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Chapter 3 The Basis of Chemical Dynamics

A R R A RN H R BEAT T [,
2K(s) + 2H,O(l) —— 2K*(aq) + 20H (aq) + Ha(g) A G 208 = —404.82 kJ-mol™!

1
H,(g)+ 502 (2) =H,0(g) A G208k = —228.59 kJ-mol™!

KA BIAG205<0, FTLAM AN NAE 298K B [1] 1F s N 7 [ EA T A R, AHE AT
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O WNREW T H I WK TES T, WA RN 3T 7 —R 05 R N8 T #4
JIEAER I RONE;  Ja —FRAL A SN S 30 77 S5 R SN

WFFAL 2 S B A T R SR e A YRR E R A, K AL 1)
FIRE, WACAVRAASH X RS, MR, nRERREZ AR, PERAR R
e, IBACATREA T RIIME BT TS REE 50 A7 RN SR AR AT e 70 B

fE A, JAT A AL A S SR R R R

1. The concentrations of the reactants:
Steel wool burns with difficulty in air, which contains 20 percents O , 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 MERMEF
The Rates of Chemical Reactions
— UERMNIRERRE

1. Definition: % LAELA7 I [A] P s A7) FE 1 k2> B0 A= Rk B R 38 ke s o AR B
BIEFE, AR A AT H sv miny hry day. year 5 AN E BN RN, B BSOS RIS 1T
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E o LURML2N,0; —5>4NO, +0, M-

M2 I R AR AT AR IR A —d [N2Os]/dr B d [NO»]/dt
2. Units: mol - dm™ - s'\ mol - dm™ - min™! 3% mol - dm™ - hr!
3. Averagerate CPRJHE) vV =—A[RMNY]/ At
4. Instantaneous rate (BFHSIEZF) : lim{-A[KNYI]/ Aty = —d[ [ S #]/ dt

At—0

NS, aA +bB—>gG +hH
Fi—d[A]/dt. —d[B]/d¢ d[G]/de A1 d[H]/ de FAEA]—Fh R0, S2BR_ERH AP
Gy e, WOl SR BB RAR, FRRR AR G EYR R AR, Sk
TN N R
E—HE T, REEMEEARME . HEEREXET,
1 d[A]  1d[B] 1d[G] 1d[H]
e dt b dt g At h od
WERH: BN T RE S : (=dna) @ (=dng) :dng :dnu=a:b:g: h,
TEEEREMTN, WEZ S TR EZ .

B (-d[A]):(-d[B]):d[G]:d[H]=(-dn,):(-dny):dn:dn,=a :b : g :h
1d[A] 1d[B] 1d[G] 1dH]
e dt b dt g dt h odt
Sample Exercise: The decomposition of N2Os proceeds according to the equation:
2N20s(g) — 4NOo(g) + Ox(g)

If the rate of decomposition of N>Os at a particular instant in a reaction vessel is 4.2x 1077

mol - dm™ - s7!, what is the rate of appearance of (a) NO2; (b) 0?
1d[N,0,] 1d[NO,] d[0,]

Solution:

dr B 4 dt dt
2
L ANO]__ 2dINOT ) 4 9x107 = 8.4x107 mol - dm= - 1
dt dt
d[O 1d[N,0 1
.l_zl dN,0,] ] —x42x107=2.1x10"7 mol - dm™ - 7!
dt 2 dt

When we speak of the rate of a reaction without specifying a particular reactant or product, we
will mean it in this sense.
=\ RR7ELEE (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 TiEshEZE DA (Maxwell-Boltzmann N . g T
distribution) a
(1) B 3.1 HfE Ak bR 3 B (kinetic energy), LR ‘ 9
HNAE*Z 18] (Rl E\—E, 2 [8])) Fr BB 515 b
K, PrRARESK i 28 5 R AR T L ol ) T AR N bl —>

E\E, Eg E, = E
kinetic eneryg

Fig. 3.1 Distribution of kinetic energies in gas molecules
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N N . . ;
-ﬁglhl,%&=h@”l¢m%%%ﬁﬁﬁ&m=Nw;WEEETN,

AR E~ERENS T 08 E.RanRAERRTHZER I AR (critical
energy) o E 37~ TR FAREE.

