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Chapter 3 The Basis of Chemical Dynamics

WA T T 1A SRS B R BEAT R 5 1),
2K(s) + 2H,O(l) —— 2K*(aq) + 20H (aq) + Ha(g) A G 208k = —404.82 kJ-mol™

1
H,(g) +502(g) =H,0(g) A Gy 208k = —228.59 kJ-mol™!

KPR AGass <0, FT LA B AN [ REAE 298K B [1] 1E [ S J7 [T EAT A R, AH &I
WA S SR R A AR 225 )\ T e BRAE K B S S IR R 2, PR TRGE TS Ho A
O MRE TR HE FER T4, WA RS 3T 37— 2840 R S T4
TIEAEM I RONE; Ja —FRAL A SN S 30 77 S92 R SN
WA 2 RN R A A 7> B SEPRE Lo A ME 2R BB AR, KR AE AL F
R, WACIVRA AR RIS Mk, RGRREZA AN, R PR
(2 7/ ¥ v SR A A5 1 = ) = VAR S B i /AN NG SR T 1 s RS0
FE A, JATE A I A A S N TE AR R 2K
1. The concentrations of the reactants:
Steel wool burns with difficulty in air, which contains 20 percents Oz , but burst into a
brilliant white flame in pure oxygen.
2. The temperature at which the reaction occur:
The rates of chemical reactions increase as temperature is increased. It’s for this reason
that we refrigerate perishable food such as milk.
3. The presence of a catalyst:
The rates of many reactions can be increased by adding a substance known as a catalyst.
The physiology of most living species depends crucially on enzymes, protein molecules that
act as catalysts, which increase the rates of selected biochemical reactions.
4. The surface area of solid or liquid reactants or catalysts:
Reactions that involve solids often proceed faster as the surface area of the solid is
increased. For example, a medicine in the form of a tablet will dissolve in the stomach and

enter the bloodstream more slowly than the same medicine in the form of a fine powder.

§3-1 HERMEE

The Rates of Chemical Reactions

—\ UERMERRRRE
1. Definition: 8% DAL I 0] P s SR FE ) 0 /D B AR DR FE 3 Nk R 7 o AR st
(B K5, AL AT so min. hry day. year Z5A[E AL RN, el N P T
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E o LA 2N,0, —>4NO, +0, Jyf:

o S LR AT LRI ~d [N2Os]/dr 80 d [NO2]/ dt
2. Units: mol - dm™ - s'\ mol - dm™ - min™! 3 mol - dm= - hr!
3. Averagerate CPIHE) vV =—A[RNY)]/ At
4. Instantaneous rate (BFHSIEZF) : lim{-A[KNYI]/ Aty = —d[ [ S #]/ dt

NS, aA+bB—>gG +hH
Fi—d[A]/dt. —d[B]/dt. d[G]/de F1 d[H]/ de FAEA]—FhRmml . s2hr B A HA i
GyWER SN e, WA BB, R SR R AR, SRR
N aNAINpY S
BT, RHEMEEARME . HEEREXET,
_1d[A]_ 1d[B]_1d[G]_1 d[H]

a dt b dt g dt h dt
IEW: BN RERS: (~dna) : (~dnp) :dng:dnp=a:b:g: h,
TEERFMT, WREZ STV R .

R (-d[AD:(-d[B]):d[G]:d[H]=(-dn 5 ):(-dnp):dn:dny=a :b : g :h
. LdA]  1dB] 1d[G] 1dH]
Tad b dt g dt b odi
Sample Exercise: The decomposition of N2Os proceeds according to the equation:
2N20s(g) — 4NO2(g) + Ox(g)

If the rate of decomposition of N>Os at a particular instant in a reaction vessel is 4.2x1077

mol - dm™ - s7!, what is the rate of appearance of (a) NO2; (b) 02?
.. 1dIN,O,] 1d[NO,] d[O,]

Solution:
2 dr 4 dt de

d[NO 2d[N.O

. NO.T_ _ [N.O,] =2x42x107=8.4%x10"7 mol - dm™ - 5!

dr dr

d[o 1 d[N.O 1

40,1 = ——M: —x42x107=2.1x10"7 mol - dm™ - ™!
de 2 dr 2

When we speak of the rate of a reaction without specifying a particular reactant or product, we
will mean it in this sense.
=, RRELEE (Activation Energy)

In 1888 the Swedish chemist Svante Arrhenius suggested that molecules must possess a
certain minimum amount of energy in order to react. According to the collision model, this energy
comes from the kinetic energies of the colliding molecules.

