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The exchange between benzyl iodide and iodine has been studied both thermally and photochemically in hexachlorobuta-
diene-1,3. The reaction proceeds by a radical chain mechanism initiated by dissociation of both species and involving 
alternately benzyl radicals and iodine atoms. A direct substitution by iodine atoms may also occur. AU seven of the rate 
constants for the individual steps have been estimated at 36°. The data help to establish the benzyl-iodine bond strength. 
Oxygen inhibits the reaction by reacting reversibly with benzyl radicals, but it does not appear to affect iodine atoms. These 
results support previous proposals that the molecular and atomic exchange reactions of allyliodide involve direct interaction 
with the double bond. They also suggest that allylperoxy radicals may react with other radicals by substitution reactions 
leading to stable products. 

Introduction 
Various organic iodine compounds undergo iso-

topic exchange with the element in non-polar sol
vents, and the mechanisms frequently involve iodine 
atoms and other radical species. Diiodoethylene2 

and allyl iodide3 are the only compounds for which 
atomic exchange mechanisms have been studied in 
detail; both react by direct substitutions that ap
parently involve reversible interaction of an iodine 
atom with the 7r-electrons of a carbon-carbon dou
ble bond. 

Benzyl iodide does not offer any obvious mech
anism for atomic exchange following interaction 
with a 7r-electron system, but it does contain a very 
weak carbon-iodine bond which might break easily 
under attack by a radical. In this paper, we show 
that benzyl radicals are indeed intermediates in this 
exchange. 

Experimental 
Materials.—The high boiling (210-220°) solvent used in 

all experiments was hexachlorobutadiene-1,3 purchased 
from the Hooker Electrochemical Company and used with
out further purification. I t apparently contained impuri
ties capable of reacting with about 2.5 X 10 - 6 mole/liter of 
iodine but seemed inert after this reaction was completed. 
The amount of impurity was determined by illuminating 
solutions of iodine and measuring both the decrease in light 

(1) Based on the Ph.D. Dissertation of Moshe Gazith. The more 
complete account and microfilms thereof are available from the Library 
of Columbia University. 

(2) R. M. Noyes, R. G. Dickinson and V. Schomaker, T H I S JOUR
NAL, 67, 1319 (1945). 

(3) D. J. Sibbctt and R. M. Noyes. ibid., 75, 703 (1953). 

absorption and the organically bound radioactivity ob
tained from solutions containing iodine-131. 

The benzyl iodide was prepared in almost quantitative 
yield from benzyl alcohol and concentrated hydriodic acid 
by the method of Norris.4 The crude material was washed 
with sodium sulfite solution and dried over magnesium sul
fate. I t was then distilled over silver wire in the dark under 
reduced pressure of nitrogen. The middle fraction, boiling 
57-59.5° under 0.5-0.6 mm., was immediately made up to 
0.30 M in solvent and stored in the dark in a refrigerator. 
The purified benzyl iodide had a faintly yellow color and 
crystallized and melted sharply a t 24.0°. Refractive in
dex of the liquid (not reported previously) was n25-°D 
1.6334. Molar refraction calculated for C6H6CH2I is 
44.0; found is 45.0.6 A sample was hydrolyzed by alkali 
and the liberated iodide was titrated with silver nitrate with 
eosin as an adsorption indicator.6 Percentage of iodine cal
culated is 58.2; found was 58.1. The solutions remained 
colorless during the period of this work. 

irarcs-Diiodoethylene was prepared from acetylene and 
iodine and purified by recrystallization from alcohol.2 

Resublimed reagent grade iodine was used without fur
ther purification. Solutions were activated with aqueous 
carrier-free solutions of iodine-131 obtained on allocation 
from the United States Atomic Energy Commission. No 
systematic differences in rate were observed whether these 
wet solutions were dried with magnesium sulfate, filtered 
through paper to remove water present as a second phase, 
or merely used without further treatment. Apparently 
water does not affect this exchange reaction. 

Procedure for Thermal Experiments.—The molar ratio 
of iodine to benzyl iodide was varied from 1/4000 to 200/1 . 
Unless the concentrations were approximately equal, most 

(4) J. F . Norris, Am. Chem. J., 38, 638 (1907). 
(5) Data from A. I. Vogel, "Practical Organic Chemistry," Long

mans, Green and Co., Philadelphia, Pa., 1948, p. 898. 
(6) I. M. Kotthon" and E. B. Sandell, "Textbook of Quantitative 

Inorganic Analysis," Revised Edition, The Macmillan Co., New York, 
N. Y., 1943, pp. 571-572. 
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of the initial radioactivity was necessarily present in the 
species in smaller concentration. Solutions containing 
activity in the iodine were prepared by pipetting together 
solutions of activated iodine and inactive benzyl iodide. 
The other solutions were prepared by driving the exchange 
to completion in a degassed solution containing benzyl io
dide and dilute iodine of high specific activity. The result
ing stock solution was mixed with concentrated solutions of 
inactive iodine to prepare runs. When the concentrations 
of both reactants were comparable, the exchange rates 
agreed regardless of the initial distribution of radioactivity. 

Some of the runs were made in glass-capped ampules in 
the presence of air. The other runs were degassed by cool
ing to Dry Ice temperatures, evacuating with a mercury 
diffusion pump, warming the solution to room temperature, 
and repeating the operation three to five times. The frozen 
ampule was then sealed off and warmed to room tempera
ture. Photochemical exchange was avoided by performing 
all operations by the light of a ruby dark room lamp. Dur
ing sealing, the contents of the ampule were shielded as 
much as possible from the light emitted. Blank experiments 
indicated that this preparatory procedure induced a little 
exchange in the lowest concentrations of iodine, but this 
could be corrected for. 