R ZHE S, — AN
BT 59—k TIHFERE MRS A8
&, FEE rTRes il J Lkl 2
Ja, —EIr TR REIRAS LT M E
MIRERE, 15—+ WA P
BIEARH AE &

Q) HEiEE i 3.2) , KRR
GG, NBRERI YT
o, FrLAor T P38 Re R

with a given kinetic energy —

Fraction of molecules

Average KE Average KE
p T,

j( ° l Kinetic em;rgy—b
2. i%fbEE (Activation energy) E,
E AT N T B AR Fig. 3.2 Distribution of kinetic energies in a sample of gas
(E)5— B FHIT IR RE 2 E molecules at two different temperatures

MRATEAGRE. B E.=E.—E.
AL RER E X2 H HT 9 1A WA

Lewis & 3 : BE HEAT 10 5% S B B35 AL S L) BT BoAT K B AR B B MR “ Il 5 g

27, PrRMiae “ B A RN RN I RE R, FROTELRE” .
Tolman (FE/R%2) & . TEALRERTE IS T PR & 528 B 7 1-F )
e %,
FAVZE AT LLXFEIAA: The minimum energy required to initiate a chemical reaction is
called the activation energy, E. . The value of E, varies from reaction to reaction.
3. W T (Activated molecule)

JUREE & Tl AR RER A S 7 1, MRONTEAL > 1o AN 32 R DUE Y B
IREZR T &, WS T8N W T AR, kA EEE(E)AF, &AKEL
DT BAEAE .

4. HRHE (Effective collision)

0 o ? e
! 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
collision between two BrNO

W [aF UF O N Br jy —> @ Brg NJRO Q-+ LOJRNR B molecules. Orientations (a) and (b)
can lead to a reaction, but

No reaction
(©) orientation (c) cannot

W72 B R KT A A AR 2 A s gy, 7E STP R, &
Imol A 1 1 mol B [IS&SIEEYIT, A B Z A5 T HRER Hik 1030% / #. g
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A 5 B Z [ — il 4 B R 3 BUL = RO, B4, RN 2 AR AR R A I TR) Y 5
o IEBDAVE Z RS ARG T A Ehk e, 28 TR ammedE, BIEEi 12
6] (O RlEAE, WA ToRO R (il 3.3¢ ), FRBAVEANFERRE T, [F— M2
W H AR B IEZ . FATHERER A SRR, FRA Rl .
5. MGETEMBERE, oMk s SoE R I R 3=
(D) W a. BURTRMNAIER, b, BURTRNAIZ 51N R,
() HMA: a. WREE (BUEJ, WAREKRMWINE) « BICKRSCEEL ST 0 %, =
WEESE TN, EWE I T R AR REA T S B DA B N T SR A AR R
oy 4, 330 AR G, OSSR R .
b. M FHEIERE, WES TR, AR RN, OSSR
c. HMIAMEAGA: A4 SO BT 75 I e & A8/ (B K —— Fa e sf)
B VsG> T B A RO RO N, SONGE FR G K X LRI ] 3.1
BN RE(Ew) N*/ (NAE") I3 SR
=\ UERNREESKRERXZE (The Relationship of Chemical Reaction Rates
and Concentrations)
1. RPGEZEERERK R (The relationship of rate and concentration)
(1) T 5AH %M. (heterogeneous reactions) = ¢ W3 ZE B p - FH S TH] 042 A THI AR
(2) X T ¥ [ B (homogeneous reactions ) = J2 N 33 & B4R F- 12 AH H s B 42 )R B
(E R .
(3) R PL# IR ¢ R RGBT S i kMg . SCIUE, RMYIIREE S RV %
BN RECR: aA +bB eE+fF
rate = k [A]* [BY, &P A R PEEE TRl A E [ (mass action law) o
A k: HEHE (rate constant) , x: KN A 2 E (order), y: KMNY) B K12k
B, x+y: MH G2 BB, xv y TR IEREEL. BB e s 4.
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=3-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 NHZ 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) + O2(g) rate = k[N,0s]
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CHCls(g) + Clx(g) CCls(g) + HCI(g) rate = K[CHCl3][Cl12]'2
Ha(g) + Ix(g) 2HI(g) rate = k[H2][I2]
N2O(g) —2%— Ny(g) + 1/204(g) rate = k\[N>0]° = 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) IEZHH HAL Cunits of rate constants )
a. RN kAl EAE R BADR BN Tmol-dm™ I i MHR, BT Le RS ik
FIA IR, TS5 RIS
b. EEFHEA AL (mol-dm )¢+ ») - i A] T,
c. I k BT DL W S 8K
() £ k BB NESEY, W x+y =1, %N first-order reactions;
(i) #7 k FIFRA7 A mol-dm™ - B [A]~!, 1% N A zero-order reactions.
(5) R —B5Em i) B, BP0 % ¥ (elementary reactions), % 8254 45 T P
PR S S R B AREO . B, BEEE TN mA + B —— 7Y,
rate = k[A]"[B]" »
(6) X T2 WA BTE M RN, e N 2 R Bk T BT b B g i — 20
Blhn: JRL CoH4Bra + 3KT C2Hs + 2KBr + K13 RSB ) s B A5 B R

