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TaBLE II

SYMMETRY SPECIES {Csh), SELECTION RULES AND ASSIGNMENTS OF FUNDAMENTALS OF THE VIBRATIONAL SPECTRA OF TRI-
SILYLAMINE AND TRISILYLAMINE-dg

E/
Infrared
A and A”
Description Raman Raman Infrared
S-H stretching (d)* ” vy 14
Si-H stretching (s)* Vs vg
SiH; deformation (d) vy v10 v15
SiH; deformation (s) vy vi1
SiH; rocking Vs V12 vig
SiH; torsion v1s
N-Si stretching Ve
N-Si stretching vy
NSi; deformation V13
NSi; deformation vi7

Obsd. frequencies, cm. ~!

E” (H3Si):N (D:Si)sN
Raman IR IR
V19 2167 2140 1570 1556
2167 2140 1580 1556
vae 944 698
941 698
a1 748 587
Vg .. ..
490 459
996 963
(250)

(250)

a “Degenerate’’ and ‘‘symmetric’’ with respect to the 3-fold axis of the silyl group.

Bands arising from the stretching, deformation and rock-
ing of thesilyl groups are, as they were in disiloxane, clumped
together in three regions of absorption which show no
structure except for the apparent doubling of the Si-D
stretching band in heavy trisilylamine. This latter has
been interpreted as a separation of the symmetric and ‘‘de-
generate’’ stretching of the isolated silyl groups.

The overtones and combinations are assigned with fair
satisfaction. Aside from those already discussed the only
one that completely evades explanation is that at 1389 cm. ™!
in the light compound. It may be due to an impurity.
The two ternary combinations in the heavy compound are
assigned with skepticism, but better guesses have not been
made and it is not felt that any of these can be used with
confidence to estimate vy.

NoTE ADDED IN PROOF.—Subsequent far infrared work on
disiloxane (340 mm. with a 20-cm. path) between 180 and
270 cm. ~! has failed to confirm the apparent absorption near

250 cm. ! mentioned above as showing on Perkin—-Elmer
spectra, Since the appearance of these traces is similar to
that of the trisilylamine spectra, one is forced to distrust
the above estimate of »;. Unfortunately, at the time of
publication, available samples of the amine will not fill our
large far infrared cell to a pressure greater than 35 mm.
At this pressure there is no absorption between 180 and 270
cm. ! strong enough to be unambiguously assignable to a
fundamental.

Acknowledgments.—The interest and efforts of
Messrs. E. D. Eanes and J. Hardin in obtaining
Raman spectra are gratefully acknowledged. The
construction of the far infrared spectrometer was
made possible by a generous grant from the
National Science Foundation.
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Dead-end Radical Polymerization

By ArRTHUR V. TOBOLSKY
RECEIVED MAv 16, 1958

When radical initiators are used to initiate the polymerization of vinyl monomers, aud if there is no retardation of ter-

imination at high conversions, the polymerization ceases short of complete conversion.

sion may be very low.

In certain cases the limiting conver-

A complete theoretical treatment is given for the case of initiation with 2-azobisisobutyronitrile.

The results are worked out in detail for this initiator in styrene at 100°,

Introduction

The radical initiated polymerization of vinyl
monomers has certain complicating features at high
conversions, such as the retardation of the termi-
nation steps observed in methyl methacrylate.!
This apparently has discouraged thorough theo-
retical treatment of high conversion phenomena.
However, many monomers such as styrene show a
quite minor Tromsdorff~Norrish effect.

One phenomenon is of particular interest: when
fast initiators are used in styrene at moderate tem-
peratures the polymerization stops at quite low
conversions. Such readily can be observed with ini-
tiating systems such as benzoyl peroxide-dimethyl-
aniline or methyl ethyl ketone peroxide-cobalt
naphthenate. We may term this phenomenon
“dead-end polymerization.”” With the initiating
systems mentioned above a complicating feature is

(1) E. Tromsdorff, H. Kohle and P. Lagolly, Makromol. Chem., 1,

169 (1948); R. G. W. Norrish and R. R. Smith, Nature, 150, 336
(1942).

possible wasteful reactions in which the activator
destroys the peroxide by side reactions which do
not start polymer chains.