The prepared ampules were heated in an oil thermostat 
regulated to ±0 .05° , and checked against a Bureau of Stand
ards thermometer. Times of heating ranged from 150 
seconds to about 4 days. In the fastest runs, the uncer
tainty in zero time was eliminated by heating three or four 
identical ampules for different times, and calculating the 
rate from the time dependence of the amount of exchange. 

At the end of a run, the ampule was chilled and opened. 
The iodine was extracted with aqueous sulfite, and the sepa
rated layers were washed and counted with a liquid jacketed 
Geiger counter. The mechanical error in the separation 
was shown to be less than 1 per cent. Standard equations 
were used for each run to calculate R, the rate of the net 

in iodine. The probable error of the mean rate 
constant is given at the bottom of each table. 

process 
BI + I2 BI* + I I* (D 

where BI designates benzyl iodide. 
In some runs, the concentration of iodine before and after 

a run was compared by measurements with a Beckman spec
trophotometer. No significant changes were observed. 

Procedure for Photochemical Experiments.—The optical 
cells were 1.9 cm. long and 3.2 cm. in diameter. Since cells 
containing liquid could not stand the strains associated with 
degassing and opening, each was fitted with a cylindrical 
ampule attached to the side arm. The solution was frozen 
in this ampule during the degassing procedure and was 
tipped back into the ampule before the seal was broken at 
the end of a run. 

The degassed cell was mounted in a water thermostat at 
25 or 36° and was illuminated with the 5461 A. green line 
isolated with filters from a mercury AH4 arc. The absolute 
intensity of the lamp was measured with a calibrated ther
mopile-galvanometer system, and a photo tube was used 
for monitoring. The intensity incident on the solution 
was 1.17 X 10H quanta/cm. 2 sec. The system is described 
in more detail elsewhere.1'7 

After a run, the iodine was extracted and the distribution 
of radioactivity was measured as in the thermal runs. 
Identical runs were thermostated at the same temperature as 
the illuminated runs, and the photochemical exchange was 
calculated by subtracting the small amount of parallel ther
mal exchange. 

Any change in iodine concentration during a run was 
measured with a Beckman spectrophotometer before the cell 
was opened. 

T h e r m a l R e s u l t s 

R u n s in D e g a s s e d S o l u t i o n s . — T h e r e s u l t s of r u n s 
in carefu l ly d e g a s s e d s o l u t i o n s a r e p r e s e n t e d in 
T a b l e s I t o I V . T h e d a t a a t e a c h t e m p e r a t u r e 
cove r a r a n g e of a b o u t 106 in t h e r a t i o of i od ine 
t o b e n z y l i o d i d e c o n c e n t r a t i o n s . T h e r u n s a t 
lower t e m p e r a t u r e s s h o w m o r e s e n s i t i v i t y t o ex
t r a n e o u s inf luences , b u t t h e r a t e of e x c h a n g e 
is c l ea r ly first o r d e r in b e n z y l i od ide a n d half o r d e r 

(7) J Zimmerman and R. M, Noyes, J. Chem. Phys., 18, 658 (1950). 

["HERMAL 

10'[Is], 
mole/1. 

5.00 
5.15 

47.2 
49.5 
47.0 

125 
125 
50.0 

500 
125 
50.0 

500 
125 
500 
101 
51.0 
51.0 

100 
501 
501 
501 

2500 
1250 
5000 
5000 

EXCHANGE 

10'[BIJ, 
mole/1. 

15000 
7500 

15000 
7500 
3750 
3750 
1875 
469 

3750 
937.5 
234 

1875 
469 
469 

93.75 
46.9 
23.4 
23.4 
46.9 
46.9 
23.4 
93.75 
23.4 
46.9 
23.4 

TABLE I 

OF IODINE AND BENZYL L 

[I . l / tBI] , 

0.000333 
.000682 
.00314 
.00660 
.0125 
.0333 
.0667 
.107 
.133 
.133 
.213 
.267 
.267 

1.07 
1.09 
1.09 
2.18 
4.30 

10.7 
10.7 
21.4 
26.6 
53.3 

107 
213 

10»R, 
mole/1, sec. 

541 
286 

1710 
975 
466 
712 
375 

65.6 
1270 

178 
30.5 

658 
93.6 

178 
16.3 
6.52 
3.08 
3.70 

16.5 
16.1 
8.31 

76.7 
13.3 
60.0 
28.8 

ODIDE AT 90° 

10>R 
[BI][I1]V. 

5.10 
5.31 
5.25 
5.83 
5.72 
5.36 
5.65 
6.25 
4.78 
5.37 
5.81 
5.03 
5.65 
5.37 
5.47 
6.15 
5.81 
4.98 
4.96 
4.85 
5.00 
5.17 
5.10 
5.72 
5.48 

Av. 5.41 ± 0 . 0 5 

TABLE II 

THERMAL EXCHANGE OF IODINE AND BENZYL IODIDE AT 80° 

WR 
10»[It], 
mole/i. 

3.36 
46.2 

100 
125 
125 
50.0 

500 
500 
125 
500 
500 
500 

51.0 
101 
51.0 
50.5 

501 
625 
500 

1250 
500 

1250 
1250 
5000 
5000 

10'[BI], 
mole/1. 

15000 
15000 
15000 
3750 
1875 
469 

3750 
1875 
469 
469 
469 
469 

46.9 
93. 
23. 
11. 
46. 
46. 
23. 
46. 
11. 
23. 
11. 
46. 
23. 