1. B TiEsEZEDAM (Maxwell-Boltzmann N g T
distribution) a
(1) Bl 3.1 245 A BN e (kinetic energy), AT , ‘ i
HAE 218 (B Ei—Ex 2 [8) F A 15 F4 N
ML, T 2% 24 5 A T L B TR L B T

N N Kinetic eneryg
E-E =1, BIS=1. W 3.1HHEHTS™

Fig. 3.1 Distribution of kinetic energies in gas molecules
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N S = N*/N, BITEIRE THE, BH E~EBEND T8 ERKRKERRN
Fras B Im S RE & (critical energy) o E %o~ TIRERH TR
ERZH RS, — N0+
T 59— FIEFERE B M 3R e
&, KUHE T Regead JLxhiE 2
&, —EEr BRI LL T A
MR R, 15— B At
BHEARH RER
(2) FHEiR e (i 3.2) , REIEER
S EaEm, ANBhRER 7o
g b, Frblor 1 sl e s

with a given kinetic energy —pp»

Fraction of molecules

Average KE Average KE
p T,

Ko . Kinetic energy —p»
2. i%fbEE (Activation energy) E,
T A N T R I A e R Fig. 3.2 Distribution of kinetic energies in a sample of gas
(E)5— B FHITFRIRER(E ) E molecules at two different temperatures

MROATEEE. B Ea=E.-E.
AR E B H BT b A W F

Lewis i€ X: BEMSHEAT A6 [ N BT AL S SV BT B B IRBE AR “ Il 7 RE
w7, PrbMbAE “ B A I N RN R R, FRONTELRR” .

Tolman (FE/RKE) JE X: WHEERIEW D THF R RERE 5 28 R 70 1-F
e %,

PFALEB AT LLUXFEINN: The minimum energy required to initiate a chemical reaction is
called the activation energy, F. . The value of E;, varies from reaction to reaction.
3. W T (Activated molecule)

JURE & T AR R I S 0 1, BRONTEA T MBI 32 T AR . BEE
IR T, WS B0 X TR RS, SRR (E)ANE, ARG
DT BAEAF .

4. FHRUERE (Effective collision)

o) o g
! l N N
N N} ——>
Br Br Br Br
(a)
0. N Br Br NROSJ ——> O8N Br Br NZLO

Figure 3.3
Several possible orientations for a
iy = . collision between two BrNO
W [aF UF O N Br jy —> @ Brg NJRO Q-+ LOJRNR B molecules. Orientations (a) and (b)
Niie can lead to a reaction, but
NO reaction
(©) orientation (c) cannot

P72 R E TR R R [ RERE AR A% A s, fE STP R, &
Imol A A1 1 mol B SR AW, AR B Z a5 T IRt Hik 10300 / F#b. fn s
A5 B Z A B — Rk A e S 8 SN S, A, O AR RIS (8] P 58
o IERAVFZRHEA RGN T2 AR, 28 TIRmiiE, BEies 72
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[ R, AT (B 3.3 B , BTUEARRRE T, F—MusRR
WEHAFRR R PIEZ . FATERER AT R BIREEE, FRA R .
5. MGETEMBERE, il s NoE I N 2=
() A a. BT RBFITER, b, BT TS 50 sOs R,
() HMA: a. WE (EUES, MAERRNINE) - BARRSRE T T8, M
WREERGIN, BORE G T BRI TR, BT AR T R A AR
o TR AR BN, SONIEFNR
b. R FREIRE, AT EUE M, AR O, RN RN R
c. IINMEALT: AEA6 5% S S i s B Il T RE AR /D (B3R K —— FR AL
BT EA Sy T A RO G N, ORCE AR K, IR K] 3.1
BN RE(Ex) N/ (NAE") A5 2
=\ UERNZEESKRERXZR (The Relationship of Chemical Reaction Rates
and Concentrations)
1. RPMIERFERERKFR (The relationship of rate and concentration)
(1) XF T 4H 2 B (heterogeneous reactions): s 5V 3d #& B pR-T-AH F 1T AR Ak [T AR o
(2) X T4 M. (homogeneous reactions): S W3 Z B s T 1ZAH o S V) IR B (BR
D .
(3) R PHE A 5 BE R OC 2R R A SLI0 Rk . SRIGERE, R IR B S R BT
BT RECR: aA + DB eE+[F
rate = k [A} [B), ZINFRA S N# 207 FE 5T /B (mass action law)
A ke HBEORFE L (rate constant) , x: RN A % E (order), y: N B 2k
B x+y: RME B 8L xv y ATDURIEREE. AR #.
For example: NH; (aq) + NO, (aq) N, (g) +2H,0(1)

Rate Data of the Reaction of Ammonium and Nitrites Ions in Water at 25°C

Exp. Initial NH Initial NO, Observed Initial
No. Conce. (mol-dm™) Conce. (mol-dm™) Rate (mol-dm™-s™)

1 0.0100 0.200 5.4x1077

2 0.0200 0.200 10.8x1077

3 0.0400 0.200 21.5x1077

4 0.0600 0.200 32.3x1077

5 0.200 0.0202 10.8x1077

6 0.200 0.0404 21.6x1077

7 0.200 0.0606 32.4x1077

8 0.200 0.0808 43.3x1077

The reaction order in NH4+ is 1; the reaction is first order in NH: . It is also first order in NO, .
The overall reaction order is 1 + 1 =2, we say the reaction is second order overall.

rate = k[NH,][NO, ]
The following are some further examples of rate law:

2N>05(g) 4NOx(g) + 0x(g) rate = k[N2Os]
CHCl5(g) + Clx(g) CCls(g) + HCI(g) rate = k[CHCI15][C1,] "2
Ha(g) + Ix(g) 2HI(g) rate = k[Ha][I2]
Au
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N2O(g) — Na(g) + 1/202(g) rate = k[N20]° = k
The values of these exponents are determined experimentally. However, we also occasionally
encounter rate laws in which the reaction order is fractional or even negative , although reaction
orders are 0. 1 or 2 in most rate laws.
(4) R FEHHAL Cunits of rate constants)
- PR kT B AR R SIRE Y Tmol-dm™ I 1 S SO AR, JT LLE R 5 il B2 A AL
FIF R, TS RBPIREETE 5%
b. HRFEEI AL N: (mol-dm™)! 0+ ») - i [E] 1,
c. EIE & AR T DU IR S B L
() £ k B ONESTEY, W x+y =1, %N first-order reactions;
(i) 47 k BIPRALA mol-dm™ - Bf[8]~!, 1% N A zero-order reactions.
(5) RA— LB, BJE It M (elementary reactions), M ¥4 %6 T b
Wz S N AU . B, T RN : mA +nB —— ), N
rate = k[A]"[B]" »
(6) M T2 DA RECIRNINL,  Je B A R R T A 20 B e i) — 25
#4n: B C;H4Brs + 3KI CoHa + 2KBr + K13 [} S B (1) S B A2 B 4n T

C2H4Br; + KI CHs + KBr+1+Br (slow)
KI+1+Br 21+ KBr (fast)
KI + 21 KI3 (fast)

rate = k[C2H4Br2][KI]
FIT DA —> IO (14 Jz 8 £ 5000 230 1ok S5 SR A 7
(7) FERAR ORI, 0 AR [ AR B AR AR R UG, % R — e, DRI AE BT B A e 1
FaEA A, I A EEE Al AR B AR AR BT R B, B X S BT R
B, WL AN BNCEFR AN . ARSI, BT EAE AT DU 7 AR
i
2. WRESHAIFIFC AR (The relationship of concentration and time)
(1) FZ 2% (zero-order reactions)
JITTE 220 S B 8 e S e 5 I SR FE R 2 Ik T (RIS s A 1)k e
K IR . TR, — R R R T ER RS E T FR N .
TERS . BREE AR i SOBE, mie R .
NH3(2) ~sanaysis ™ 1/2Na(g) + 3/2Ha(g)

FIARAT —ANFL S A(g) — =¥, WI-d[A]/ dt = ko[A]° = ko, BP d[A] = —kod ¢

M t=00F, [A]l=[Alo, H4IFTEN B, [A]=[Al ﬁﬁiﬁﬂﬁj\j[gd[A]{;(-ko)dz
a. The zero-order rate equation:
[A] = [Alo=—ko(t - 0), #EFET, [A]i=[Alo— kot
b. DATG SIS B EE XTI 8] ¢ AR B, REZRR, HAERN(- k)
c. BRIV AU ) — 0, BI[A] = [Alo/2, S BLFIITE] 712 FR

H2F 5 (half-life) . tm:ki([A]o—%[A]o)z[;c] Pt LAZ2 2 J 7 ) 2

0 0

T 5 BN TR R FE FRIE L o
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(2) —Z M. (first — order reactions)
— YRR BRI EE 1) — RO B e — B R,
W — R BA . RZEURTBORVEREAS,  — A E I il SR J 73 1 B s S 55

2N20s(g) — 4NO2(g) + Oa(g) rate = k1[N2Os]
2H>02(aq) 2H,O() + Oax(g) rate = k1[H202]
SO:Cly(l) ——S02(g) + Cla(g) rate = k1[SO2Cl]
MR —A “—HIM” : B(g) —— W5, —d[B]/dt=k[B]'
R L e N
[B] (],
a. The first-order rate equation:
In B, =kt, B#H g@:& , B In[Bli=1n[Blo— kit
. [B], 2.303

b. FE—ZBiH, LU BRI BO I E] ¢ AR IE], Rk EL. HREN
(—ki) CH AR EFRIERD 80 (ki /2.303) (HEHAXED .
c. —HIRMMIFFEIA(H2): In[Blo—In([Blo/2)=kiti/;2 ' tij2=1In2/ ki =0.693/k
Bl — G NI T ] 110 R —DEEL B H RNYIRIVIIRIR TR
Sample Exercise 1: The first-order rate constant for the decomposition of a certain insecticide in
water at 12°C is 1.45 yr~!, A quantity of this insecticide is washed into a lake on June 1, leading to
a concentration of 5.0 x 1077 g-cm™ of water. Assume that the effective temperature of the lake is
12°C. (a) What is the concentration of the insecticide on June 1 of the following year? (b) How
long will it take for the concentration of the insecticide to drop to 3.0 x 1077 g-cm™ ?
Solution: (a) Substituting k= 1.45 yr~', ¢=1.00 yr and [insecticide]o = 5.0 x 1077 g-cm™ into
equation In[insecticide]i=1y = In(5.0 x 1077) — 1.45 x 1.00 = — 15.96
", [insecticide] =1y = 1.2 x 1077 gcm™ CBI[A)e, [Alo B AUARIED
(b) Again substitution into equation with [insecticide]s= 3.0 x 1077 g-cm™3,
In(3.0 x 1077)=—1.45¢ + In(5.0 x 1077)
t={-In(3.0x107) +1In(5.0 x 1077)} / 1.45=0.35 (yr)
Sample Exercise 2: TRl A 7 i UKV NS — B 2H05(1) —
2H,O(1) + 0x(g), MR FECH 0.0410min, 3K: (a) #[H20:]o = 0.500mol-dm=, 10.0 min
i, [H2O2]i=10min 72 %70 ? (b) HoO0 43— - Fr s i ] 2 2 20 ?