C,H4Br; + KI C>Hs + KBr+ 1+ Br (slow)
KI+1+Br 21+ KBr (fast)
KI + 21 KI3 (fast)

rate = k[ C2H4Br2][KI]
BT CA—A 0 SE (1) S I 25 5006 2308 3k S5 36 SR A o o
(7) TE AR I BE R, X Al [ R B A kil , FLB R — 1, DRI AE o A e
Feak b, 38 A4 Al ] R B AR AR o IR B, B X e o IR FE
B, WTRAFR NSO ZRE BN o AR SO, J5 AR E R LA 4 AR
B
W 5] a] )95 &2 (The relationship of concentration and time )
(1) EZ 2. (zero-order reactions)
FIT I8 G I N2 R N F5 e R BE ) R T (RIS e A7) 9K
K R . BRI, — R A AR BRI E ROV E T F RN . N
TERY . BREEMEARIR RS, e B9 .
NH3(2) ~sanaysis ™ 1/2Na(g) + 3/2Ha(g)

[\

a. The zero-order rate equation:

AR —NER B A(g) — F=#, NI-d[A]/ dt = ko[A]° = ko, EP d[A]=—kod ¢

=00, [A]=[Alo, HIEDY ¢, [A]=[Al, PIIAIRS j [:]‘ d[A]=j Ot(-ko)dt

[Al: = [Alo=—ko(t — 0), FEFE1S, [Al=[Alo— kot
b. LR B S NI EE XTI TE] /R, REELZLRR, HFFEN k)
c. TR DI B NRC AR IR B B — 10, BI[A= [Alo/2, LB TE] 12 FR
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2 ZE W (half-life) . tl/zzki([A]O [A]O)—[zk] I PSINAE S5=3 i

0 0

5 RSB AR E BE EE .
(2) —ZJx M. (first — order reactions)
LB S SE R 5 NIRRT IR e — SR N R,
W — BB RZBRTBOREREAL,  — I i OB K 73 B R N A

2N>0s5(g) — 4NOx(g) + 0O2(g) rate = k1[N20s]
2H,04(aq) 2H,0(1) +  Oo(g) rate = k1[H202]
SO:Cl(l) ——S02(g) + Cla(g) rate = k1[SO2Clz]

a. The first-order rate equation:
AR —A “—HR” : B(g) — =S, —d[B]/dr=k[B]'
A B, maE j[B]‘ d[B] [ ke 1
[B] [

B]

o

Bl_, g jplBh ki

In = ’
BJ, [B] 2303

% In [B]:=1In[B]o — kit
b. fE—FMBir, DU EE B Boo i 18] e AR, B2k EZ. HRIEN
(k) (HBEZRXERIEZD 80 (ki /2.303) CHEHNED .
c. —RRMN-FEM(t2): In[Blo—In([Blo/2)=kiti/2 < ti/2=1n2/ ki =0.693/ ki
Bl — S BT ] 110 e —DNHEL B E RNV IR E 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]i=1yr=1.2 x 1077 g-cm™ CEP[ATe, [Alo Az 2AZARTED
(b) Again substitution into equation with [insect1c1de]t =3.0x107 g-em™,
In(3.0 x 107) =— 1.45¢ + In(5.0 x 1077)
t={-In(3.0x107) +1In(5.0 x 107)} / 1.45=0.35 (yr)
Sample Exercise 2: AN A0 & 20 iR K RN A S N AR — SR : 2H205(1) ——
2H,0(1) + Ox(g), MHEZRFHCN 0.0410min, K: (a) #[H202]o = 0.500mol-dm=3, 10.0 min
Ji» [HaO2]i=10min /2% 70?2 (b) HoOo 73 it — 22 il 75 W (8] 2 %2 /0 2