75 
4 
.7 
9 
.9 
4 
9 
7 
4 
7 
9 
4 

[I .] /[BI], 
Q 

0.000224 
.00308 
.00667 
.0333 
.0667 
.107 
.133 
.267 
.267 

1.07 
1.07 
1.07 
1.09 
1.09 
2.18 
4.30 

10.7 
13.3 
21.3 
26.6 
42.6 
53.3 

107 
107 
213 

10»R, 
mole/1, sec. 

165 
842 
834 
274 
135 
23.8 

484 
233 

29.2 
77.5 
57.1 
57.1 

2.73 
6.18 
1.20 
0.705 
5.97 
6.28 
3.66 
9.16 
1.45 
4.48 
2.53 

20.1 
9.83 

[BI][I1]V. 

1.90 
2.60 
1.76 
2.06 
2.03 
2.27 
1.82 
1.76 
1.76 
2.34 
1.72 
1.72 
2.58 
2.08 
2.25 
2.68 
1.80 
1.68 
2.20 
1.75 
1.74 
1.71 
1.93 
1.92 
1.87 

Av. 2.00 ± 0 . 0 4 
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TABLB I I I 

THERMAL EXCHANGE OF IODINE AND BENZYL IODIDE AT 70° 

10'[Is], 
mole/1. 

50.0 
125 
125 
50.0 
50.0 

500 
125 
50.0 

500 
125 
625 
625 
500 
100 

51.0 
100 
500 
500 
500 

1250 
5000 

10s [BI], 
mole/1. 

15000 
3750 
1875 
469 
469 

3750 
937.5 
234 

1875 
469 

1875 
937.5 
469 

93.75 
46.9 
46.9 
46.9 
23.4 
23.4 
23.4 
46.9 

[Ii]/[BI], 
Q 

0.00333 
.0333 
.0667 
.107 
.107 
.133 
.133 
.213 
.267 
.267 
.333 
.667 

1.07 
1.09 
1.09 
2.18 

10.7 
21.4 
21.4 
53.3 

107 

10»R, 
mole/1, sec. 

130.0 
54.0 
28.6 

7.74 
5.40 

159.0 
19.8 
4.63 

74.2 
10.8 
89.3 
42.6 
19.6 
2.80 
0.775 

.915 
2.02 
1.05 
1.07 
1.62 
7.49 

Av. 

10<R 

[BI][Is]1A 

0.388 
.407 
.430 
.739 
.515 
.600 
.597 
.883 
.559 
.651 
.601 
.575 
.592 
.935 
.731 
.617 
.609 
.621 
.641 
.616 
.714 

0.620 ± 0 . 0 2 0 

TABLE IV 

THERMAL EXCHANGE OF IODINE AND BENZYL IODIDE AT 60° 

10S[It], 
mole/1. 

50.0 
100 
125 
125 
50.0 

500 
500 

51.0 
100 
500 
500 

1250 
5000 

105IBI], 
mole/1. 

15000 
15000 
3750 
1875 
469 

1875 
469 

46.9 
23.4 
46.9 
23.4 
23.4 
46.9 

[Is]/[BI], 
Q 

0.00333 
.00667 
.0333 
.0667 
.107 
.267 

1.07 
1.09 
4.30 

10.7 
21.4 
53.3 

107 

10»/?, 
mole/1, sec. 

86.9 
121.0 
22.0 
11.2 
2.80 

26.4 
6.19 
0.233 

.179 

.594 

.329 

.470 
3.02 

Av. 

10»iJ 
[BI][Ii]Vs 

0.259 
.255 
.166 
.169 
.267 
.198 
.181 
.220 
.241 
.179 
.193 
.179 
.288 

0.215 ± 0 . 0 0 8 

The temperature dependence of the rate can be 
fitted by an equation of the form 

N =• J ? / [ B I ] [ I S ] ' / l = I O " . « ± 0-15 c-(26,0$0±240)/iJT' (2) 

(l./mole)Vi sec . - 1 

Effect of Oxygen.—The solutions were very 
sensitive to traces of oxygen. The sensitivity was 
greater at lower temperatures and especially at 
low ratios of iodine to benzyl iodide. Figure 1 
shows a number of runs at 80° both in the presence 
of air at atmospheric pressure and with different 
extents of degassing. The runs in presence of air 
obey the kinetic expression R = A[BI]1A[I2] in 
contrast to the R = TV[BI][I2]

1A observed in de
gassed systems. As[I2]/[BI] varies from 0.000333 
to 2.0, the factor of inhibition by air drops from 250 
to 3. The inhibition should vanish when iodine is 
in about 10-fold excess, and for greater excesses of 
iodine the rate in air should be the same as when de

gassed. This last conclusion was not tested experi
mentally. 

The data strongly suggest that oxygen inhibits 
by reacting with benzyl radicals but not with iodine 
atoms. The detailed mechanistic implications are 
discussed below. 

Photochemical Results 
Exchange of Benzyl Iodide.—Several runs were 

made at 25 and 36° in degassed solutions illumi
nated with 5461 A. light. Extinction coefficients, 
denned by E\ = (l/ci/)log {h/I), were measured 
by a Beckman spectrophotometer as Ei, = 738 ± 3 
and EBI = 0.110 liter /mole cm. In all of the 
solutions, at least 80% of the light absorbed was 
absorbed by iodine and there was no evidence that 
light absorbed by benzyl iodide contributed to the 
exchange reaction. 

Because iodine absorbed so strongly at this wave 
length, and because very dilute solutions were more 
sensitive to impurities, the concentrations were 
limited between 9 X 10 - 5 and 2.5 X 10 - 4 M. The 
benzyl iodide concentration was varied between 
2.3 X 10-4 and 0.150 M. 