H,O .
Solution: (a) lnmz—klt ,» % In[H,0,]
[HZOZ]O

(b) 112 =102 / ki = 0.693 / 0.0410 = 16.9 (min)
(3) & =% (second -order reaction)
LR —A “ RN A+ B> W) 8UE 2A —— NS,

—In[H,0,], — k£ =0.332 (mol-dm™?)

t=10min

[A]=[B]
~d[A)/dt=k,[A][B] == kJ[A]’, 2 —d[A)/di=k,[AT
d[A]/ [A) = —kodt , PHILAR 15

a. The second - order rate equation: 1/[A]c=1/[A]o+ kat

b. ETRRBIH, DA EE B I E] AR, B2 E &, HREN b
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1 1

= k t -.o t =
[Al,/2  [A] 2hin 12 kAl

c. IRPIIEEN:

A, TR SRR R — IR R, BSOS AR R, £ o
Ne RHN IR 2 S
NOa(g) + CO(g) NO(g) + COxg)  rate = ka[NO,][CO]
CH3COOC:Hs(aq) + OH (aq) CH3COO (aq) + C2HsOH(aq)
rate = koJ[CH;COOC,Hs][ OH ]
2NO2(g) — 2NO(g) + Ox(g) rate = k2[NO2]?
M. RMIEZESEEHXZE (The Relationship of Rates and Temperature)
1. WIEFZLEL, D4H - KaPEmN, BESHE 10C, REEFERY
R 2~4 15, B kisio/ ko=2~4. iXJ& Van’t Hoff A4 Hi Sk 1) — AT BL I 22 56 50
. A XA Van’t Hoffs rule.
2. 1889 X HLF} =K S. Arrhenius B 45 | KE M LI HHE, 54 7 W N5k
P27 BN A R K () SR P 2 1A AR HOC R

| '
/
/
/
," e —
/ |
-6.00 \"\ |
|" \ % 1
/ \ . _Alnk)
/. \\ Slope = AT |
/ 7.00 \'\ =-12 x10°K |
/ \ {
k / \a. :
/ \ |
8.00 | I\ |
/ z 1\
// g j \\
/ 9.00 | A,
# = \\
Vi = 1 y
/
5 -10.00 | | \
A \
— —i) Lt : "\‘
T(K) “11.00 — A T)—=\ .
Tpl 1 i
Figure 3.4 300 325 3.50
; . x107* Al x 10~
A plot showing the exponential UT &)
dependence of the rate constant
on absolute temperature. The Figure 3.5

exact temperature dependence of
k is different for each reaction.
This plot represents the behavior
of a rate constant that doubles
for every increase in temperature

of 10 K.

Plot of In(k) versus 1/T for the
reaction 2N,0s(g) — 4NO;(g) +
Oslg). The value of the activation
energy for this reaction can be
obtained from the slope of the
line, which equals —E./R.

. AR k=4-e"'"" ——The Arrhenius equation

A E.— the activation energy

A— the frequency factor, it is related to the frequency of

collisions and the probability that the collisions are favorably oriented for reaction.
ARWAT AR IR Y k= A-exp (— Ea/ RT)
— Al 2 O TR AL BETE 40~400 kJ - mol ' Ju 2 A (exp.: exponent)
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Reactions Solvent E./kJ - mol™
CH3COOC,Hs + NaOH K 473
n— CsHiCl+KI A i 77.0
C>HsONa + CHil s 81.6
C,HsBr + NaOH L 89.5
2HI L+ H, v 184.1
H+1 2HI v 165.3
N20s — N,04 + 120, v 103.4
(CHa)s CH;CH=CH, v 272.0

. NI E 1
Xt Arrhenius 2~ PG HUE AR, A Ink=InA4- R“(;), Ll Ink XF 1T EK, f&—

EZ, HRIFEN-E./ R, BN Ind. [FUIHIEARE 0] DUEE S26 ke . A R
NSRRI kBN BT TR, B3N - Eo/ R, MRS Ea (ALE3.5)
4. NEHRFET, HEHFHZMPLR
TR BN b, SR HON ki RN T, EEEECN ke H Arrhenius

equation 5: Ink =1Ind — E./ RT\ ©® , Ink=Ind-E,/RT, @
- %#:
E, 1 1 . k E 1 1
ik, ok, =~ 2oLy iy = B
R'T, T, kK, R'T, T

Sample Exercise 1: The following table shows the rate constants for the rearrangement of methyl

isonitrile at various temperature at various temperatures (these are the data that are graphed in

right figure: -5
Temperature (C) k(s™h) i
7
189.7 2.52x 107 2 3
198.9 5.25% 107 e
N -10
230.3 6.30 x 107 o pal
0.0019 0.0020 0.0021 0.0022
251.2 3.16 x 1073 uT
(a) From these data calculate the Fig 3.6 The natural logarithm of the rate constant for the
o . rearrangement of methyl isonitrile as a function
activation energy for the reaction. of 1/T.

