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Rate Constants of the Steps in Addition Polymerization. II. Use of the Rotating-
Sector Method on Liquid Vinyl Acetate 

BY C. GARDNER SWAIN1 AND PAUL D. BARTLETT 

Part I of this series2 showed that in the poly
merization of pure vinyl acetate the steady state is 
attained too rapidly to permit the detection of a 
"natural" induction period and its interpretation 
by the method of Flory,3 although such interpre
tation in the case of peroxide-induced polymeriza
tion would have permitted evaluation of the ab
solute rate constants of the steps in the chain re
action. The high molecular weights of represent
ative polyvinyl acetates indicate a low value of 
the ratio between termination and propagation 
velocity constants which determines the length 
of the natural induction period in cqmparison to 
some of the other common monomers polymeriz-
able by peroxides. It follows that if we cannot 
measure the natural induction period in the poly
merization of vinyl acetate there is little likelihood 
of this method being useful in the case of other 
common monomers. 

Melville4 in 1937 determined the mean lifetime 
of the free radicals in the polymerization of methyl 
methacrylate in the gas phase induced by hydro
gen atoms photochemically produced. This was 
done by interrupting the exciting light by means 
of a slotted disc rotating at controlled speeds and 
yielding equal periods of light and darkness. By 
an analysis due originally to Briers, Chapman 
and Walters,6 the dependence of the over-all rate 
of polymerization on the sector speed yields a 
determination of the average lifetime of the free 
radicals which control the polymerization rate. 
The application of this method to the liquid 
phase, though not without experimental and theo
retical difficulties, now appears the best way of de
termining the absolute rate constants in the bulk 
polymerization of olefmic compounds.6 The 
method is applicable in principle to any chain 
reaction in which the kinetic chains are broken 
by bimolecular reaction between the chain-carry
ing molecular species. The work described in this 
paper formed the basis of a preliminary com
munication7 published in December, 1945. In 
the same month there appeared a similar com
munication8 by Burnett and Melville, describing 
measurements on the same reaction under some
what different conditions. The results from the 
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(2) Nozaki and Bartlett, T H I S JOURNAL, 68, 2377 (1946). 
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(5) Briers, Chapman and Walters, J. Chem. Soc, 562 (1926). 
(6) The independent method of the double light beam used by-

Jones and Melville, Proc. Roy. Soc. (London), A17S, 392 (1940), in 
the gas phase, does not appear so promising applied to liquids, 
where the mean free path is so much shorter. 

(7) Bartlett and Swain, T H I S JOURNAL, 67, 2273 (1945). 
(S) Burnett and Melville, Nature, 1B6, 601 (1945). 

two laboratories are compared in a later section 
of this paper. 

Experimental 
Vinyl Acetate.—Commercial vinyl acetate was distilled 

as described in Par t I of this series.2 The distillation and 
storage were in an atmosphere of oxygen-free nitrogen. 
The experiments were all done with vinyl acetate freshly 
distilled before use. Vinyl acetate prepared in this way 
underwent peroxide-induced polymerization without any 
detectable induction period. 

Acetaldehyde, a likely impurity in vinyl acetate, has an 
absorption maximum9 near 2900 A. and has e = 14 for 
wave length 3000 A. in hexane. It is a photosensitizer 
for the polymerization of vinyl acetate in this spectral re
gion.10 A sample of liquid vinyl acetate purified in the 
same manner as that used in these experiments, examined 
with a Beckman spectrophotometer in a 1-cm. cell against 
air, showed an absorption indistinguishable from zero at 
wave length 3000 A. and equal to 1% (« = 0.005) a t wave 
length 2900 A., where acetaldehyde in hexane has e = 15. 
The maximal concentration of acetaldehyde in this mate
rial is therefore about 3 X 1O -4 molar.11 Although this is 
higher purity than was apparently had by Bagdassarian,12 

who reported 40% light absorption in a vessel the size of 
ours, the possibility exists that our reaction was initiated 
entirely by photodissociation products of the small 
amount of acetaldehyde present. If true, this would not 
otherwise affect the conclusions of this study. 