Because a significant fraction of the incident 
light was absorbed in the cell, the rate of absorption 
by iodine was not directly proportional to [I2]. The 
intensity of the beam at a distance L from the face 
is given by 

J = / o e - ( a I i [ l2 ] + a Bl[BI])£ (3 ) 

where en = 2.303 E1. Integration over a cell of 
length / gives 

Ql, = hau [h]f (4) 
where gis is the rate per unit volume of absorption 
by iodine and 

1 - g - C l s M + "BI[BI])I 
1 ~ CaI1[I2] +OtVi[BI])I ( 5 ) 

In these experiments, qi, = 3.30 X 10 - 4 [I2]/ ein-
stein liter - 1 sec. -1. 

If chains were terminated only by recombination 
of iodine atoms, 22/[BI][Is]1A/1/! should be con
stant. Although a function of this type was con
stant in the thermal experiments, Fig. 2 shows that 
it varies considerably in the range studied in the 
photochemical experiments. 

Exchange of Diiodoethylene.—iraws-Diiodoethyl-
ene, C2H2I2, was exchanged with iodine under the 
same conditions. Let [DI] = 2[C2H2I2] be the 
concentration of organically bound iodine. E D I was 
negligibly small at this wave length, so the appropri
ate expression for / was somewhat simpler than 
equation 5. The data are also shown in Fig. 2 and 
exhibit the constancy of 22/[DI][I2]1/2/1/2 to be 
expected for a chain reaction in which almost all 
radical species are iodine atoms. Although this 
function does decrease about 15% if [I2]/[DI] is 
reduced to8 1 X 1O-4, the effect is much smaller 
than that exhibited by benzyl iodide in Fig. 2. 

Decomposition of Benzyl Iodide.—If a significant 
fraction of chains are terminated by reaction be
tween the two benzyl radicals, the mechanism dis
cussed below indicates that additional iodine 
should be produced. The concentration of iodine 
did not change during thermal experiments or dur-

(8) R. M. Noyes and J. Zimmerman, J. Chem. Phys., 18, 656 (1950). 



6094 MOSIIE GAZITII AND RICHARD Al. NOYES Vol. 77 

10" I I I I I 1 1 1—! I M I I I 1 I I M I I I 

CURVE 

- T 1 1 I I I I1T 

TIMES I 
DEGASSED " 

_Q O. 
O O 

_l i i i ,J 11 

Q^ Q ^ o O^ -£08 U0Qu 0Q-
O 

I 1 I I I I I I I I I I I I I ) I I I I I I I I I I I M I M 

IO J IO IO 1.0 

[U] / [Bl]. 
Fig. 1.—Effect of degassing on kinetics of exchange at 80° between benzyl iodide and iodine. 

ing photochemical experiments containing initial 
iodine of 1O-4 M or higher. In a photochemical ex
periment containing 0.15 M benzyl iodide but no 
iodine initially, iodine was produced at a constant 
rate of 2.66 X IO"10 mole/liter sec. At 2.6 X 10~5 

M iodine (the highest concentration reached in 
this experiment), the calculated rate of exchange is 
170 times the observed rate of formation of iodine. 

Some rough experiments with unfiltered sunlight 
indicated that benzyl iodide decomposed rapidly at 
first but that the concentration of iodine reached a 
limiting value. This limiting concentration was 
much greater in a solution containing air than it 
was in a degassed solution. 

Discussion 
Thermal Mechanism in Degassed Solutions.— 

The data can be fitted by the following chain 
mechanism 
Initiation: 

Since the rate of production of radicals equals the 
rate of destruction 

J1[BI] + J2[I2] = J6 [ I ]2 + A6[B][I] + J7[B]2 (6) 

Since subsequent data indicate that the chain 
length is long, step (S6) contributes negligibly to 
the exchange and the rates of the two propagation 
steps are equal. Then 

R = J3[BI][I] = J4[B][I2] (7) 

Algebraic combination of equations 6 and 7 gives 

R = 
^ r M B I ] [ I 2 ] 1 M l + Wi J1[BI] 

J2[I2] 

V 1 J6J3[BI] J7J3
2[BI]2 (8) 

Propagation: 

Termination: 

BI -

I + BI -
B - f - I 2 

B + I 
*- 21 

B + I2 

•> I + BI 

(Sl) 
(S2) 

(S3) 
(S4) 

I + I — > • I2 (S5) 
B + I — > BI (S6) 
B + B > B2 (S7) 

The two initiation steps are needed to explain the 
kinetics in the presence of air and to account for the 
fact that i?/[BIJ[I2]'/-is independent of 1[I2]/[BI] 
in thermal experiments but varies greatly in photo
chemical experiments. Step (S7) is needed to ex
plain the photochemical decomposition of benzyl 
iodide. 

J6J4[I2] J 6J 4
2M 2 

Equation 8 appears to involve four independent 
parameters. The number can be reduced to three 
by an argument based on microscopic reversibility. 
If a system contained iodine, benzyl iodide and bi
benzyl all in thermodynamic equilibrium, we could 
write 

J1[Bl] = J6[B][I] (9) 

J2[I2] = J5[I]2 (10) 

Combination with equation 7 gives 
[B] [I2] _ JiJj = J3 ( H ) 
[BI] [I] J2J6 J4 

Although the first equality in equation 11 holds 
only in the equilibrium system, the second equality 
involving only rate constants must hold in all sys
tems regardless of the concentration of bibenzyl. 

The rate can then be defined in terms of three 
parameters 

M = J4 VJT7J"7 (12) 

-V = J3 V V J 6 (13) 

4> = J6/2 V7J6J7 (14) 
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10" 

10 

10 

a 9 

I R/ [ B I ] [ I 2 ] l / 2 f " 2 o 36° 
® 25° 

R/ [DI ] [1 2 ] ' / Z f^ 2 , 36° 

BI = BENZYL IODIDE 

DI = DI IODOETHYLENE 

_I I i I i i i n J i ' i I I I I i J I ' i i i i n J i l I i i I i J I i i i i I i 

10"° IO IO 1.0 

Fig. 2.—Photochemical exchange of benzyl iodide and diiodoethylene with iodine. 

