive £

GIAI THICH TIENG VIET
E i = Elsthode — Eanode (1UON 13y cd hai gid tri duéi dang thé khir, khong dao dau). Néu E7; > 0:

n in
pﬁén L'I’né tu phat (pin galvanic); néu < 0: can dién phan. Lién hé véi nang Iu’qngptL_r do:
AG®° = —nFE°, véin la sé mol electron trao déi lay tir PHUONG TRINH TONG d3 can bang,
khong phai tir mét trong hai nira phan &rng riéng lé. £, AG”, va K lubn thdng nhat vé chiéu
thuan lgi ciia phan &rng.

9.9 Cell potential under nonstandard conditions

Standard cell potentials apply only when every species is at standard conditions. Real cells almost
always operate away from these conditions, and E_,, changes accordingly. The Nernst equation
extends the relationship to any composition, described by the reaction quotient Q:

RT
EF=F — —|
nkF nQ

At 298 K, converting In to log, , and evaluating the constants gives the commonly used working form:

0.0592
n

E=FE —

log@ (at 298 K)

Q is built from the balanced overall equation exactly as always — products over reactants, each raised
to its coefficient, with pure solids and liquids omitted.

(1) L6i thuong gap: The constant 0.0592 is valid only at 298 K — it is a numerical shortcut for
2.303RT/F at that specific temperature, not a universal constant. At any other temperature,
recompute 2.303RT'/F, or use the original natural-log form £ = E° — (RT/nF)InQ. Also,
do not confuse the reaction quotient @ in the Nernst equation with the electric charge Q in
Faraday’s law (Section 9.10) — both are conventionally written @, but they are entirely different
quantities.

Applying the Nernst equation

A cell, Zn(s) | Zn?*(aq, 0.0100 M) || Cu?*(aq, 1.50 M) | Cu(s), has E.,,
By at 298 K.

, =110V, n = 2. Find
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For Zn(s) + Cu?*(aq) — Zn?*(aq) + Cu(s) (solids omitted from Q):

Zn?t]  0.0100
Q= %CE%]] =T~ 6.67 x 1073, logQ = —2.176
0.0592

E =110 — = (~2.176) = 1.10 + 0.0644

E=1.164V

E exceeds E° because @ < 1: the lower-than-standard [Zn?*] and higher-than-standard [Cu?*]
both push the system further from equilibrium in the forward direction, increasing the driving
force.

1.3 +

121 worked example

E=FatlogQ =0
1.1 +

Ecell (V)

0.9 +

—6 —4 —2 0 2 4 6
log Q

E,, versus log Q for the Zn/Cu cell (E° = 1.10 V, n = 2): a straight line of slope —0.0592/n = —0.0296 V per unit
log Q, passing through £ = E° atlogQ = 0.

As a galvanic cell operates, reactants are consumed and products accumulate, so @ steadily in-
creases; the Nernst equation shows E_ correspondingly decreases. This continues until Q = K
(equilibrium), where E_,, = 0 — the cell is "dead,” with no further driving force, consistent with
AG = 0 at equilibrium (Section 9.5). This is exactly what happens as a battery discharges: its volt-
age gradually drops, reaching zero once the internal reaction reaches equilibrium.

A special case is the concentration cell, built from the same electrode/ion couple in both half-
cells at different concentrations, so E;, = 0 (the two standard reduction potentials are identical and
cancel). Any voltage produced comes entirely from the concentration difference, driving the system
toward equalizing the two concentrations — the more concentrated half-cell acts as the cathode,
since depositing metal there lowers its ion concentration back toward the dilute side’s value.