Light Source.—The light source used was a General 
Electric Mazda A-H6 water-cooled 1000-watt mercury 
capillary arc. The luminous portion of this lamp was one 
inch high and one-sixteenth inch wide. The lamp was en
closed in a quartz water jacket and cooled by a flow of 8 
quarts of tap water per minute. The power supply was 
1500 volts d. c. from a special generator, the lamp being 
connected in series with a 650-ohm resistor. It was found 
advisable to start the lamp on alternating current and 
switch to the generator, as a precaution against an over
draft of current from the latter during the starting. Dur
ing operation the lamp drew about one ampere, with a po
tential drop of 850 volts across its terminals. 

The filtering system and dilatometer were designed to 
afford conditions close to those of Bagdassarian,12 although 
our experiments turned out not to be comparable with 
his because of the much greater transparency of our vinyl 
acetate. Potassium chromate (0.0010 M in the first series 
of experiments and 0.0007 ± 0.0002 M in the others) was 
dissolved in the thermostat liquid surrounding the dila
tometer. The effect of this is to eliminate light of wave 
length less than 2998 A. 

A stainless steel disc 10" in diameter was divided into 24 
equal sectors, and every fourth sector was cut out for a 
radial distance of two inches. The disc, interposed be
tween the light source and the sample, was spun by a small 
variable speed motor and its speed, when too great for 
direct determination, was determined stroboscopically. 

The Dilatometer.—The rates of polymerization were 
measured by a dilatometer consisting of a 30-cc. spheroidal 
quartz bulb, connected by twin vertical capillaries (for 
convenience in filling) to a blackened CO-cc. reservoir at the 

(9) Schou, J. chim. thys., 26, 77 (1929). 
(10) H. W. Melville, private communication, March 2, 1946. 
(11) We thank Dr. John D. Roberts for determining the absorp

tion spectrum of our vinyl acetate, and Mr. Harold Kwart for provid
ing the purified sample which was used for this purpose. 

(12) Bagdassarian, Ada Physicochem. U.R.S.S., 19, 200 (1944). 
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top, so inclined that after the sample had contracted below 
the bottom of the capillaries, more material could be added 
from the reservoir without opening the apparatus. The 
total measurable contraction of 20 cm. in the capillaries 
corresponded to about 1.7% polymerization.13 It was pos
sible with the same filling of vinyl acetate to replenish the 
capillaries from the reservoir twice and thus follow the 
rate to a total polymerization of about 6% without the 
material becoming inconveniently viscous. 

Pure vinyl acetate was introduced into the reservoir and 
degassed by evacuation ten times over a period of five 
hours. An atmosphere of oxygen-free nitrogen was then 
introduced to retard gaseous diffusion within the appara
tus, and the assembly was sealed. The dilatometer was 
kept in a thermostat at 25.0 =*= 0.02° having a 2 X 4.5 cm. 
quartz window, the light passing through 1.8-2.4 cm. 
of the aqueous chromate solution between the window and 
the dilatometer. The lamp was located 30 cm. from the 
center of the dilatometer bulb, and the disc 2 cm. before 
the thermostat window. This arrangement prevented the 
shadow of the edge of a sector from being as sharp as it 
should have been, and the resulting periods of partial 
illumination affected the character of the curve of poly
merization rate against sector speed. This effect is dis
cussed below. 

Nitrogen.—Commercial nitrogen containing 0.5% hy
drogen and not over 0.001% oxygen was passed through a 
hot copper furnace at 675°. Nitrogen from this treatment 
was used for all purposes described. 

Procedure.—After the dilatometer had been filled as 
described and brought to the temperature of the thermostat 
the lamp was started and kept running throughout a series 
of experiments, isolated from the rest of the apparatus by 
transite panels between runs. Positions of lamp, cell, and 
disc were not touched during the series. The disc was 
brought to the desired speed, then the screening panel was 
removed from the light and a stopwatch started. After a 
measured interval, usually exactly ten minutes, the panel 
was replaced. The dilatometer reading continued to 
change rapidly for five to eight minutes as the heat pro
duced by the polymerization was dissipated. At a definite 
time after interruption of the light (ten minutes for Series 
1 and 2, fifteen minutes for Series 3, and seventeen minutes 
for Series 4, 5 and 6) the dilatometer readings were taken 
to the nearest, millimeter. Then the disc was immediately 
started at a different speed and the process repeated. 
The increase in waiting time for thermal equilibrium after 
Series 2 was due to the observation of a 5-mm. blank con
traction in a further ten-minute interval in the early series. 
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Fig. 1.—Rate of polymerization of vinyl acetate at 
different frequencies of flashing. Points of the same type 
represent experiments in* the same series. 