Solution: (a) 1r1M =—kt, .~ In[HO
[H,0,],
(b) t1/2=1n2 / k1 =10.693/0.0410 = 16.9 (min)
(3) <M. (second -order reaction)
a. The second - order rate equation: 1/[A]c=1/[A]o+ kat
AR —A “ RPN 0 A+B—— =) HH 24— IS,

2]1:10min = ln[HZOZ]O - klt =0.332 (mol'dm_3)
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[A]=[B]
~d[A)dt=k,[A][B] == kJ[A]’, 2 —d[A)/di=k,[AT

d[A]/ [A) = —kodt , PHILAR M5

b. EBH, LUK RO I e AR, R EE, HRERN b

N 1 1 1
C. :éﬁfiﬂ‘iﬁ"ﬁéﬁ/ﬁﬂ =—+ kztl/z o tl/z =
[Al, /2 [A] k,[A],

AT, SRR NI S R AGIR FE ) — IR OT 2L, BN IRIR LR, n) o8
No TSI LR N
NOx(g) + CO(g) NO(g) + COx(g) rate = k2[NO>][CO]
CH3COOC:Hs(aq) + OH (aq) CH;COO (aq) + C2HsOH(aq)
rate = ka[CH;COOC:Hs][ OH ]
2NO2(g) — 2NO(g) + O2(g) rate = k2[NO:J?
M. RNMNERESEEHXZE (The Relationship of Rates and Temperature)
1. 4B 2 Esr, Ba— KT N, BESA R 10C, KMEEKL
WK 2~4 5, Bl kivo/ ko=2~4. IXJ& Van’t Hoff 34 Hi 5K (¥ — NI Bl 1 28 56 11
. HH XFRA Van’t Hoffs rule.
2. 1889 i LFH ¥ K S. Arrhenius 5145 T KEISLIGHWE, BH T F&5L:
T2 N R R R (b SiREZ A2 AR,

r o —————————————————
|
! 6,00 F \‘
/ Aln(k)
{ \ B =
/ , Slope=SiTs ‘
J \ |
/ 7.00 \.\ =-1.2 x IUIK {
/ \\ ,
/ |
; 8.00 + 1\ ]
/ - b
/ e
k / £ TN
iy
/ 9.00 | )
/ .
< | .
/ ‘ A
/,/ -10.00 | | \
| \
/ e
b d ~—A(T)—=\

7 -11.00L . |
o 300 325 350
2 e x1073 %1073 x 107

T(K) T (K)

Fig. 3.4 A plot showing the exponential dependence of  Fig. 3.5 Plot of In(k) versus 1/T for the reaction 2N>Os(g)
the rate constant on absolute temperature. The — 4NOx(g) + O2(g). The value of the activation
exact temperature dependence of £ is different energy for this reaction can be obtained from the
for each reaction. This polt represents the slope of the line, which equals —E./R.

behavior of a rate constant that doubles for every

increase in temperaute of 10 K.

3. AR: k=A-e "' ——The Arrhenius equation
A H 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.
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AW AT LR IR k= A-exp (- Ea/RT)  (exp.: exponent)
— AL NS AL BETE 40~400 kJ - mol ™ Yu 2

Reactions Solvent E./kJ - mol™
CH3COOC,Hs + NaOH K 473
n - CsH;Cl+KI PR 77.0
C>HsONa + CHsl L 81.6
C,HsBr + NaOH L 89.5
2HI L+ H, v 184.1
H,+1, —2HI S AH 165.3
N2Os —— N,O4 + 1/20, vl 103.4
(CHa)s3 CH;CH=CH. vl 272.0
%t Arrhenius AR PELE AR, 7 Ink =In A—2e Ly, Bkt UTHEREL R

R T
ZHEZ, HBEN-FE. /R, BN Ind. R eERT DLE I SEG KM e FHAEA [FIE %
NSRRI kBN BTN TR, RN - Eo/ R, MRS Ea (ALE3.5)
4. ANEHRET, HEBEEHEFLR
CHEREEN TV, EWEFEN b BEN LN, BEFHN k. H Arrhenius

equation f5: Inki =Ind — E./ RT) ©® , Ink=Ind-E./RT, @
ORIOESH
E, 1 1 . k E 1 1
Ink, —Ink, =——(——-—) H#EH In(—L)=—=(—-—)
R T, T, kK, R'T, T

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

isonitrile H3C — NC at various temperature at various temperatures (these are the data that are

graphed in right figure: .
Temperature ('C) k(s™h) =5
189.7 2.52x 107 . &
198.9 525 % 10°° o
230.3 6.30 x 10 10 [ T
251.2 3.16 x 1073 0,009 0.0020 0.0021 0.0022

1T

(a) From these data calculate the

Fig 3.6 The natural logarithm of the rate constant for the
rearrangement of methyl isonitrile as a function

(b) What is the value of the rate of I/T.

constant at 430.0 K ?

activation energy for the reaction.