GIAI THICH TIENG VIET

S (e R " RT )
Phuong trinh Nernst mé& rong E° sang diéu kién khéng chuan: £ = E° — oy InQ, hay & 298
n
0.0592 .. N o AL g e N of A TR
KiE=FE — log Q. Khi pin hoat dong, Q tang dan t&i K, lam E gidm dan vé 0 (pin "hét

dién”, dang luc can bang, AG = 0). Pin ndng dé (concentration cell) dung ciing mot cap dién
cuc nhung néng do khac nhau & hai bén, c6 E° = 0; dién thé sinh ra hoan toan do chénh léch
noéng do, va ntra pin dac hon luén déng vai tro cathode.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 AP Chemistry - Trang 236



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

9.10 Electrolysis and Faraday's law

An electrolytic cell uses an external DC power source to force electrons in the nonspontaneous
direction, driving a reaction with EZ, < 0 (equivalently AG® > 0) forward. The source’s negative
terminal supplies electrons to the cathode (forcing reduction), while its positive terminal withdraws
electrons from the anode (forcing oxidation) — the same anode-oxidation/cathode-reduction assign-
ment as a galvanic cell, but with terminal polarities reversed (Section 9.7).

external DC power source

cat)“ode angde

molten electrolyte / aqueous solution

reduction, — termimadidation, + terminal

An electrolytic cell. The external power source forces electrons into the cathode (reduction) and withdraws them from
the anode (oxidation) — note the terminal polarity is opposite that of a galvanic cell, even though anode = oxidation and
cathode = reduction remain unchanged. Rising bubbles represent gaseous product forming at each electrode.

Electrolysis of a molten pure salt (e.g., molten NaCl, no water present) has only one species avail-
able to reduce and one to oxidize: at the cathode, Na™ + e~ — Na(l); atthe anode, 2CI~ — Cl,(g) + 2e".
Electrolysis of an aqueous solution is more subtle, because water itself can be oxidized or reduced,
and may be preferentially involved instead of a dissolved ion. In agueous NaCl electrolysis (the indus-
trial chloralkali process), the cathode reaction is reduction of water, 2H,0 + 2e~ — H,(g) + 20H (aq),
rather than reduction of Na™ — consistent with the large gap between the reduction potentials of
Na*/Na (—2.71 V) and water (roughly —0.83 V under basic conditions), since water is far easier to
reduce. At the anode, Cl,(g) commonly forms from oxidation of CI~ rather than O, from water, an
outcome shaped both by the relatively high ClI= concentration typically used and by kinetic (over-
potential) effects that make water’s oxidation slower in practice than a simple standard-potential
comparison alone would predict.

GIAI THICH TIENG VIET
Binh dién phan dung ngudn dién ngoai dé ép phan (rng bat loi xay ra: cathode néi cuc am
nguoén dién (khir), anode néi cuc duong (oxi hod) — ngugc curc so vdi pin galvanic du vai tro oxi
hoa/khtr khong déi. Dién phan mudi nong chay (khéng cé nudc) chi cd mot kha nang khir/oxi
hoa duy nhat. Dién phan dung dich nudc phirc tap hon vi nuwdc cling cé thé bi oxi hoa/khir —
vi du dién phan dung dich NaCl tao H, & cathode (khtr nuéic, dé hon khir Na* rat nhiéu) thay
vi kim loai Na.

9.10.1 Faraday’s law of electrolysis

The amount of chemical change produced by electrolysis is directly proportional to the total electric
charge passed through the cell. Faraday’s law links the measurable quantities current I (amps) and
time t (seconds) to moles of electrons transferred, and from there — via half-reaction stoichiometry
— to moles or mass of product:

Q=1It mole™ = = F =96,485 C/mol

| O
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The half-reaction’s coefficient on e~ then converts moles of electrons to moles of electrode product,
which converts to mass using molar mass as usual.

half-reaction

Char e coefﬁuents

Faraday’s-law electrolysis calculation

A steady current of 2.50 A is passed through CuSO,(aq) for 1.00 hour, depositing copper via
Cu?t 4+ 2e~ — Cu. Find the mass of copper deposited (molar mass Cu = 63.55 g/mol).