Only the experiments within one series are strictly com
parable, and for this reason each series included at least one 
experiment at high sector speed, which was taken as the 
base of reference for that series. The actual value of the 
ten-minute contraction at high sector speed was 29 mm. 
in the first series and varied between 38.5 and 40 mm. in 
the subsequent series. Small deviations in the actual time 
of illumination were corrected for by multiplying the ob
served contractions by appropriate factors. The actual 
time never deviated by more than two minutes from the 
standard ten-minute interval except in the case of the one 
slowest speed, where it was twenty-six minutes (for one 
slot). All series were done on the same filling of vinyl ace
tate. In expt. 3 of Series 1, 3 mm. was added to the ob
served contraction to correct for the fact that the initial 
reading was an equilibrium reading and not the reading 
after a ten-minute waiting period from a previous run. 
All other experiments followed immediately termination 
of a previous waiting period. First experiments in each 
series were uniformly discarded, yielding contractions which 
were low by 7-15%. 

The current drawn by the lamp fell off in a somewhat 
erratic fashion through this series of experiments from 
0.98 to 0.89 ampere. However, no correction based on 
relative current values gave a sufficiently higher precision 
to the results to justify its use. 

The results of the experiments with the rotating sector 
are summarized in Table I and plotted in Fig. 1. 

TABLE I 

EPENDENCE OF 

Series 

1 
1 
1 
1 

2 
2 
2 
2 

3 
3 
3 
3 
3 

4 
4 
4 

5 
5 
5 
5 

6 
6 
6 

Expt. 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 
5 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 

R A T E OF POLYMERIZATION 

INTERRUPTION' OF LIGHT 

Duration of flashing cycle 
Seconds Log 

0.13 
. 0045 
.0026 
.13 

92.0 
0.0045 

92.0 
0.13 

0.13 
210.0 

42.0 
0.13 

210.0 

1600.0 
2 .0 
0.25 

590.0 
22.0 

0.40 
590.0 

42.0 
92.0 

0.010 

- 1 . 0 
- 2 . 3 
- 2 . 6 
- 1 . 0 

+ 2 .0 
- 2 . 3 
4-2.0 
- 1 . 0 

- 1 . 0 
4-2.3 
+ 1.6 
- 1 . 0 
+ 2.3 

+ 3 . 2 
+ 0 . 3 
- 0 . 6 

+ 2 . 8 
+ 1.3 
- 0 . 4 
+ 2 .8 

+ 1.6 
+ 2 . 0 
- 2 . 0 

ON R A T E OF 

%of 
highest 

rate 
observed 

100 
100 
100 
100 

72 
101 
73 
99 

98 
63 
71 

102 
68 

61 
93 

100 

58 
80 

100 
60 

75 
65 

100 

(13) Based upon data of Starkweather and Taylor, THIS JOURNAL, 
M, 4708 (1930). 

The Peroxide-Induced Polymerization of Vinyl 
Acetate at 25°.—As is explained in the kinetic 
analysis below, the determination of the absolute 
rate constants from the mean lifetime of the free 
radicals involves an estimation of the rate of pho
tochemical initiation of chains. Our method of 
doing this was to take advantage of a comparison 
with peroxide-induced polymerization which in
volved the measurement of the rate of polymeriza-
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tion and determination of the rate constants, k1 

and ki, of spontaneous and radical-induced perox
ide decomposition in a 0.105 M solution of ben
zoyl peroxide at 25°.14 Under these conditions the 
rate of polymerization was found to be 8.4 X 1O-6 