IO 

Here, M and N are limiting rate constants for ex
change in sufficient excesses of benzyl iodide and 
iodine, respectively, and 0 is a conventional param
eter describing relative tendencies of termination 
reactions.9 If we make the additional abbreviation 

For computational purposes, equation 17 can be 
rewritten 

[Bl ] ' [ l j ] / 
R1 + 

2<j> 

+ N9
1 ' M9N9Q ' M9

1Q 
(20) 

Q = [IJ / P I ] 
equation 8 can be rearranged to 

R Ny/l + WN1ZWQ 

(15) 

(16) 
[BI] [I2]

 1A s/i + WN2ZM1Q + WN*/M*Q' 

Since the terms in 1 /Q in numerator and denomina
tor are identical, the kinetics will obey the simple 
form of equation 2 until i<J32Ni/M4Q2 becomes signifi
cant compared to unity; as we shall see later, this 
requires a large excess of benzyl iodide over iodine. 

Kinetics in Photochemical Runs.—In the photo
chemical experiments, steps (Sl) and (S2) are 
omitted, and chains are initiated by the process 

I2 + hv — > • 21 (S2') 

The rate of this process is q_nfa, where fa (not to 
be confused with 4>) is the quantum efficiency for 
producing atom pairs that escape their original 
partners and are able to start chains. A treatment 
identical with the thermal case gives 

R Nx, (17) 
[BI][I2]

1AZ1A ^/1 + 24,N9ZM9Q + N9
1ZM9

1Q1 

w h e r e 
M9 = WtuaiMhYh (18) 

N9 = *s(<fr,aitV*6)V. (19) 

(9) Some British authors, including L. Bateman and H. W. Melville , 
omit the factor 2 in the definition. Their values of <£ are identical 
with those computed by our method, but termination rate constants 
are defined differently. Rate constants in this paper are defined 
by dividing the rate of the reaction as written by the concentrations 
of reactants raised to appropriate powers. The convention used here 
is the same as in P. J. FIory, "Principles of Polymer Chemistry," 
Cornell University Press, Ithaca, N. Y., 1953, p. 200. 

Evaluation of Individual Rate Constants.— 
The proposed mechanisms involves seven indi
vidual steps. The four parameters N1 Mp, Np and 
<t> are independently measurable and involve the 
rate constants. Equation 11 provides another in
dependent relationship. The data on diiodoethyl
ene exchange permit another parameter to be esti
mated, and one additional assumption is sufficient 
for the calculation of all seven rate constants. The 
results of such calculations at 36° are presented in 
Table V. The bases of the numerical values used 
are as follows. 

TABLB V 

INDIVIDUAL R A T B CONSTANTS AT 36° FOR THE EXCHANGE 

BETWEEN IODINE AND BENZYL IODIDE 

h 6 . 0 X l O - 1 4 S e C . - 1 h 7 .0 X 109 l./mole sec. 
ki 1 . 4 X l O - 1 2 S e C . - 1 h 1.4 X 1010 l./mole sec. 
k, 7 .1 X 10* l./mole sec. h 1.6 X 109 l./mole sec. 
k, 3 .3 X 10s l./mole sec. 

The photochemical parameters were ax, = 1700 
liter/mole cm., I0 = 1.94 X 10~7 einstein/1000 
cm.2 sec, and fa = 0.09. 

The value of N from equation 2 was 1.0 X 10 - 6 

(1.Zm0Ie)1Z2SeC-1. 
Twenty-six photochemical runs were made at 

values of [I2]/[BI] ranging from 0.000665 to 0.972. 
The results were fitted to quadratic equation 20 by 
least squares, weighting the points on the basis of 
constant percentage uncertainty in R. The calcu
lations gave Mp = 0.368 ± 0.016, Np = 0.00414 ± 
0.00026, 4> = 1.01 ± 0.24, where the probable er
rors are based on the deviations of the experimental 



6096 MOSHE GAZITH AND RICHARD M. NOYES Vol. 77 

points from the curve. Observed values of R 
showed a standard deviation of 16.8% and a maxi
mum deviation of 40.8% from calculated values, 
but the deviations were not random. The non-ran
domness clearly arose because rates in large ex
cesses of benzyl iodide were more erratic and tended 
to be less than expected from the other points. This 
behavior is consistent with the extreme sensitivity 
of these solutions to oxygen and other impurities. 
The "best" values selected for these parameters 
were Mp = 0.45 (l./mole)'/> sec.-1, Np = 0.0046 
(l./mole)'/'sec.-1, 0 = 2.1. 

If Rd is the rate of photochemical exchange of 
<raw5-diiodoethylene 

[DI] [I2]
 1Af/* = Nd = k3i('l>l'ai>T<>/k°y/i ( 2 1 ) 

where k3a is half the rate constant for 
C2H2I2 + I* —> C2H2II* + I (S3d) 

The data shown in Fig. 2 indicate Nd = (1.43 ± 
0.05) X 1O-4. From the previously determined rate 
constant8 at 25° and activation energy,2 &3d = 2.2 
X 108 l./mole sec. in hexane at 36°. If it is as
sumed that &3d has the same value in hexachloro-
butadiene, substitution into equation 21 yields k*, = 
7.0 X 109 l./mole sec. 