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:
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Slope = Ay 66=C10D g 00
Ax  0.00195-0.00215

Slope=—FE,/R . E.=1.9x10%*x 8314 =158 kJ-mol™!

(b) To determine the rate constant, ki, at 430.0 K, we can use above equation with Fj,
k=252 %1073 s7!, T =462.9K, and T\ = 430K.

k, 1.58x10° 1 |
252x10° 8314 4629 4300
Sample Exercise 2:  TLA & it R B IR = 028 UK, 78 SURH S0 1 7 77 v #8042 0 20
i, RN NaOs(s) === 1/202(g) + N204(g) 2NOx(g)» Uk Bih— g
Bio T2 ) NaOa M NO JJTE T CClath, e O, #k NoOs £E CCla 1 1 73 i
AR NE R IRE O MARBURERE . FaRZ 0.7372 3¢ NoOs(s)fE 30°C Al p~ T
HDEAEIER

In )==3.14 Sk =1.09x 106 (s)

IFIE] £ (s) 0 2400 9600 16800
RV, (ml) 0 15.65 45.85 63.00
(a) RIS N IR T 2R Kk S-S 1o
(b) 30°CH}, 43iE 90.0% N2Os F 75 i 18] 22 /5 2
(c) EE1Z PG LAE N 1.03x10° J-mol™!, 35 %E3K 2400 £ Y 4E 60.00ml O (30°C Hf
AERD I FRAEA A %M P TR ? (R AR SR b ED)
Solution: (a) H1T N2Os I3 R NN — 2B, W Inco — Inc = kt
FLMEARRE R, W InV. —In(V. - V:)=kt, V.NN 0.7372g N2Os(s) 58 &0 il T2 4E O,
IAERL, HH 2T NoOs(s)7E CCla HH RS AR B, 1T (Voo Vi )AH 24 -5 8] £ ISF CClLg H 3 N (1)
NoOs(s) IR JE

1 07372 RT 1 0.7372x8.314 x303 S s
=—x X — = —X =8.49x 107" m
2 108 p 2 108 x101325
1 84.9 1 84.9
= In =8.49x107(s™) , k, = In =8.09x107(s ™)
2400 84.9-15.65 9600 84.9-45.85
1 84.9
, = In =8.07x107°(s™) ,
16800  84.9 —63.00
-k +k +k In2  0.693
k=TS 800x107(s ), b, === 8.43x10°(s)
k  822x10°

(b) ¥ 30°CHF, 43 90.0% N2Os(s) T 75 B 18] A ¢

1 1
Mt =—In—>o = _In10 = 2.80x10%(s)
k ¢,—09c, 822x10"

(c) 24 30°CHF, 2400 Fb P R AEWCEER] 15.65ml O, FLEAE LI 8] YW £E 2] 60.00ml Os,
W TN PR . TR (T) T, HRE -
1 | 84.9

= n =5.11x107*s™"
) 2400 84.9-60.00 <7

34 Arrhenius equation: In[k

E 1 1
(2)/k(z>]: R (F_F)

1 2
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511x10° [T, —(273+30)]x1.03x10’

RAKR, 3 1n -
8.22x10 8.314x(273+30)7,

fi#f3 T, =317K

. BT R RIERERFZ (The Affect of Catalyst on Chemical Rate)

Th i B2 BB IR B S AR, H S A I 2 4 SR R AN RS20 o 51 A i e
FE i T2 R AR, A7 BSOS AE i o S . N ATV Is I {58 P R A 7 ik 68
() S LA, DA BIBRAC S S RS AL BE BTN R S S 2 o ] AR FRE BARAE Tl e
FA {25 E S A AR

LA RN B)) S5 1) Iy — A R 77 1 28 5 SN AR R AR A AL R AR AL . It R
WAL JEAS LR (transition state theory)