(b) What is the value of the rate constant at 430.0 K ?
Solution: (a) We must first convert the temperatures from degrees Celsius to Kelvins. We then
take the inverse of each temperature, 1 / 7, and the natural log of each rate constant, Ink. This

gives us the following table:

T(K) 462.9 472.1 503.5 524.4
1/T(K™") 2.160 x 1073 2.118 x 1073 1.986 x 1073 1.907 x 1073
Ink —-10.589 -9.855 -7.370 =5.757

The slope of the line is obtained by choosing two well-separated points:

A —6.6—(-10.4
Slopez—yz ( ) =-1.9x10*
Ax  0.00195-0.00215

Slope=—FE./R .. Ea=1.9x10*x 8.314 =158 kJ-mol™!
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(b) To determine the rate constant, k1, at 430.0K, we can use above equation with £,,

ky=2.52x 1075 s7!, 7o =462.9K, and T} = 430K.

| k, 1.58x10° | . .

n = ( )=-3.14 Sk =1.09x107° (s71)

2.52x107° 8314 4629 430.0

Sample Exercise 2: T840 Z R AR A RA MR G2, A8 SUM B 1R 77 AT e 4 40
filt, FIr BN A NaOs(s) —%R
Mo HIT 207 NoOa F1 NO2 IJVE T CClLath, RBeH OB, # NoOs £E CCla 1 73 ik
AR EENE SRR O MAFEREE . FERZ 0.7372 3¢ NaOs(s)7E 30CHl p = F
HUEAE/R

B £ (s) 0 2400 9600 16800
RV, (ml) 0 15.65 45.85 63.00
(a) SRELIE N T AR HH b S22 12
(b) 30°CHY, 43i# 90.0% N2Os Al 75 B 7] % /b Fb 2
(c) CFIZ MTEALRE Y 1.03x10% T -mol ™", #7E3R 2400 #» Il £E 60.00ml O, (30°CHY
ERD T4 KM FHATRR? R B AR SR FE)
Solution: (a) HF N2Os 73 il NN — NS, W Inco — Inc = kt
HUMARER R, W InV. —In(V. —V,)=kt, V.8 A 0.7372g N2Os(s) 58 22 f TP O,
ARFL, FH24 T NoOs(s)7E CCle H IR ARV BE, 1T (Voo Vi ) AH 24 T-B5f 8] £ F CClLs H 3 N (1)

N2Os(s) I i o
10737 RT 1 037283145303 0o
20 108 p 2 108x101325
1 84.9 1 84.9
k =——In =849x10°G") , k,=——In =8.09%10°(s ™)
2400 84.9-15.65 9600  84.9 —45.85
1 84.9
k, = In =8.07x107(s™") ,
16800  84.9—63.00
— kv tk In2 0,693
L k=BTRTE g00k1076 ), b, == ——— = 8.43x10°(s)
3 & 822x10°

(b) & 30°CHF, 4R 90.0% NoOs(s)FT s i 6] Hy ¢

1 1
Mi=—ln—2 - _In10=2.80x10°(s)
k¢, —09c, 822x10°

(c) 24 30°CHF, 2400 Fpy RAEIAES] 15.65ml Oy, HLEELE I a] Py U £E 3 60.00ml Os,
MFE WA R PLREE . ERTIRE(T) T, EEFECN:
1 84.9

k.. = In =5.11x107*s™"
™) 2400 84.9 —60.00 <)

. . E 1 1
F4% Arrhenius equation: ln[k(T) )] = I (=)

e o 5.11x107 [T, —(273+30)]x1.03x10° ,
ANEE, 15 In — Lt ) s T, =317K
8.22x10 8.314x(273+30)7,
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F. EEFIFT R RIRZFERSNE (The Affect of Catalyst on Chemical Rate)

THERE BARRE IS RN IR =, (R SR AT I 22 45 RS SRASFI I R2 0 o A a0 114 s 7
TE i T2 KRN, A B PIAE R T 70 il 4 o NATTIE A58 FH b A AR e 15
s N A%, DAIE B BRSNS RE, BEMT IR S NIl 2 o w] WAL FRIAE A RAL Tl
FA AT 45 E B A AEF

F R RN B J3 2 Ty — M U T 15 P 5 R NI AR A IR AL RE AR AL . BB
WA AR (transition state theory)

1. AR

WA S SEHEATIN - S0 E ST B — e (AL EOR S B i — A4t S )
(activated complex) , FEIZIEWEEEYIN, KV IR C L, /=951 h
Hrr s RIS S0 T RATER, ZIEE S 7> T HIALRELL [ N2 )
TRy T ALRE R, HAE IS S S o T AR UOE

(n

‘ [H ==+ H e+« Br] (lransition state) (transition state)

a(.LT:)
a(f‘z‘)

Potential energy

|\
\
/ \
\
\
(1) / \

H+HBr

‘ (reactant) H2+Br

Potential en

(1)

(gt (1)
r m

(pro Iml )

—————————— Reaction progress
Reuction progress ————————» Reaction progre

Fig. 3.7 Energy profile for the H+ HBr —> H>+ Br  Fig. 3.8 Energy profile for the transition state theory
2. AR N AL RE
PAl—A e iR B A o (& 3.7)
fil: atb—c—>[a*b--c] —> a—b+c, @MD[H+H—Bﬂ——*uL~H~-

Br] — = H-H+Br. NI, FshiESE A iZzsd —&EE FRAE.
(1) 464 : H A H - Br K7 BFAH 4, A EAKAEF 0, Eu Ele s T HAS
A1 HBr 4 £ [P A7 e 5

(2) IR : 24 H A HBr 523G R, 7R S5 K,  TR 00 200 A R AF
oy, GEfERFHAE T, IXEWRE A REEG N, — BN EAE R4 A
YIHIALRE

(3) &4 BEEIEUE G/, H-HHM Br 95, Hifg .