mole/liter second. The other quantity required, 
kh was not determinable with as great accuracy 
as would be desirable. Not only are difficulties 
caused by the extreme slowness of the reaction and 
the viscosity of the polymerizing vinyl acetate, 
but also by the large proportion of induced de
composition of benzoyl peroxide at 25°. The 
value of ki at 25° was estimated from two runs in 
which the decomposition of benzoyl peroxide was 
followed at initial concentrations of 0.1054 and 
0.0110 M. Points were selected (at 61 and 289 
hours, respectively) before the logarithmic plots 
ceased to be linear. Since these times were not 
equal, the method of Nozaki and Bartlett14 was 
not applicable in its simple form. Instead, the 
integrated equation for simultaneous first- and 
3/2-order reaction was thrown into the form 

ki = e*-'/* - 1 
k, _ 1 « W 

VP VPI 
For any two points in runs with different P0 the 
values of the right-hand member may be equated. 
Solution of the resulting equation yields k\ = 
0.02 h = 0.00014 hr.-1 = 3.9 X 10"* sec.-1. The 
constant determined is uncertain by about a factor 
of two, but this value is reinforced by two extra
polations. At 45 ° the rates of benzoyl peroxide de
composition in vinyl acetate and in ethyl acetate 
are indistinguishable.2 By the use of the activa
tion energy E\ = 28.3 kcal. which has been de
termined for ethyl acetate15 we arrive at the extra
polated value ki*6 = 3.4 X 10~8. Independently 

TABLE II 

POLYMERIZATION OF VINYL ACETATE AT 25° INDUCED BY 

BENZOYL PEROXIDE 

Hr. P M 

Initial Peroxide Concentration = 0.1054 M 

0 0.1054 11.31 
26 .0994 5.53 
61 .0912 1.91 

128 .0809 
216 .0745 0.55 
449 .0754 .48 

793 .0754 .46 

Initial Peroxide Concentration = 0.0110 M 

0 .0110 11.58 
25 7.94 
44 6.58 

168 .00960 
288 0.68 

289 .00858 

336 .00815 

(14) Nozaki and Bartlett, T H I S JOURNAL, 68, 1686 (1946). 
(15) K. Nozaki, unpublished results. 

in acetic anhydride, another solvent yielding a 
rate of decomposition of benzoyl peroxide close to 
that in vinyl acetate, extrapolation with the 
value E1 = 28.3 yields &i26 = 2.3 X 10~8. The 
directly measured value was adopted in making 
the calculations. Table II gives the data on the 
peroxide experiments at 25°. 

Evaluation of Constants 
Mechanism and Notation.—It is assumed that 

the mechanism of polymerization by peroxides 
is adequately represented by the scheme used in 
Part I,2 and that photopolymerization differs from 
it only in the nature of the initiating step. We 
shall further simplify the picture by confining at
tention to the polymerization of such a small frac
tion of the total monomer that the concentration 
of monomer and of photosensitizer, if any, may be 
treated as constant. It then becomes immaterial 
whether the chains are initiated by photoexcita-
tion of vinyl acetate or by free radicals produced 
from photolysis of a sensitizer. (Kinetically it 
makes no difference whether one chain is growing 
at both ends or two chains are each growing at 
one end.) In either case the rate of initiation of 
chains will be proportional to the light intensity 
and the mechanism will be represented 

via M or sensitizer 
Light > 2R 

R + M 

2 R — > 

h 
R 

R - R or disproportionation products 

Here, as in Part I, M denotes monomer and R a 
free radical. P, the peroxide, enters in the perox
ide-induced case. The following quantities, whose 
values as expressed follow from the above as
sumptions, will be used in the following deriva
tion. 

Light intensity = / 
Ra te of chain initiation = / / 
Concentration of free radicals a t the steady state under 

Vf constant illumination = R, 

R/R. - y 
Average lifetime of growing chains a t the steady state in 

photopolymerization = X, = l/k3R. = l/Vf!k» 

Time in multiples of X, = T = — 
x» 

Velocity of polymerization with steady illumination = 
V, = k,MR, - kt VfUk3 M 

Concentration of free radicals a t the steady state during 
peroxide-induced polymerization = Rp «= y/kiP/kt 

Velocity of polymerization induced by peroxide = 
Fp = hMRv = kt VKPJk, M 
Evaluation of the Rate Constants for Chain 