The final assumption is 
h = 2h (22) 

Critique.—The calculations for Table V involve 
three assumptions in addition to the validity of 
the proposed mechanism. The first assumption is 
that 0i, = 0.09. Lampe and Noyes10 showed that 
the value is 0.15 for this solvent and temperature 
when the wave length is 4358 A„ and Zimmerman 
and Noyes7 showed that 0s7so/04368 = 0.62 in hexane 
at 25°. The value of 0.09 is based on the assump
tion that the wave length dependence of quantum 
yield is the same in hexachlorobutadiene. The as
sumption could be checked by measuring quantum 
yield as a function of wave length for any chain 
reaction involving iodine atoms, but the value used 
here can hardly be badly off. 

The second assumption, which permits the esti
mation of k$, is that the rate of exchange of iodine 
atoms and diiodoethylene is the same in hexane and 
in hexachlorobutadiene. This assumption is prob
ably reliable for an activation-controlled radical re
action in non-polar solvents. The value of ks, cal
culated from this assumption is certainly consist
ent with values reported10'11 for ks at 25° of 1-2 X 
1010 in hexane and of 7-9 X 109 in carbon tetra
chloride. Measurements now in progress will pro
vide a direct measure of k6 under these conditions. 
If the assumed value of k& is in error by some factor, 
the other termination rate constants (ks and k7) 
will be in error by the same factor, and the propaga
tion rate constants (k% and £4) will be in error by 
the square root of that factor. 

The third assumption, that ks = 2h, is equiva
lent to assuming that an iodine atom and benzyl 
radical behave toward each other as two iodine 
atoms do. The value of 0 near unity means that 
ki/2 is near the geometric mean of ks and kj, and 

flO) F. W. Lampe and R. M. Noyes, THIS JOURNAL, 76, 2140 (1954). 
(U) R. Marshall and X. Davidson, / . Chem. Phys., 21, 2086 (1953). 

we would expect all of these reactions to take place 
with high efficiency during an encounter. The need 
for this assumption could be eliminated by lifetime 
measurements with intermittent light in solutions 
containing such an excess of benzyl iodide that most 
of the chains were terminated by step (S7). These 
measurements would be very difficult. If k6 in 
Table V is in error by some factor, k* is in error by 
the same factor and ki is in error by the square of 
that factor; the other rate constants are unaffected. 

The ratio k2/h = 2.0 X 10~22 mole/liter. If our 
interpretation is correct, this ratio is the equilib
rium constant for the dissociation of molecular 
iodine. The gas phase equilibrium constant at 36° 
calculated from spectroscopic data is 2.5 X 1O-22. 
This close agreement between the equilibrium con
stant in gas phase and solution has also been ob
served in hexane7 and supports our choice of &5. 

The ratio kjh = 0.043 is e-AAF*/*r w h e r e 
AAF is the difference in free energies of activation 
for the two initiation reactions. Since the entropy 
requirements are probably very similar for these 
two dissociations, the result indicates that the C-I 
bond strength in benzyl iodide is about 1.9 kcal./ 
mole more than in iodine and hence is about 37.4 
kcal./mole. This value is in satisfactory agree
ment with several values from pyrolysis,12 thermo
chemistry13 and electron impact,14 but is distinctly 
below a recent thermochemical value.15 

The decomposition experiments with no iodine 
initially present presumably involved the step 

BI + hv —> B + I (Sl') 
followed by (S3) and (S7). Since no other steps 
occur significantly, one molecule of I2 is produced 
for each occurrence of (Sl')- The decomposition 
rate of 2.66 X 10-10 mole/liter sec. should be 
foiam [BI]Z0 = 7.4 X 10~9 0Bi and 0BI = 0.036. 
The quantum yield is 0.052 for the dissociation of 
allyl iodide with 4358 A. light in the same solvent 
and temperature.10 Since allyl and benzyl iodides 
have nearly the same bond strengths, the quantum 
yields should be nearly equal under the same condi
tions. If they are indeed equal, the effect of wave 
length on quantum yield is about that used in esti
mating 0i, above. 

We believe the data demonstrate that at least 
much of the exchange goes by the benzyl radical 
mechanism described. The data do not rule out the 
possibility that some of the exchange involves a 
direct substitution step. 

BI + I*—>• BI* + I (S3s) 

If kSs is the rate constant for this step, the value 
of k3 reported in Table V is really k3 + kSs and the 
value of k\ is really £4(1 + kzjkz). We hope the 
contribution (if any) of the step (S3s) can be esti
mated by experiments now being undertaken. If 
oxygen does not completely inhibit the photochem
ical exchange, the limiting quantum yield at infin
ite oxygen concentration should be independent of 

(12) M. Szwarc, Chem. Revs., 47, 75 (1950). 
(13) J. S. Roberts and H. A. Skinner, Trans. Faraday Soc, 45, 339 

(1949). 
(14) F. P. Lossing, K. U. Ingold and I. H. S. Henderson, J. Chem. 

Phys., 22, 1489 (1954). 
(15) W. S. Graham, R. J. Nichol and A. R. Ubbelohde, J. Chem. Soc, 

115 (1955). 
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the concentrations of other species and should per
mit an estimation of ku/kz-

The thermal data indicate that ^/[BI][I2]1/" 
is independent of concentration for [I2]/[BI] as 
low as 0.00022. At 36°, we predict M/N = 20.2. 
However, R/[BI][I2]

1/s should fall off significantly 
at our lowest [I2]/[BI] unless M/N is about 80 
or more. If M/N is this large at 36°, our value of 
Mp would have to be low by a factor of 16. We do 
not see how the photochemical experiments at 36° 
could be inhibited this much when thermal experi
ments at 60-90° show no inhibition in spite of a 
much longer chain length. An alternative explana
tion is that M/N increases with temperature (or 
4> decreases with temperature) enough to avoid a 
falling off in the range of our thermal experiments. 
We would expect the temperature coefficients 
would be small and that M/N would, if anything, 
decrease with increasing temperature. Although 
we cannot resolve the discrepancy, we do not be
lieve it invalidates the major features of our mech
anism. 