3. HERIRASHEIS R REILEE (B 3.8)  (Activation energy in the transition state theory)

(1) IERPBERE: Ear) = Na(Espsam — Exin) = Em—Eq

(2) W SIEARE . Ea) = Na(Espssam — E-m) = Ean— Eam)

3) 2N AHm = Eagr)— Eagy)

4. fEALF] (Catalyst)
(1) PEAG TR 56— AN JE A 5 B S BRI BT O TR S AR, A

T AR A, ¢ﬁT@%%%%%w§omm:HGMH——+Co+mm

o—cwo
FELHEAHIR, HCOOH BB H(é%%A%>,E%E&

57

www . kaoyancas . net



www . kaoyancas . net

P‘I , RIERR COMH0 (B 3.9 « £ H B HHENLT

O
+ 7 7
HCOOH+H —> (H—C ) —> H20+(C\ ) — co+H" (K 3.10)
"HOH H
0}
0 H W
. \}O/ H/C“"--o A
H i }/{
7 7 Nov~
[¢] ? T () 3 4 Hco*
T i AGT 2 If +H H AG H+()
¢ H/C\O ~H % T RO i L
Ai- _______ ‘ €0 4 ILO ‘ i Ai_, __________________ CO+ 0+ H
Re @5‘;“ i @é}si‘nme —-% | k | Reaction coordinate —#
Fig. 3.9 The free energy profile for the Fig. 3.10 The free energy profile for the acid catalyzed
decomposition of formic acid decomposition of formic acid

(2) PRI 56 AN B A o L1k A A (homogeneous catalysis)
A5 AHH 1k (heterogeneous catalysis). 15 41:

H,0,(aq)——>H,0(1) +1/20,(g) » N,0(g)—=->N,(g)+1/20,(g)
Na SO, +1/20, — 0% yNa SO, , CO+2H, —<9#9 1 COH

AV, A RIREERENFIFNE (enzymes) o FENMRH, &Rl fH
AR L —: WEREE (saliva) EVER AL RE, BEEERG (zymase) (EREFEAL yEEAN
COze NAEHIEA Gl 22270 B chE. Bbche. OB, FUREEE--— KA
W WA, BB A AR .

1969 SERFAZE — IRAE LI S A M T —FllE — RN . WAk,
Stein. Moore 1 Anfinson 3815 | 1972 4F Nobel fb# 3,

(3) Hf#4L C(autocatalysis, selfcatalysis)
flhn, 10; +3H,80, —> 1 +3SO; +6H" M, AR T & FHa 507 f2 30
1k
10, +I" +6H" —> 31,+3H,0, 3I,+3HSO,+3H,0 —> 61 +3SO; +12H"
ZEFA 15 HaSOs W R M Z L 10 5 HaSOs K NMARG % .

§3-2 HEFRMHE

Reaction Mechanisms

. 82Kk N (Complex reactions) :
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1. BEAMDEMACLEIEICR N (elementary reactions) ZHA RIS B, FRONE I
SN o
2. WOV A VYIS AT R CRPRFIRE SR ~PAT SO 2 B s B i S
(1) XPAT IS TE [r) A e [F] ) @R AT B SR, FROIHAT RS, B A]d s e bR b,
AR Z BB VW N o R, BEEEE B SO N A, 255 0 e ek
ke
ke

o MFAE AR — PR DL RAT OB A

B, {§ N #Z ( net

rate ) = ki{A] — &[B]o
() AT L AHE SRR, S S RE R I R AT TUARAS [ R S M o

M—d[A]/ d £ = ki[A] + ka[A] = (ki + k2)[A], In[A]o— In[A]. = (k1 + ko) ¢
(3) IEH R LN B = AR B4 53 R P A s VT 7 A A ) R
0
CHyCH=CH, — 2 » H,C— & CH; — 2> CH,COOH — 2> 0,

B N A — e B — 2 C g, MI—d[A]/d = k[A],
d[B]/d t = ki[A]  k2[B]

@) BERMN HEF AR Of. G B NGk, HAEERE, RE—ERKR
N, RN EFAIT L, HE—KE—F, —H—3, EERNFILE, XRR
RiFk I RE R, B8 Ha+ Cl — % 2HCI, BB H:

Cly —" 2c1 CEIEI %D
Cl- +H; — > HCl+H 4%
H-+Cl, —> HCI + -c1}?§
Cl-+H, —> HCl+H - i#
2C1 - +M —> Ch+M (BEfI& 1)
= EFRMAEMCIET A
1. Fa&SIEliE (steady state approximation) :