1. ESRR

W I BEBEAT I, S Ny 1 B e T R — A e T 3 JRIR S B A o EE A
(activated complex) , FEZIEWEE G, NV T IR S &t =214
Hrg i ROE L, BRI &Y TRATER, RIS S T AL RE L R MY
TRy T RIALRE R, A SR S T AR IE -

[

(I
[H s+ Heeee Br](transition state)

/
o /

H + HBr | (m

k wtial energy
~—
=
Y
‘/”
Potential energy
*
2
H
2{’1 —ee |
&

(reactant) H,+Br |

(products)

(products)

action progress
Reaction progress Reaction progress

Fig. 3.7 Energy profile for the H+ HBr —> H,+ Br Fig. 3.8 Energy profile for the transition state theory
2. AR OB AL RE
PA—AN g (8T L ) L S R o) (&1 3.7)
atb-c—>[ab-c] —> a-b+c, HlUWl: H+H-Br—>=H -+ H - Br —>
H-H+Br. NEMEN, RENENETAZ, Sl %L ERAER.
(1) %63 HA H - Br ki 7S HAIE, MHEANRAERH, HAREBETFET HASM
HBr 7% 5 (AL 5E e Al
(2) WPIRES: 4 HA HBr SR, B = 1T 138 20K, Tk b 20004 4R
oy, AR T HHE R, XEREBMIEEENE N, — B0 R A RS %A
VIR RE
(3) &4 FEEENWKAY T, H-HM Br 05, 58 N,
3. EPERIRASES REILRE (B 3.8)  (Activation energy in the transition state theory)
(1) IERMAHEAHE: Eatr) = Na(Eapssam — Exwm) = Ean— Eq)
(2) W PBIERE: Eag) = Na(Espsam — E) = Ean— Eqm)
(3) RN AcHin = Eag)— Eag)
4. LT (Catalyst)
(1) AT A 28— AN FE A ot

AR S MR o XA H TR T RN IR AR, AR
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TR R, PR T IS S SRS B . Billn: HCOOH —2—> CO + H20.

0=C--0
EEMLFIE, HCOOH BB M 4  ORtk&ad) , miER

0
1‘1 , RE DM CO M H,0 (B 3.9) o fE H' S T4k F

O
+ 7 7
HCOOH+H — (H—C ) —> HZO+(C\ Y —> co+H" (K 3.100
"HOH H
o
0 H b
. \}3 O/ H/C“‘--.lo ~H
) 7 No
o0 ? T 0 ¥ /O 1‘ HCO
T I PYeis Lrfky by s G s
e tar NAAE % Tl Ne L Tl * £
Flfacrad a0 Rl V Fid CO4 0 4 1
P! ' S R LR N L HOxH
f?éé;{ion'@g};ipate ——=—) : | 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) TEALTRI IR 55 AN B A 5 L1tk AL NI A A (homogeneous catalysis)
A5 AHH 1k (heterogeneous catalysis). 15 41:

H,0,(aq) —">H,0(1) +1/20,(g) . N,0(2)—2>N,(g)+1/20,(g)
Na,SO, +1/20, —1%9 _yNa SO, , CO+2H, —S9¥° ,H COH

A, AR EER M TIRROVEE (enzymes) o fENAKT, & A
AR L —: MEWREG C(saliva) (EVERY AL ANE, TEEIEE (zymase) (EHEFZ AL ABEA
COye NEHIEHREG. 222 NERE. BIls. B, |OM. FLRERG----— K&
WA BT, BB R AR .

1969 TF R} 2 F B — IRAE LI E G T —Filly — Wi EE . T T,
Stein. Moore 1 Anfinson 15 7 1972 4 Nobel {h2%32
(3) Hf#{L (autocatalysis, selfcatalysis)

flhn, 10; +3H,S0, —> 1 +3SO; +6H" M/, AR T & FiEi R~ 57
L 10, +1 +6H" —> 31, +3H,0,

31, +3HSO, +3H,0 —> 61 +3S0; +12H"
XN L 5 HaSOs I RBEE L 10 5 HaSOs BRI £
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§3-2 HFERMHE

Reaction Mechanisms

—. 8Z& N (Complex Reactions) :

1.

—_—

1.