Propagation and Termination.—Since the ex
perimental quantity obtainable from experi
ments with the rotating sector is Xs and this con
tains / / , the rate of chain initiation, as well as fc3, 
it is necessary to estimate the rate of chain initia
tion in order to determine the absolute rate con-
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stants which we seek. Measurements of light 
absorption cannot yield fl, since the fraction of 
activated molecules which actually produce radi
cals is unknown. The rate of chain initiation can 
be estimated by the use of an inhibitor,8 together 
with a knowledge of the numerical relation be
tween inhibitor molecules consumed and chains 
destroyed. Our method takes advantage of a re
lation which follows from the expressions above 
for Fs and FP, namely 

/ / = ifeiP ( K . W ) 
The assumption involved is that the rate of spon
taneous, unimolecular decomposition of peroxide 
is the rate of chain initiation in peroxide-induced 
polymerization. We thus have 

1 V 2 

in which the right-hand member consists entirely 
of experimentally determined quantities. Know
ing k3, we obtain &2 

A knowledge of &2 and ks permits, in turn, the cal
culation of Rs, Rp, and the kinetic chain length 
for the conditions of any particular experiment. 
Finally by equation (10) of Flory3 we can calcu
late at what fractional polymerization and at what 
time the steady state should be established in the 
photopolymerization of vinyl acetate. By equa
tion (11) of Part I of this series2 we can make simi
lar calculations for peroxide-induced polymeriza
tion with any particular concentration of peroxide. 
Table III lists the values of the experimental and 
derived quantities. 

Evaluation of the Mean Lifetime of Growing 
Chains.—From the mechanism above and the 
analysis of Briers, Chapman and Walters,5 the fol
lowing equations are derived. During one of the 
periods of illumination 

y = t'anh T (1) 

in which r and y are both zero at the moment 
when the light is turned on. During a period of 
darkness 

_ 1 
y ~ , 1 (2) 

r H 
yi 

in which y2 is the value of y when the light is cut 
off (taken as T = 0 in this equation). During any 
rhythmic alternation of steady light and darkness 
the system will so adjust itself that during illu
mination y rises by equation (1) from a minimum 
value yi to a maximum value y2, and declines by 
equation (2) exactly to y\ again. In combining 
equations (1) and (2) to determine the limits and 
average value of y during each interval, we may 
not start the time scale of equation (1) at r = 0, 
but must use a positive lower limit of T, defined as 
Ti by the equation 

3>i = tanh T\ 

and an upper limit defined by 
yi — tanh' T2 

The average value of y for any frequency of al
ternation of light and darkness is found by adding 
the integral 

I ! tanh T C I T (3) 

for the light period to the integral 

/

" + * dT 

T + I W 

for the dark period of length S and dividing by the 
total time for the cycle. The average value of 
y for equal light and dark periods is given accord
ingly by Briers, Chapman, and Walters as16 

. _ In cosh T2 — In cosh n + In [Q2 — n)yt + 1] ... 
y 2(T2 - T1)

 ( 5 ) 

The corresponding equation for a dark period q 
times as long as the light period is 
. _ In cosh T8 — In cosh Ti + ln[g(T2 — ri)y% + 1] . . 
y ~ (2 + D (r2 - n) (b j 

Since for any flashing frequency a knowledge of 
yz allows determination of T2, thence n and y\, 
equations (1) and (2) can be solved by successive 
approximations to yield these four quantities for 
each value of (T2 — T{) that is of interest. Much 
time is saved in this stage of the calculation by use 
of the following graphical method. Equation (1) 
is plotted over the range T = 0 to 4. Equation 
(2) is plotted backward, i.e., a plot is made of the 
equation 

y = V(I - T) (7) 
over the range r = 0 to — 4. This plot is made on 
transparent paper on the same scale as the plot of 
equation (1). If now the T-axes of the two graphs 
are superposed and the second plot is slid from 
left to right over the first, the intersections of the 
two curves give sets of corresponding values of 
Ti, T2, y\, and y2 for increasing "on" periods, and a 
table can be quickly constructed listing these 
quantities as a function of the illumination period 
T2 — Ti. A slight modification, in which the sec
ond plot has a time scale shrunk by the factor q, 
being based on the equation 

y = 1/(1 - qr) (8) 

allows graphical determination of the y's and T'S 
for the more general case of unequal light and dark 
periods. Figure 2 shows a few representative in
tersections of the curves for q = 3, corresponding 

(16) According to Melville's statement of the equations used [Proc. 
Roy. Soc. (London), A163, 531 (1937)], he appears to have over
looked the importance of evaluating n in equation (3), for he replaced 
the correct equation (5 above) of Briers, Chapman and Walters by 
the equation 

In cosh T + ln(2Tj>2 + 1) 
y = _ _ 

defining T as the duration of the light period. This is tantamount 
to the assumption that whatever the value of y at the end of a dark 
period, y is zero at the beginning of each light period. 
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Fig. 2 

1 2 3 
Time in multiples of X,. 