(1) ZAAR: R N, 2 FE =4 B IRIGER, WMo, W ko>>k, A
DL B 75 Bt A2 IR FEAR /N, AT S FE R B IR B AAAS, B4
d[B]/dt=0, F§BIMKELTRE.,

(2) FriBfaaS st 483 ) 1) A2 BUR 2 S TH FER A S, BRG] 1T 42
AR AS o a0 B T DA ERR S b B

(3) AbHEJ7vE: LA Hy + Cl, —> 2HCL {2 Rl -

Clz%»zﬂ- , Cl-+H, 25 HCl+H-
1

s k,
H-+ClL —=» HCl+Cl - , 20— 1,

5 HH I S5 N 1 T AR R 3 S B
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fiezr: H- 5 Cl- #2 3 hE, ei#eTREs
d[H"]/ dt = k2[CI-][H2] — &3[H-][Cl2] =0
M k>[C1 - J[H2] = ks[H - ][Cl] ©)
d[Cl-]/ dt = 2ki[CLo] + k3[H-][CL] — ko[Cl-][H2] - 2k4[C1- 2 =0 @)
_dicL] _1dct] . _mmu:dmu)
dt 2 dt dt dt
OXRN@AE: 2k [ClL] - 2k[CI-]*=0 S mu=%qmmm
4

( o.o

d[HCI]/dz = k,[CL][H, ]+ k,[H-][CL,] = 2k,[CL][H, ] = & '[Clz] 1/Z[Hz]

Hh K=k Qki/ k)2, o HRBIIZEECH 1.5 %
2. A IEAE (pre — equilibria)

ky k
SFTHLE A+ B C —2—>D, d[D]/dt = k2[C] »
k4 slow

BT 58— N RNAR RIS R T4, W k[A][B]=k-1 [C]
S d[D]/dz= (ki k2 / k-1)[A][B]
= BMRNERGIE, H#HENRNIIE
Sample Example: Burns and Dainton have investigated the kinetics of the oxidation of CO by Cl;
to yield phosgene as in CO(g) + Clz2(g) — > COClx(g) and found their experimental results to
be represented by the rate equation : d{COCl:] / d ¢ = k[CL2]*?[CO]. Postulate a mechanism that is
consistent with this rate equation.

HEMYEAL LS A W) J7i%:  The atoms involved in the slow step of a reaction can be
evaluated as the sum of those represented in the numerator of the rate equation minus those
represented in the denominator of the rate equation.

Solution: %M _EHTALN, 1% HEALLE EYIRN CLCO. [KRlith i f28 BR AT LAMR N
COCl(g) + Cly(g) —> COClx(g) + Cl(g). fHFI—ANTTREAREHBURSIHLEE, FATL A0
ﬁ&éﬂ%%%@ﬁ%:

1
Clx(g) . 2Cl(g) rapid equilibrium @
‘ K
Cl(g) + CO(g) 172 COCl(g) rapid equilibrium @
k
COCl(g) + Clx(g) — COCla(g) + Cl(g) rate determining 3
d[COCl k,[CI][CO
HEH % = k,[COCI][CL], H®F [COCI]= &
)
k[Cl d[COClI k k
EE@’?%‘ [Cl] :{ 1[ 2]}1/2 ... [ 2] — (_1)1/2 _zk3[Cl2]3/2[CO]
k_, dt k, k.,

Practice Exercise: Propose a mechanism for the reaction
I (aq) +OCl (aq) — 10 (aq) +Cl (aq)
That is consistent with the experimental rate equation d[IO ]/dt= kI ]J[OCI J/[OH ]
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CuRRENT PERSPBHCTINVES

Much of our life in the United States
today depends on refrigeration. We
cool our homes, cars, offices, and shop-
ping centers with air conditioners. We
preserve our food and medicines with
refrigerators. Until very recently all of
these refrigeration units used chlorofluorocarbons, or CFCs, as
the heat-exchanging fluid.

freon-11
trichlorofluoromethane

freon-12
dichlorodifluoromethane

That situation has now changed dramatically, in part because
of laboratory studies of the kinetics of the reactions that CFCs
might undergo in the stratosphere.

Nonflammable, nontoxic CFCs such as CClF, were dis-
covered by scientists at the Frigidaire Division of General
Motors in 1928. By 1988, the total worldwide consumption of
CFCs was over 1 X 10” kilograms annually. In the United
States thousands of businesses produced CFC-related goods
and services worth more than $28 billion a year, and there
were more than 700,000 CFC-related jobs. CFCs were used in
the United States mostly as refrigerants, foam-blowing agents
for polystyrene and polyurethane, acrosol propellants, and in-
dustrial solvents.

It is ironic that the very properties that led to the first
use of CFCs are now causing worldwide concern. Once
gaseous CFCs are released into the troposphere, that part of
the earth’s atmosphere ranging from the surface to an alti-
tude of about 10 km, they persist for a long time because there
is no mechanism for their destruction. Through atmospheric
mixing they rise to the stratosphere where they are eventually
destroyed by solar radiation—but with significant conse-
quences to our environment, as first recognized by M. J.
Molina and F. S. Rowland in 1974 (Figure A). From labora-
tory experiments, they predicted that continued use of CFCs
would lead eventually to a significant depletion of the ozone
layer around the earth. This is a serious concern because, for
every 1% loss of ozone from the stratosphere, an additional
2% of the sun’s high-energy ultraviolet radiation can reach
earth’s surface, resulting in increases in skin cancer, damage
to plants, and possibly other effects that we do not even sus-
pect at this time.