WEHWABPALL I TN (elementary reactions) A A N, FRONE &

SR

AR S e N A TUSS s ST O CRIHIRE S )« AT I BE S 34 B S N B B S o o

(1) RAT SR TE (A RS a) [E] I AT I S S, FRON AT SR, BRRTI R R, S2fr b,
4R 2 BUR N R AT N R, BREE R IR R NOE FE, 3 R S NI

ke

o RF AR WM AN — R IRAT B A B, 1§t/ N (et

rate ) = ki{A] — &[B]-
() AT L AR SRR S S RE R IR BEAT LA AN [ R S o

— NO,
O kB
it ()0 +HNOs OH AT HN IR
o ()no, B €
2

M-d[A]/d £ = ki[A] + ka[A] = (ki + k2)[A], In[A]o— In[A] = (ks + k) ¢
() IEH R FUBE B = AR B4 R R P D s VT 7 A B I ) R
0
CHyCH=CH, — 2 » H,C— & CH; — 2 CH,COOH — 2> (0,

B R A — e B 2 C SR
M—d[A]/d t=k[A], d[B]/dt=k[A]- k[B]

@) BERNL HREMTE Of. . BE) [HRMN5IK, MHEAmBRE, RE—ERKR
N, RN EBNEAT T2, %8, —HH—3%, BEERMNFIL XEK
RIFREE . (I Hy+ Cl —a 2HCL HPiFH

Cl, —™> 2c1 CHERI3IR)

Cl-+H, —> HCl+ H § 4

H +Cl, —> HCl + -(31}5?5_
Cl-+H, —> HCl+-H J 3
2C1 - +M — > CL+ M (BEZ& L)

p=E2 3 YV bl C (S Spr S

FadS I eliE (steady state approximation) :

() FEARBA: fEEH N, HHPEFEY BIRTEER, A% N, W kh>>k, AT
PL B 75 RIS FE R R AR /N, AT AL B FE R B IR E R AR, B4
d[B]/dt=0, Fr B IKELTRE

(2) FriEfa S st 2 8 5 A [ W i A2 il R Y FE R AR S, BOL IR B AN Bl I (] T A
BPIRAS o 40 B i 2Rt il DR S b B .
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(3) WFEJ5i%: LA Hy + Cl, —> 2HCL 3 FE N1 -

Clz%»2Cl- ) Cl'+H2£>HC1+H'
1

k3 k4
H-+Cl, —> HCI+Cl- , 2Cl1- —> Cl,

5 H I e L PR R T R B S B R
fiE%: H-5Cl- #2EmE, e TRE
d[H"]/dt = k>[C1-][H2] — k3[H-][CL2] =0
M| k2[C1 - J[H2] = k3[H - ][Cl] ©)
d[Cl-]/ dt = 2ki[Cl] + ks[H][CL] — k2[Cl-][H2] - 2ks[C1- P =0 @
d[CL,] 1d[Cl] . 2d[CL,]  d[Cl]
A 2 & T
ORMRA@HXE: 2k [ClL] -2 k[Cl-]>=0 S [CL = { (K /k,)ICL]} 2
d[HCI]/dt = k,[CL-][H, ]+ k,[H-][CL,] = 2k,[C][H,] = k [C1,]"{H, ]
Hi K=k Qhki/k)?, o BRMILEN 1.5 %
2. “PHr#IEALE (pre — equilibria)

k
XFHIFE A+B kl C i D, d[D]/ dt = ky[C] »
slow

EE?%*’F&EHET?%%@J%@T, U ki[A][B] = k-1 [C]
Sod[D]/dt=(kik2/ k-1)[A][B]
= BEARNMERSGIE, HENRNHIE

Sample Example: Burns and Dainton have investigated the kinetics of the oxidation of CO by Cl»

)

( ..o

to yield phosgene as in CO(g) + Clo(g) — > COClz(g) and found their experimental results to
be represented by the rate equation : d{[COCl:] / d ¢ = k[C1>]**[CO]. Postulate a mechanism that is
consistent with this rate equation.