.—Rise and decline of radical concentration during 
intermittent illumination {q = 3). 

to the design of the rotating disc used in our ex
periments. 

With a table at hand of associated values of 
Ti, T2, Ji, and Ji, the values of y are determined by 
substitution into equation (6). Figure 3 shows 
the resulting theoretical curves of y against log
arithm of the duration of the light period for the 
three cases of q == 1,1.81 and 3. 

I t is obvious that, if the rate of polymerization 
at an early stage is proportional to the free radical 
concentration, then the theoretical curve of rela
tive y against log (T2 — TI) should be identical with 
the curve of relative rate of polymerization against 
log (T2 — Ti). Since the midpoint of the former 
curve for g = 3 occurs where T2 — n = 4 and the 
mid-point of our experimental rate-frequency 
curve occurs where h — h = 5 seconds, it follows 
that Xs = 5/4 or 1.25 seconds. A comparison of 
the experimental and theoretical curves, how
ever, reveals that the limiting rates of polymeri
zation for low and high flashing frequencies are in 
the ratio 0.60 instead of 0.50 as required by the the
oretical curve. This might be due to one of two 
causes. If the polymerization chains were ter
minated by an inhibitor instead of by collision of 
radicals, the radical concentration would be 
independent of the flashing frequency, and if a 
portion of the chains were so terminated the sensi
tivity of the rate to the flashing frequency would 
be correspondingly impaired. Reasons were given 
in Part I, however, for believing that our vinyl 
acetate had been effectively freed of inhibitors. 
Alternatively, our optical system may have been 
at fault, through the periods of partial illumina
tion referred to in the Experimental Section. Be
cause the free radical concentration is built up 
more rapidly in the light than it decays in the 
dark, the net effect of the periods of partial illu
mination is in the same direction as that of a de
creased value of q. We have calculated the the
oretical curve for q = 1.81, the value which would 
give the ratio of limiting rates actually observed 
with sharp boundaries between light and dark. 
The midpoint of this curve occurs at T2 — n — 5, 
corresponding to Xs = 1 second on the experi
mental curve. The fit of this curve to the experi
mental data when their midpoints are superposed 
is good except for a single point in Series 4. I t 

+2 +1 0 - 1 
LOgI0(V2 — Tl). 

Fig. 3.—Theoretical curves of y as a function of duration 
of light period: upper, q = 1; middle, q = 1.81; lower, 
q = 3. 

therefore seems likely that the periods of partial 
illumination do not introduce an uncertainty 
greater than about 25% in the mean lifetime of 
the growing chains. 

T A B L E III 

VALUES OF QUANTITIES IN THE POLYMERIZATION 

ACETATE AT 25 ° 

Quantity and units 
V, moles/liter second 1. 

Vp moles/liter second S. 
P moles/liter 

ki seconds - 1 3 . 
Duration of light flash at mid-point of rate 

curve, seconds 
X. seconds 

hi liters/mole second 
k3 liters/mole second 
R, moles/liter 

Kinetic chain length with steady illumination 
% Reaction a t end of induction period in 

photopolymerization 
Duration of induction period, sec. 