Effect of Oxygen.—Air inhibits the reaction, and 
the effect is greatest in a large excess of benzyl iodide. 
The data can be explained by the following addi
tional steps 

B + O2 — > BOa (S8) 
BO2 —>• B + O2 (S9) 

BO2 + I —>• stable products (SlO) 
BO2 + B —>• stable products (SIl) 

BO2 + BO2 — > stable products (S12) 

If B and BO2 can be regarded as in equilibrium (step 
(S9) equal in rate to (S8) and much more probable 
than the sum of steps (S10-S12)), and if equation 6 
is modified to include the additional termination 
reactions, we can obtain 

JTTkiMOi] , Ai2A8
2IOs]2 /A8 A10A8[O2]X A4[I2] 

T + A7A9 "*" A7A9
2 VA7 A7A9 J k,[BI] 

Even if equation 11 and the thermal parameters 
are introduced, this expression is too complex for 
detailed kinetic analysis. If kw and kn are of com
parable magnitude, the data of Fig. 1 can be fitted 
if in air at 80° £8[02]/£9 = l-2(ke/kl0) (M1ZW). 
The degassed runs require that M2/N2 is of the or
der of 104 or greater, and the photochemical data at 
lower temperatures suggest that it is not much 
greater. Although kjo may be of the same magni
tude as ke, it can hardly be greater than 1010 liter/ 
mole sec. Then &g[02]/fe9 is at least 104 but may 
not be much greater. 

The fit of the data requires that kw/kn cannot be 
much less than M2/N2 and hence is at least about 
104. This means that step (S12) is very inefficient 
compared to most reactions between radicals. 

Comparison with Diiodoethylene Exchange.—In 
this study, N = i012-42

e-
26.1(M/*r (l./mole)'/• 

sec. -1. ^raws-Diiodoethylene shows the same ther
mal exchange kinetics, and the rate constant per 
iodine in the same units in decalin2 is 1010-66-
g-25,40o/R2\ The energies of activation are about 
the same, and the benzyl iodide exchange is about 
thirty times as fast as the other because of an en
tropy effect. This difference in entropy of activa

tion is consistent with our interpretation that the 
benzyl iodide involves a loose transition state in 
which an iodine atom is pulled off, while the diio
doethylene involves a more crowded transition 
state in which an iodine atom adds to the double 
bond. 

Comparison with Allyl Iodide Reactions.— 
Benzyl and allyl compounds usually have very 
similar bond strengths, and the resulting radicals 
seem to be stabilized about equally by resonance. 
Also, nucleophilic substitution reactions of benzyl 
and allyl compounds usually go at very similar 
rates, indicating that steric requirements are com
parable and probably not severe. However, the 
iodine exchange reactions exhibit fundamentally 
different kinetics. 

Allyl iodide exchanges with iodine thermally16 

between 0 and 40° by a mechanism involving mo
lecular iodine. Benzyl iodide exchanges at a con
venient rate between 60 and 90°, but the kinetics 
can be explained entirely by iodine atom initiation. 
The difference in behavior supports our previously 
unsubstantiated proposal that the allyl iodide re
action involves an interaction with the double bond 
(which is not available in benzyl iodide). The tran
sition state might look like 

CHo-^CHi-:CH2 

I • • I • • I 

where we have no way of determining whether there 
is interaction between the middle carbon and iodine 
atoms. 

Allyl iodide also exchanges readily with iodine 
atoms,3 and the rate constant in hexane at 25° was 
estimated at 5 X 106 liter/mole sec. If we extrapo
late the benzyl iodide data in hexachlorobutadiene 

to 25°, we find k3 = 4.0 X 104. 
Since allyl iodide is so much more 

======= (23) susceptible to attack by iodine 
+ MnMl^ atoms, the double bond is prob-

A 7 A 3
2 I B I ] 2

 a b j v i n v o i v e c i in the transition 
state. The data support our previous proposal of 
I . . CH2CHCH2 . . I. 

The photochemical kinetics3 also indicated that 
an iodine atom could remove the iodine from allyl 
iodide with formation of an allyl radical, and the 
interpretation was supported by the rate of forma
tion of new iodine.10 We proposed a rate constant 
of 3.3 X 103 l./mole sec. for this reaction. If allyl 
and benzyl iodides have equal bond strengths, the 
rate constants should be about equal for carbon 
radical formation, but we see that k$ for benzyl io
dide is about ten times the rate constant interpreted 
as allyl radical formation. The difference sug
gests that the benzyl iodide exchange studied here 
may contain a considerable contribution from di
rect substitution (step S3s). We hope to resolve 
this point by photochemical studies of the oxygen 
effect. 

The kinetics in air also suggest some interesting 
differences between allyl and benzyl peroxy radi
cals. The allyl radical at 25° in illuminated sys
tems3 apparently reacted irreversibly with oxygen. 
The benzyl radical at 80° in the dark apparently 
reacted reversibly, and we needed to include the 

(16) D. J. Sibbett and R. M. Noyes. T H I S JOURNAL, 7«, 761 (1953). 
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decomposition reaction (S9). The difference may 
be due solely to the fact that the allylperoxy radi
cals were formed at lower temperatures in the pres
ence of a higher total concentration of radicals. 
The difference may also be associated with the re
activities of the peroxy radicals themselves. Al
though the conclusions were not certain, the allyl 
iodide exchange data indicated that allyl and allyl
peroxy radicals and iodine atoms all reacted with 
each other with comparable rate constants of the 
order of 1010 l./mole sec. The reactions of benzyl 
radicals and iodine atoms follow the same pattern. 
We have no information about the rate constants 
for reactions (SlO) and (SIl) of benzylperoxy radi
cals, but the data do suggest that reaction (S12) 