Ozone is produced in the stratosphere when high-energy
ultraviolet radiation causes the photodissociation of oxygen
to give O atoms, which react with Oy molecules:

O5(g) + radiation (A < 280 nm) — 2 O(g)
O(g) + Os(g) —> Os(8)
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The ozone produced by this mechanism
in the stratosphere is quite abundant
(10 ppm), which is fortunate because
03 is also photodissociated by sunlight,

0s(g) — O(g) + Oa(g)

and the O atoms produced react with more Oy to regenerate
Og. The process keeps 95% to 99% of the sun’s ultraviolet ra-
diation from reaching earth’s surface.

The problem with CFCs is that they disrupt the protec-
tive ozone layer by a “chlorine catalytic cycle.” The CFCs rise
to the stratosphere where C—CI bonds are broken by high-
energy photons. The Cl atoms attack ozone to give ClO, chlo-
rine oxide, and oxygen:

Cl(g) + Os(g) —> ClO(g) + Ou(g)

This would not necessarily be a problem, except that ClO can
react with an O atom to give O, and regenerate a Cl atom:

ClO(g) + O(g) — Cl(g) + Oofg)

The Cl atom can then destroy still another Oy, and so on and
on in a “catalytic cycle.” The net reaction is the destruction
of a significant quantity of ozone. It is estimated that each Cl
atom can destroy as many as 100,000 ozone molecules before
the Cl atom is inactivated or returned to the troposphere
(probably as HCI).

At least two other major kinds of reactions are believed
to interfere with ozone loss. In one case ClO reacts with nitro-
gen monoxide, NO, to release a Cl atom and form NOs. The
NOy goes on to regenerate a molecule of ozone. In another
reaction, ClIO forms chlorine nitrate (CIONOy), a compound
that at least temporarily acts as a “chlorine reservoir.”
Eventually, though, this compound also breaks apart and frees
Cl atoms to resume their ozone destruction,

If these interference reactions are important, CFCs might
have only a minimal effect on earth’s ozone layer. In the carly
spring in the southern hemisphere, however, the ozone layer
over the Antarctic is significantly depleted, a fact clearly il-
lustrated in satellite images of ozone concentration done in
the early 1990s (Figure B). One theory used to explain this
observation involves the high-altitude clouds that are com-
mon over the Antarctic continent in the winter. Chlorine ni-
trate could condense in these extremely cold clouds, and chlo-
rine atoms could also be trapped as HCL. Rowland and Molina
cstimate that one out of every three or four collisions of
CIONO, with HCl-containing ice crystals leads to reactions
such as

CIONO; + HCl —— HNOj3 + Clg

The first sunlight of spring that warms the clouds can trigger
the release of atomic chlorine by photodissociating chlorine
molecules. Because nitrogen oxides are trapped in the clouds



as nitric acid, the “chlorine catalytic cycle” can run unchecked
for 5 or 6 weeks in the spring.

Whatever the theories for the springtime Antarctic ozone
loss, the problem is real, and people around the world have
taken steps to halt any further deterioration. Chemical com-
panies in the United States have halted CFC production and
are actively searching for substitutes. In January, 1989, 24 na-
tions signed the Montreal Protocol, which calls for reductions
in production and use of certain CFCs. Another meeting in
Denmark in 1992 led to a complete ban on CFC production.

But there will be trade-offs. For example, CFC substitutes

Polar Ozone

North Pole
February 1990

South Pole
September 1992

High

Low

Total Column Ozone (DU)
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Figure A Mario |. Molina (left) and F. Sherwood Rowland (right).
These scientists first recognized the potential for the depletion of
the earth's atmosphere by CFCs. Rowland is Professor of Chemistry
at the University of California, Irvine, and Molina is Professor of
Environmental Sciences at the Massachusetts Institute of
Technology. Molina and Rowland shared the 1995 Nobel Prize in
Chemistry with Paul Crutzen of Germany for their studies of the
earth’s ozone layer and the effect of pollutants on it. (The Bettmann
Archive)

now available are less efficient as refrigerants, so it is estimated
that appliances will use 3% more electricity in the United
States, and this will increase consumer costs. Furthermore,
because electricity is mostly generated by burning fossil fuels,
the amount of COy evolved will increase, which in turn will
contribute to the “greenhouse” effect (page 563).

CFCs and their relation to ozone depletion is just one
more example of the risks-and-benefits problem first de-
scribed in the Introduction to this book (page 12). In this
case scientists and citizens have concluded that the risks of
CFCs outweigh the benefits.

Figure B This satellite image, acquired in September 1992, shows
that the stratospheric ozone concentration is depleted near the
South Pole. The image is color-coded to indicate relative concen-
trations, blue being low and red being high. For more images and
information on ozone in the atmosphere go to Web site
http://daac.gsfc.nasa.gov. (NASA)