HE I 35 1L 2% & W) 10 J7 7% . 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: ZM _ETHIFN, Z M HITEH LGP N ClsCO. Pl 122 B DRy
COCl(g) + Cla(g) — > COClx(g) + Cl(g). {HHI— AT REAREA MR BHLEE,  FRAT 020
B & B TR S B b B

k
Clx(g) kl 2Cl(g) rapid equilibrium (@O
-1
k
Cl(g) + CO(g) k2 COClI(g) rapid equilibrium @
2
k ..
COCI(g) + Cla(g) — > COCly(g) + Cl(g) rate determining  ©
d[COCl k,[CI][CO
% [—tz] _ k[COCICL], #@7  [cocl] = LlICO]
)
k[Cl d[COCl k k
EE@’?%‘ [Cl] :{ 1[ 2]}1/2 .. [ 2] :( )1/2 _zk3[Cl2]3/2[CO]

1
k. dr k, k.,
Practice Exercise: Propose a mechanism for the reaction

I (aq) +OCI (aq) - I0 (aq) +Cl (aq)
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That is consistent with the experimental rate equation d[IO ]/dt= kI J[OCI J/[OH ]

Depletion of Stratospheric Ozone

Much of our life in the United States today depends on refrigeration. We cool our homes,
cars, offices, and shopping 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. 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 discovered by scientists at

the Frigidaire Division of General Motors

in 1928. By 1988, the total worldwide
freon—12 freon—11t

. . . consumption of CFCs was over 1x10°
dichlorodifluoromethane richlorofluoromethane  jjograms 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, aerosol propellants,
and industrial 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 altitude of about 10 km, they persist for a long time
because there is no mechanism for their destruction. Through atmospheric mixing they riseto the
stratosphere where they are eventually destroyed by solar radiation — but with significant
consequences to our environment, as first recognized by M. J. Molina and F. S. Rowland in 1974
(Figure A). From laboratory 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 possbibly other effects that we do not even suspect at this time.

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

02 (g) + radiation (A <280 nm) —> 20(g) O(g) +02(2) —> Os(g)

The ozone produced by this mechanism in the stratosphere is quite abundant (10 ppm), which
is fortunate because Oj is also photodissociated by sunlight, Oz (g) — > O(g) + O2(g), And the
O atoms produced react with more O: to regenerate Os. The process keeps 95% to 99% of the
sun’s ultraviolet radiation from reaching earth’s surface.

The problem with CFCs is that they disrupt the protective ozone layer by a “chlorine catalytic
cycle.” The CFCs rise to the stratosphere where C—Cl bonds are broken by high—energy photons.
The Cl atoms attack ozone to give ClO, chlorine oxide, and oxygen: Cl(g) + O3(g) — > CIO (g)
+02(g)

This would not necessarily be a problem, except that CIO can react with an O atom to give O
and regenerates a Cl atome: C1O (g) + O (g) —> Cl(g) + 02(g)

The CI atom can then destroy still another O3, 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 CI 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 nitrogen monoxide, NO, to release a Cl atom and form NO». The NO: goes
on to regenerate a molecule of ozone. In another reaction, CIO forms chlorine nitrate (CIONO»), 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 early spring in the southern hemisphere, however, the ozone layer over
the Antarctic is significantly depleted, a fact clearly illustrated in satellite images of ozone
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concentration done in the early 1990s (Figure B). One theory used to explain this observation
involves the high—altitude clouds that are common over the Antarctic continent in the winter.
Chlorine nitrate could condense in these extremely cold clouds, and chlorine atoms could also be
trapped as HCl. Rowland and Molina estimate that one out of every three or four collisions of
CIONO; with HCl—containing ice crystals leads to reactions such as CIONO; +
HCl —> HNO; + Cl,

The first sunlight of spring that warms the clouds can trigger the release of atomic chlorine
by photodissociating chlorine molecues. 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 companies in the
United States have halted CFC production and are actively searching for substitutes. In January,
1989, 24 nations signed the Montreal Protocal, 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 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 CO» evolved will increase, which in turn will contribute to the
“greenhouse” effect.

CFCs and their relation to ozone depletion is just one more example of the
risks—and—benefits problem. In this case scientists and citizens have concluded that the risks of
CFCs outweigh the benefits.

Polar Ozone

North Pole
February 1990

South Pole
September 1992

Rowland (righf). These scientists first recognized the
potential for the depletion of the earth’s atmosphere by =
CFCs. Rowland is Professor of Chemistry at the Lew Bl ClamngurelDt) ___Hih

University of California, Irvine, and Molina is Professor

of Environmental Sciences at the Massachusetts Institute Figure B This satellite image, acquired in September

of Technology. Molina and Rowland shared the 1995 1992, shows that the stratospheric ozone

Nobel Prize in Chemistry with Paul Crutzen of Germany concentration is depleted near the South Pole. The

for their studies of the earth’s ozone layer and the effect image is color—coded to indicate relative

of pollutants on it. (The Bettmann Archive) concentrations, 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)
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