The thermal decomposition of pure formaldehyde 
has been studied by Fletcher3 in the region 510-
607° at 30-400 mm. Fletcher observed that the 
principal primary reaction yields hydrogen and 
carbon monoxide and has an order of about two. 
A reaction which produces methanol and carbon 
monoxide was suggested also, but no direct evidence 
for the presence of methanol was given. The pho
tolysis of formaldehyde has been studied by a num
ber of investigators and it has been established that 
at temperatures above 160° and with light of 3130 
A. a chain reaction takes place with the formation 
of hydrogen and carbon monoxide as the chief prod
ucts.4 

Formaldehyde is formed as an intermediate in 
the thermal decomposition of dimethyl ether,5 as 
well as other decompositions, which involve free 
radical processes. However, several investiga
tors6 have reached different conclusions regarding 
the possibility that free radicals promote a chain 
decomposition of the intermediate formaldehyde. 
The reaction of methyl radicals with formaldehyde 
at 310° has been studied by Kodama and Take-

(1) For two thirds of the period of this study financial support was 
received from the Office of Naval Research. 

(2) E. I. du Pont de Nemours and Company Fellow, 1950-1951. 
(3) C. J. M. Fletcher, Proc. Roy. Soc. (London), A146, 357 (1934). 

Other results have been reported by R. Klein, M. D. Sheer and L. J. 
Schoen, Abstracts, A.C.S. Meeting, Cincinnati, Ohio, Mar. 29-Apr. 7, 
1955, p. 27Q. 

(4) (a) J. G. Calvert and E. W. R. Steacie, / . Chem. Phys., 19, 
176 (1951); (b) E. C. A. Horner, D. W. G. Style and D. Summers, 
Trans. Faraday Soc, 60, 1201 (1954). 

(5) C. N. Hinshelwood and P. J. Askey, Proc. Roy. Soc. (London), 
AIlB, 215 (1927); L. A. K. Staveley and C. N. Hinshelwood, ibid., 
A1S9, 192 (1937). 

(6) (a) C. J. M. Fletcher and G. K. Rollefson, T H I S JOURNAL, 88, 
2129, 2135 (1936); (b) E. W. R. Steacie and W. A. Alexander, / . 
Chem. Phys., 6, 372 (1937); Can. J. Research, BlB, 295 (1937). 

is slow for a radical-radical reaction. Here again, 
the incipient double bond in an allylperoxy radical 
permits radical reactions of a type not available to 
benzylperoxy. Examples might be 
I- + CH2CHCH2OO > ICH2CH=CH2 + O2 

2CH2CHCH2OO > C H 2 = C H C H 2 C H 2 C H = C H 2 + 2O2 
or 
CH 2 =CHCH 2 OOCH 2 CH=CH 2 + O2 

The evidence for these radical-radical displace
ment reactions is still very tenuous. 
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zaki7 who used the thermal decomposition of azo-
methane as a source of free radicals. The present 
work has been concerned mainly with the effect of 
radicals upon the decomposition of formaldehyde 
at 380-490° which is a temperature region not far 
below that used for the various thermal decomposi
tions yielding formaldehyde as an intermediate. 

Experimental 
The formaldehyde, the ethylene oxide and the reaction 

system were the same as those reported earlier.8 Nitrogen 
(99.99%) was purchased from the Linde Air Products Co. 
Carbon monoxide from the Matheson Co. was purified by 
passage through a trap at —78° or —196° (at reduced 
pressure). Hydrogen (Ohio, 99.5%) was passed through a 
Baker Deoxo purifier to remove oxygen. Carbon dioxide 
(Ohio, 99%) was repeatedly condensed at —196° and 
evacuated to 1 0 - 4 mm. to remove non-condensable gases. 

Surface effects were studied in a bulb packed with small 
Pyrex tubes which provided a surface to volume ratio 35 
times as great as the unpacked vessel. All parts of the 
vacuum system in contact with formaldehyde were heated 
electrically to about 90° to prevent its polymerization. 
Before introduction into the reaction vessel a mixture of 
formaldehyde and sensitizer was allowed to stand in a 
spherical bulb at 90° for at least 30 minutes to ensure com
plete mixing. 

Mass spectrometric analyses9 showed that the non-con
densable gases formed in the sensitized decomposition con
sisted principally of hydrogen and carbon monoxide along 
with traces of methane. Consequently the gas mixture was 
analyzed by oxidizing the hydrogen and carbon monoxide 
over hot copper oxide and absorbing the carbon dioxide on 
moist potassium hydroxide pellets. The methane was de
termined by difference. Analyses of known mixtures 
agreed ( ± 0 . 5 % ) with the compositions of the mixtures as 
prepared. 

(7) S. Kodama and Y. Takezaki, J. Chem. Soc. Japan, Pure Chem. 
Sect., 73, 13 (1952). 

(8) J". E. Longfield and W. D. Walters, Tins JOURNAL, 77, 810 
(1955). 

(9) Performed by Dr. F. L. Mohler and the staff of the National 
Bureau of Standards. 
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The decomposition of formaldehyde has been sensitized by the addition of small percentages of ethylene oxide a t 384-437°; 
the main products are hydrogen and carbon monoxide. The kinetics of the decomposition of formaldehyde sensitized by 
ethylene oxide have been investigated. Packing the vessel decreases the rate, and addition of an inert gas increases the 
rate. The mechanism of the decomposition is discussed. Mercury dimethyl at 381 ° and biacetyl at 477-489° also sensitize 
the decomposition. 