Q = It = (2.50 A)(3600 s) = 9000 C

9000
le— — —0. |
mol e 96,485 0.0933 mo
mol Cu — 0.0933 mol e~ x M €Y _ 6 0466 mol
2 mol e~

‘ mass Cu = (0.0466 mol)(63.55 g/mol) = 2.96 g‘

GIAI THICH TIENG VIET

“Bmh luat Faraday: dién lvgng Q = I x t (C); s6 mol electron = @Q/F’; dung hé sé cua ban phan
(rng dé chuyén sang s6 mol chat sinh ra & dién cuc, réi nhan khéi lugng mol dé ra khéi lvong.
Day la bai toan ti lwgng dién hoa co ban nhat trong dién phan.

[Electrochemistry summary]
® Ecell Egathode anode(

< AG <0< K > 1.

o AG° = —nFE, =
reaction is.
0.0592

both as reduction potentials); E°_, > 0 < galvanic/spontaneous

cell

—RT In K: three equivalent ways to describe how favorable a redox

o F=F°— log @ (at 298 K): cell potential at any composition; £ — 0as Q — K.

e Q= It,mol e = Q/F: bridges measurable current and time to moles of electrode product
via half-reaction stoichiometry.

9.11 Practice Problems

Bai tap luyén tap

Which process below is accompanied by the largest positive AS?

(A) Freezing of liquid water (C) Dissolving solid NaCl in water
(B) 2NO,(g) — N,04(g) (D) Ny(g) + 3Hy(8) — 2NH;(g)

Loi giai chi tiét

(A) freezing: liquid — solid, AS < 0. (B) 2 mol gas — 1 mol gas, AS < 0. (D) 4 mol gas — 2
mol gas, AS < 0. (C) an ionic lattice breaks into freely moving hydrated ions — a large positive
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AS, and the only positive option here. (C).

Bai tap luyén tap

Predict the sign of AS for each: (a) sublimation of dry ice, CO,(s) — CO,(g); (b)
30,(g) — 204(g); (c) mixing two ideal gases initially kept in separate connected chambers
when the partition between them is removed; (d) condensation of steam to liquid water.

Lai giai chi tiét

(a) Positive — solid to gas is a large increase in accessible microstates.

(b) Negative — 3 mol gas become 2 mol gas.

(c) Positive — mixing increases the number of ways the particles of both gases can be arranged
compared with keeping them separated.

(d) Negative — gas to liquid is a large decrease in accessible microstates.

Bai tap luyén tap

A sample of gas is compressed at constant temperature into a smaller volume. What happens
to its entropy?

(A) Increases, because temperature is con- (C) Stays exactly the same
stant

(B) Decreases, because the gas molecules (D) Cannot be determined without knowing
have fewer accessible positions the gas's identity

Lai giai chi tiét

Compressing a gas confines its particles to a smaller volume, reducing the number of accessible
positional microstates even though 7' (and hence average kinetic energy) is unchanged. (B).

Bai tap luyén tap

Calculate AS° for 2H,(g) + O,(g) — 2H,0(g) using the entropy table of Section 9.2.

Lai giai chi tiét

-

AS® = 25°(H,0, g) — [25°(H,) + 5°(0,)] = 2(188.8) — [2(130.6) + 205.0]

AS® = 377.6 — (261.2 + 205.0) = 377.6 — 466.2 = | —88.6 J/(mol K) |

Negative, as expected: 3 mol gas (2H, + 1 O,) form 2 mol gas (2 H,0).

Bai tap luyén tap
Calculate AS° for C(graphite, s) + O,(g) — CO,(g) using the entropy table of Section 9.2.

Loi giai chi tiét

AS® = §°(CO,) — [$°(C, graphite) + 5°(0,)] = 213.7 — (5.7 + 205.0) = 213.7 — 210.7
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AS° = +3.0 J/(mol K)\

Small and positive, consistent with moles of gas staying the same (1 — 1) — the small increase
reflects CO,’s slightly higher molar entropy than O,’s, not a change in gas-mole count.

Bai tap luyén tap

Calculate AS° for 4NH;(g) 4+ 30,(g) — 2N, (g) + 6H,0(g) using the entropy table of Section
9.2, and rationalize the sign using the moles-of-gas rule.