OF VINYL 

Value 

2 X 10- ' 
4 X 10"» 
0.105 

9 X 10-» 

5 
1.25 

1 X 103 

8 X 10' 
1 X 10~8 

5 X 104 

0.007 

Sources of Error.—Attention has been called 
in the experimental discussion to various sources 
of error in our experiments and calculations. 
These sources of error include irregularity in the 
light source, overheating in the dilatometer, un-
sharp boundaries between light and dark in the 
rotating sector, difficulty in obtaining an exact 
determination of k\ at 25° due to much induced 
decomposition of peroxide, low rate and viscosity 
of the medium. In comparison to these, any er
rors in measuring sector speed and contraction in 
the dilatometer, and in chemical analyses, and 
troubles due to impurities, are negligible. The 
combined sources of error cannot have caused an 
error of more than a factor of two in the value 
selected for the mid-point of the curve of rate vs. 
flashing frequency, in Va, ki, or Xs. The value of 
Vp cannot be in error by more than a factor of 
1.5. Because of the way in which these con
stants are combined, some of them squared, in 
the determination of &2, k3, and other derived 
quantities, the corresponding uncertainty factors 
are larger, being taken as 5 for k2, ks, Rs, and the 
kinetic chain length. We believe that these fac-



238b C. GARDNER SWAIN AND PAUL D. BARTLETT Vol.68 

tors represent liberal allowances for the errors 
possibly present. 

Table IV compares our results with those of 
Burnett and Melville.8 I t will be seen that, 
whereas the values assigned to ki in the two lab
oratories differ by a factor of less than two, the 
values of k3 are apart by a factor of 38, much more 
than our assigned uncertainty. Professor Mel
ville has been kind enough to exchange informa
tion with us10 concerning experimental detail. I t 
appears that the most significant point of con
trast between the two pieces of work (Table IV) is 
that the British investigators used light of fre
quencies which are rather strongly absorbed by 
liquid vinyl acetate, while we used light which is 
absorbed weakly if at all by this ester. According 

TABLE IV 

COMPARISON OP RESULTS OF BURNETT AND MELVILLE* 

WITH T H O S E OP T H I S PAPER 

"B. and M. This paper 

Temperature, 0C. 15.90 25 
Exciting light, wave length, A. > 25Q010 > 2998 
X., sec. 0.0225 1.25 
k, 5.86 X 10' 1.1 X 10' 
ki 3.04 X 10» 8 X 10' 

to absorption measurements made in this Labora
tory, light of wave length 2600 A. is half absorbed 
in a distance of 2.3 mm. of pure liquid vinyl ace
tate, and light of wave length 2500 A. is half ab
sorbed in a distance of only 0.16 mm. If most of 
Burnett and Melville's polymerization were local
ized in the first millimeter of a 4-cm. cell, so that 
the volume used in calculating concentrations was 
actually too large by an effective factor of 40, it 
can be shown that t i e corrected results would be 
in agreement with ours as to both ki and k$. In
deed, a volume factor of even eight would recon
cile the k$ values within the uncertainty factor of 
5 which we allow. I t is certain that the results of 
Burnett and Melville require some such correction 
for the localization of the reaction. 

If this is indeed the explanation for the devia
tion between Melville's h and ours, then the 
agreement on k% attained by the two methods 

supports the assumptions (1) that chain propaga
tion and hence probably chain termination, is by 
the same mechanism in photochemical and perox
ide-induced polymerization, (2) that ki measures 
the rate of chain initiation in peroxide-induced 
polymerization, and (3) that the inhibitor method 
affords a valid measure of the rate of chain initi
ation by light. 

In view of the uncertainties discussed, we ques
tion that the results of Burnett and Melville at 
two temperatures are accurate enough to justify 
the calculations of activation energies that they 
have made. 
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Summary 

The average lifetime of the growing chains in 
the photopolymerization of liquid vinyl acetate 
has been determined, using the rotating sector 
method of Melville and light of wave length 
greater than 2998 A. 

On the assumption that the chain propagating 
and chain terminating steps are identical for 
photochemical and peroxide-induced polymeriza
tion of liquid vinyl acetate, the rate of photochem
ical initiation of chains has been determined by 
appropriate combination of measurements upon 
these two types of polymerization. This makes 
possible the determination of the absolute rate 
constants for chain propagation and chain ter
mination, and also the evaluation of such quantities 
as the concentration of free radicals at the steady 
state under any given conditions, the kinetic 
chain length, and the time required for establish
ment of the steady state. 

The quantities determined are tabulated in 
Table III . A comparison is made with the recent 
results announced by Burnett and Melville, 
whose value of the chain termination constant 
does not agree with ours. 
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