Loi giai chi tiét
AS° = [25°(N,) + 65°(H,0, g)] — [45°(NH3) + 35°(0,)]
— [2(191.6)+6(188.8)] —[4(192.3)+3(205.0)] = [383.2+1132.8]—[769.24615.0] = 1516.0—1384.2

|AS° = +131.8 J/(mol K) |

Positive, consistent with the moles-of-gas rule: reactant side has 4 + 3 = 7 mol gas, product
side has 2 + 6 = 8 mol gas — a net increase of 1 mol gas.

Bai tap luyén tap

A reaction has AH° = +128 kJ/mol and AS° = +35 J/(mol K). (a) Calculate AG° at 298 K and
state whether it is favorable. (b) Find the temperature above which it becomes favorable.

Loi giai chi tiét

(@) AG° = 128,000 — (298)(35) = 128,000 — 10,430 = +117,570 J/mol = +117.6 kJ/mol. Posi-
tive, so not favorable at 298 K (this is the AH > 0, AS > 0 case, favorable only at high 7).

AH° 12 . . .
(b) T = N 8,000 = 3657 K. This crossover temperature is extremely high — well

o

beyond what is practically attainable for most chemical systems — so this reaction is essen-
tially never favorable under realistic conditions despite technically having a high-temperature
crossover.

Bai tap luyén tap

A reaction has AH° = —55 kJ/mol, AS° = +12 J/(mol K). Show that it is favorable at both
100 K and 500 K, and explain why no crossover temperature exists.

Loi giai chi tiét
AG*(100 K) = —55,000 — (100)(12) = —56,200 J/mol = —56.2 kJ/mol

AG°(500 K) = —55,000 — (500)(12) = —61,000 J/mol = —61.0 kJ/mol

Both negative. Since AH®° < 0and AS° > 0, AG° = AH° — TAS" is the sum of two negative
contributions at every positive T' — there is no positive-T solution to AG° = 0, so this reac-
tion is favorable at all temperatures, and becomes more favorable (more negative AG°) as T
increases.
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Bai tap luyén tap

Thermal decomposition of limestone, CaCOj;(s) — CaO(s) + CO,(g), has AH°® =
+178 kJ/mol, AS° = +160 J/(molK). (a) Is it favorable at 298 K? (b) At what tempera-
ture does it become favorable?

Lai giai chi tiét

(@) AG°(298) = 178,000 — (298)(160) = 178,000 — 47,680 = +130,320 J/mol = +130.3 kJ/mol.
Positive — not favorable at 298 K.

1
(b) T — 78,000

160
favorable — consistent with the strong heating (well above 800°C) required industrially to de-

compose limestone in a lime kiln.

= 1112.5 K = 839.4°C. Above this temperature, decomposition becomes

Bai tap luyén tap

A reaction has AH° < 0 and AS° < 0. It is thermodynamically favorable:

(A) at all temperatures (C) at high temperatures only

(B) at low temperatures only (D) at no temperature

Lai giai chi tiét

With AH° < 0and AS° < 0, —TAS° becomes an increasingly large positive term as T rises,
eventually overwhelming the negative AH°; the reaction is favorable only while T" is small
enough that TAS° (in magnitude) stays smaller than |[AH°|. (B).

Bai tap luyén tap

Explain, in terms of AG and E,, why a match must be struck to ignite the combustion of
wood, even though wood combustion is enormously thermodynamically favorable (very neg-
ative AG).

Loi giai chi tiet

Wood combustion has a very negative AG (strongly favorable), but the reaction has a sub-
stantial activation energy F,: at room temperature essentially no wood/O, collisions carry
enough energy to surmount this barrier, so the reaction proceeds at a negligible rate despite
being thermodynamically favorable — it is kinetically inert under ordinary conditions. Striking
a match supplies a localized burst of energy (friction/heat) that raises a small region of material
over E, initiating combustion; the heat released by that initial reaction then supplies E, to
neighboring material, sustaining a sped-up, self-propagating reaction. This shows AG < 0 is
necessary but not sufficient for a reaction to be observed proceeding on a human timescale
— kinetics (E,) governs whether it actually happens.

Bai tap luyén tap

Which statement correctly relates the sign of AG to reaction rate?
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(A) A more negative AG always corresponds (C) A reaction with AG > 0 cannot occur at

to a faster reaction any measurable rate
(B) AG determines whether a reaction is fa- (D) Reaction rate can be calculated directly
vorable, not how fast it proceeds from AG

Loi giai chi tiét
AG is a thermodynamic quantity depending only on initial and final states; reaction rate is a

kinetic quantity depending on E, (via the Arrhenius equation), which is unrelated to AG in
general. (B).

Bai tap luyén tap

A reaction has AG° = +45.0 kJ/mol at 298 K. Find K.

Loi giai chi tiét

—AG° —45,000  —45,000
InK = = ’ =7 — 1816
RT ~ (8.314)(298) 24776

[ K = 1816 ~ 1.3 x 108

An extremely small K: at equilibrium, essentially only reactants are present, consistent with
the large positive AG".

Bai tap luyén tap

A reaction has K = 250 at 298 K. Find AG"°.

Loi giai chi tiét

-

AG® = —RTIn K = —(8.314)(298) In(250) = —(2477.6)(5.521)

\AG° — —13,680 J/mol = —13.7 kJ/mol\

Negative, consistent with K > 1.

Bai tap luyén tap

As AG° becomes more negative (at fixed 7), K:

(A) becomes smaller (C) is unaffected

(B) becomes larger (D) becomes exactly zero

Loi giai chi tiét
AG° = —RT In K: a more negative AG" requires a larger, more positive In K, hence a larger
K. (B).
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Bai tap luyén tap

Reaction 1: X(s) — Y(s), AG; = 465 kJ/mol. Reaction 2: Y(s) — Z(g), AG; = —90 kJ/mol.
Find AG” for the coupled overall reaction X(s) — Z(g), and state whether it is favorable.

Loi giai chi tiét

Adding the two equations, the intermediate Y(s) cancels (produced in Reaction 1, consumed

in Reaction 2):
el = OGS + AGy = 65 + (—90) = | —25 kJ/mol

AG

Negative — the overall coupled process X(s) — Z(g) is favorable, even though Reaction 1 alone
is not.

Bai tap luyén tap

C(s) + O,(8) — CO,(g) has AG%(CO,, g) = —394.4 kJ/mol (a real, well-established value).
The reduction of a certain metal oxide, MO, (s) — M(s) + O,(g), requires AG® = +205 kJ/mol.
Find AG° for the coupled overall reaction MO,(s) + C(s) — M(s) + CO,(g), and state
whether coupling makes extraction favorable.

Loi giai chi tiet

The O,(g) released by the oxide reduction is exactly consumed by carbon’s combustion, so it
cancels on addition:

AG 205 + (—394.4) =| —189.4 kJ/mol |

o —_
overall —

Strongly favorable overall — carbon’s combustion to CO, is favorable enough to drive even a
substantially unfavorable oxide-reduction step forward.

Bai tap luyén tap

In a galvanic cell, oxidation occurs at the:

(A) cathode (C) salt bridge

(B) anode (D) external wire

Loi giai chi tiét

By definition, oxidation occurs at the anode in every electrochemical cell (galvanic or elec-
trolytic). (B).

Bai tap luyén tap

Two half-reactions are available: Ni2t +2e~ — Ni (E° = —0.26 V) and
MnO; +8H" +5e~ — Mn?* 4+ 4H,0 (E° = +1.51 V). Identify the cathode and anode
when combined spontaneously, write the balanced overall equation with n, and calculate
EIO

cell*
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Loi giai chi tiét

MnO;, /Mn?* has the more positive E°, so it is the cathode; Ni/Ni?* is oxidized, the anode. The
Mn half-reaction needs 5¢~ and the Ni half-reaction supplies 2¢~ per Ni; LCM = 10 (multiply
the Mn half by 2, the Ni half by 5):

2MnOy; (aq) + 16H" (aq) + 10e~ — 2Mn?*(aq) + 8H,0(I)
5Ni(s) — 5Ni%*(aq) + 10e™
Overall: 2MnOj (aq) + 16H*(aq) + 5Ni(s) — 2Mn?*(aq) + 8H,0(l) + 5Ni**(aq), n =10

By = 1.51 — (—0.26) = | +1.77 V

L

Bai tap luyén tap

In the external circuit of an operating galvanic cell, electrons flow:

(A) from cathode to anode (C) from the salt bridge to both electrodes

(D) they do not flow through the external cir-
(B) from anode to cathode cuit

Lai giai chi tiét

Electrons are released by oxidation at the anode and travel through the external wire to the
cathode, where they are consumed by reduction. (B).

Bai tap luyén tap
Explain the role of the salt bridge in a galvanic cell, and predict the direction of ion migration
through it for a cell with a Zn anode and Ag cathode.

Loi giai chi tiet

The salt bridge maintains electroneutrality in both half-cells as the reaction proceeds: with-
out it, the anode compartment would accumulate excess positive charge (from newly
formed cations) and the cathode compartment would accumulate excess negative charge
(as cations are consumed by reduction), and current would stop almost immediately once
charge buildup opposed further electron flow. For a Zn/Ag cell, Zn is oxidized at the anode
(Zn — Zn?* + 2e7), so anions from the salt bridge migrate toward the Zn compartment to bal-
ance the growing Zn?* concentration; Ag* is reduced at the cathode, so cations from the salt
bridge migrate toward the Ag compartment to replace the consumed Ag*.

Bai tap luyén tap

A cell has £, = +0.46 V and n = 2. What is AG*?

C

(A) —88.8 kJ/mol (C) —44.4 kJ/mol
(B) +88.8 kJ/mol (D) —186,000 kJ/mol
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Loi giai chi tiét
AG® = —nFE° = —(2)(96,485)(0.46) = —88,766 J/mol = —88.8 kJ/mol

(A). (B) is the right magnitude with the sign flipped; (C) mistakenly divides by n instead of
multiplying; (D) mistakenly leaves the answer in joules while relabeling it kJ.

Bai tap luyén tap

Half-reactions MnO; /Mn2* (E° = +1.51 V) and Fe?* /Fe (E° = —0.44 V). Determine E, the

cell”
balanced overall equation with n, and AG°.

Loi giai chi tiet

Cathode = MnO, /Mn?* (+1.51 V); anode = Fe?* /Fe (oxidized: Fe — Fe?* + 2e7).

Eo

cel

| = 1.51 — (—0.44) = +1.95 V
Balancing electrons (Mn half needs 5¢~, Fe half gives 2¢~; LCM = 10):

2MnOy; (aq) + 16H* (aq) + 5Fe(s) — 2Mn2*(aq) + 8H,0(l) + 5Fe?*(aq), n =10

AG* = —nFE° = —(10)(96,485)(1.95) =| — 1,881,458 J/mol = —1881.5 kJ/mol |

The unusually large magnitude simply reflects that AG® here is reported per mole of reaction
as balanced — i.e., per 10 mol of electrons (5 mol Fe) transferred, not per single electron.

Bai tap luyén tap

Which of the following, as written, requires an external power source (electrolysis) rather than
occurring spontaneously?

(A) Zn(s) + Cu?*(aq) — Zn%*(aq) + Cu(s) (C) Mg(s) + 2H*(aq) — Mg?*(aq) + H,(g)
(B) Cu(s) +2Ag*(aq) — Cu?*(aq) + 2Ag(s) (D) Cu(s) + Zn?*(aq) — Cu?*(aq) + Zn(s)

Loi giai chi tiet

Evaluate E;,, for each as written: (A) cathode Cu, anode Zn: 0.34 — (—0.76) = +1.10 V,
spontaneous. (B) cathode Ag, anode Cu: 0.80 — 0.34 = +0.46 V, spontaneous. (C) cathode
H,/H*, anode Mg: 0.00 — (—2.37) = +2.37 V, spontaneous. (D) here Cu is oxidized and Zn**
is reduced — the reverse of (A): £, = (—0.76) — (0.34) = —1.10 V < 0, nonspontaneous as

written. (D).

Bai tap luyén tap

Find AG" for reaction (D) of the previous problem (Cu(s) + Zn?*(aq) — Cu?*(aq) + Zn(s)),

n =2, £, = —1.10 V, and confirm consistency with the previous answer.

Lai giai chi tiét

AG® = —nFE" = —(2)(96,485)(—1.10) = | +212,267 J/mol = +212.3 kJ/mol

Positive AG° confirms this reaction is nonspontaneous as written, requiring electrolysis — con-
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sistent with the negative £, found above. Note this is equal in magnitude but opposite in
sign to the Daniell cell's AG°® = —212.3 kJ/mol (Section 9.8 worked example), since reaction
(D) is simply the reverse of the Daniell cell reaction.

Bai tap luyén tap

As a galvanic cell discharges and Q approaches K, E_:

L

(A) increases toward E° (C) stays constant at E°

(B) decreases toward zero (D) becomes negative

Lai giai chi tiét

As Q — K, log@Q — log K and the Nernst equation drives E toward 0 (the cell approaches
equilibrium, where AG = 0). (B).

Bai tap luyén tap

A concentration cell is built from two Cu electrodes: [Cu?] = 1.00 M in the cathode compart-
ment, [Cu?*] = 0.0100 M in the anode compartment, n = 2. Find E_ at 298 K.

Loi giai chi tiet

Same electrode/ion couple on both sides, so E° = 0. The net process transfers Cu?* from the
concentrated (cathode) side to the dilute (anode) side, so

Q- [Cu?.node _ 0.0100
[Cu?] 1.00

cathode

= 0.0100

0.0592
E =0~ ~—— log(0.0100) = 0 — (0.0296)(~2)

| E = +0.0592 V|

Bai tap luyén tap

A Zn/Cucell (E° = 1.10 V, n = 2) has [Zn?>*] = 1.00 M fixed by large excess. The measured
cell potential is 0.950 V. Find Q and the corresponding [Cu?*].

Lai giai chi tiét

0.0592 1.10 — 0.950
0.950 = 1.10 — logQ = logQ =—"——"=507 = Q=10>97 =1.17 x 10°
0.0296
[Zn?+] 1.00 ) 1.00
= = C + = ——
C=tam " T T T = e

[Cu** ]~ 8.6 x 1075 M

The very low remaining [Cu?*] shows the cell has run nearly to completion (close to equilib-
rium), consistent with E,, having dropped substantially below E*.
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The slope of a plot of E versus log Q at 298 K, for a process with n = 1, is:

(A) +0.0592 (C) —0.0296
(B) —0.0592 (D) +2.303

Loi giai chi tiét

-

~0.0592

E=F log @ has slope —0.0592/n; with n = 1, slope = —0.0592. (B).

Bai tap luyén tap

In the electrolysis of molten (pure, water-free) NaCl, which half-reaction occurs at the cathode?

(A) 2CI- — Cl, + 2e~ (C) 2H,0 + 2e~ — H, + 20H"
(B) Nat +e~ — Na (D) Na — Na™ 4+ e~

Loi giai chi tiét

The cathode is always the site of reduction; with no water present, Na* is the only species
available to be reduced. (B).

Bai tap luyén tap

Electrolysis of molten MgCl, uses a current of 5.00 A for 2.00 hours. Find the mass of Mg
deposited at the cathode (molar mass Mg = 24.31 g/mol).

Loi giai chi tiet

Q = It = (5.00)(2.00 x 3600) = 36,000 C

36,000
96,485

1 molMg 24 B

| mass Mg = (0.1866)(24.31) = 4.54 g |

mol e = 0.3731 mol

mol Mg = 0.3731 x

Bai tap luyén tap

Find the time required to produce 10.0 L of H,(g) at STP (22.4 L/mol) at the cathode of an
aqueous electrolysis cell using a current of 3.00 A, via 2H,0 + 2e~ — H, + 20H".

Lai giai chi tiét

10.
mol H, = % = 0.4464 mol

mol e~ = 2 x 0.4464 = 0.8929 mol (2 mol e~ per mol H,)
Q = (0.8929)(96,485) = 86,147 C
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. Q _ 86,147
I 3.00

‘t = 28,716 s ~ 7.98 hours

= 28,716 s

Bai tap luyén tap

Two electrolytic cells are connected in series (identical current and time in both) — one deposits
Ag via Agt + e~ — Ag, the other deposits Cu via Cu?t + 2e~ — Cu. If 0.100 mol of electrons
pass through the circuit, how do the moles of metal deposited compare?

(A) Equal moles of Ag and Cu are deposited  (C) Moles of Cu deposited is twice moles of
Ag deposited

(B) Moles of Ag deposited is twice moles of (D) No metal is deposited without a salt
Cu deposited bridge

Loi giai chi tiét

1 mol A

mol Ag = 0.100 mol e~ x MO8 _ 0.100 mol
1 mol e~
1 mol C

mol Cu = 0.100 mol e~ x — 2>~ _ 00500 mol
2 mol e~

The same charge deposits twice as many moles of Ag (which needs only 1 electron per ion) as
Cu (which needs 2). (B).
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[On tap nhanh]

e Mol va khéi lugng mol: n = m/M;sé hat =n x N, (N, = 6.022 x 1023).

e Phé quang electron (PES): méi dinh (rng v&i mot phan 16p electron; dinh c6 ndng lwong lién két cang
I&n thi cang gan hat nhan; dién tich dinh ti Ié v&i s6 electron trong phan 16p d6.

e VSEPR va lai hoa: sé vlung electron (lién két + cap electron riéng) quanh nguyén tir trung tam quyét
dinh hinh hoc phan t&r va trang thai lai hoa.

e Phuong trinh khi ly tweng: PV = nRT (R = 0.0821 atm:L/(mol-K) hoac 8.314 J/(mol-K)).

e Dinh lut t&c do: rate = k[A]™[B]", bac phan (ng xac dinh bang thuc nghiém, khong suy ra tir hé s6
can bang; phuong trinh Arrhenius: k = Ae Fa/RT,

o Nhiétlugng: ¢ = mcAT; AHy, = > AHj(san pham)—>" A Hj(chét dau); dinh luat Hess: cong cac
phuong trinh trung gian dé dugc AH téng.

e Hangsé can bang K: K > 1 thién vé san pham, K < 1 thién vé chat dau; nguyén ly Le Chatelier: hé
dich chuyén dé chdng lai su thay déi néng d6/ap suat/nhiét do.

e K,,vadotan: sosanh Q v6i K, dé du doan két tua (Q > K,,: két tha; Q < K, tan hét).

e pH/pOH: pH = —log[H*], pPOH = —log[OH "], pH + pOH = 14 & 25°C; phuong trinh Henderson-
Hasselbalch cho dém: pH = pK, + log([base]/[acid]).

e Entropy: S cang I6n khi chat cang "phan tan” (khi > léng > ran); ASp, = > 5°(san pham) —
S~ S°(chat dau) (S° ciia don chat KHONG bang 0).

e Ning luong tu do Gibbs: AG = AH — TAS; phan (ng thuan loi vé nhiét dong (tu dién bién) khi
AG < 0.

e Lién hé AG° v6i hang s6 can bang va dién thé: AG° = —RTInK = —nFE".

e Thé dién cuc chuan cla pin: Ej, = Eiode — Eanodes

pin galvanic tu phat khi £, > 0.

e Phuong trinh Nernst: £ = E° — (0.0592/n) log Q & 25°C — tinh thé pin khi néng d6 khac diéu kién
chuan.

e Dinh luat Faraday: dién lvgng Q = I x t; s6 mol electron = Q/F (F = 96,485 C/mol), két hop vai
phuong trinh ban phan (ng dé tinh khéi lwong chat sinh ra & dién curc.
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