An initiator that has been very thoroughly in-
vestigated and for which wasteful side reactions do
not occur is 2-azobisisobutyronitrile.? The ques-
tion is: can dead-end polymerization be observed
with this initiator? The answer, quite surprisingly,
is yes.

Theoretical

The rate of radical initiated vinyl polymerization, ini-
tiated by a catalyst of concentration [Cat], is given by

diM] _ N
-~ = b[CHM] (L
- g% = ;ek“'? ka'/1f'/2 [Cat]'/> [M] (2)

In equation 2 we are disregarding the polymer produced by
the purely thermal polymerization. In these equations [M]
represents the concentration of unreacted monomer, [Cat]
the concentration of unreacted catalyst, f is the catalyst effi-

(2) The C.A. name is 2,2’-azobis-(2-methylpropionitrile).
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ciency, that is the fraction of radicals produced by the pri-
mary cleavage of catalyst that actually start polymer chains.
The rate constant kq is the rate constant for the first-order
primary cleavage of catalyst, k; is the specific rate of propa-
gation, ky = ki + ki the sum of the specific rates of com-
bination and disproportionation, respectively. The nota-
tion is in fairly wide usage.?

If the catalyst is 2~azobisisobutyronitrile, the rate of dis-
appearance of catalyst is given by

d[Cat] _
T kq[Cat] (3)

if the initial concentration of catalyst is [Cat], and if the
catalyst is all added at the beginning of the polymerization,

one obtains
[Cat] = [Cat]s e*at 4)
Substituting equation 4 into equation 2 and integrating, one
obtains successively

d[M] - kp f'/2 ka'/2 [Cat]o¥e ehat/s dt  (5)

M] kyi/2
[M] _ 2k, f'/2[Cat]o/s —tat)s
—111-[M—]0-m’———mo——(1—ek‘/> (6)

In equation 6 [M]ois the mitial concentration of monomer.
(I shall use the concentration unit of moles/liter and the
time unit of seconds throughout.)

It is interesting to note that [M] reaches a limiting value
[M]w when £ —

Ml _ 2k, f'/2[Cat]e"/s

TR, TR kR @
or
2k 1/2[CatleV/:
IR TALL LS

xw = ([M]y — [M]w)/[M],

Very fortunately the quantities kq,* kp/k¢'/28 and f are all
quite accurately known for 2-azobisisobutyronitrile and
styrene over a wide range of temperature. For the case of
styrene by = 0, so that the quantity

A = 2k + kuw)/ko? = (kw + kwa)/kp? = ku/ky?

A’ has been very accurately determined,® and the value of
ko/ki'/2 at 100° = 0.0915. The value of &4 for 2-azobisiso~
butyronitrile at 100° is 1.60 X 107% sec.™'. The value of
f, the catalyst efficiency was found to be 0.60 at a number of
temperatures and should be independent of conversion up to
very high conversions. The half-life is 435 seconds.

If one selects initial catalyst concentrations [Cat] such as
0.01 and 0.04 mole/liter, equation 6 should allow one to pre-
dict the course of the catalyst initiated conversion of styrene
at 100° without any adjustable parameters. This has been
done in Fig. 1. It must be pointed out that purely thermal
polymerization of styreme, while small in the time scale
shown in Fig. 1, should be corrected for when comparing
theory with experiment. The ordinate in Fig. 1 is fractional

(8) F. R. Mayo, R. A. Gregg and M. S. Matheson, TH1S JOURNAL,
78, 1691 (1951).

(4) J.P. Van Hook and A. V. Tobolsky, ibid., 80, 779 (1958).

(5) J. Offenbach and A. V. Tobolsky, J. Polymer Sci., 18, 311 (1955).

(6) J. P. Van Hook and A. V. Tobolsky, ibid., (in press).
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conversion, x
x = ([M], — [M])/[M] (8)

The points shown in Fig. 1 were actual experimental points
at the indicated catalyst concentrations. These experi-
mental points were corrected for thermal polymerization
merely by substracting the measured thermal conversion in a
thermal polymerization of the same sample of styrene at
100°. This procedure is quite valid at the longer times,
when the initiator in the catalyzed run has disappeared.
At smaller time values this method is not exact? but the
amount of thermal polymerization is so small, about 29, per
hour, in comparison with the catalyzed polymerization, that
this procedure is sufficiently accurate.

The limiting conversion predicted from equation 7 at
[Cat]s = [0.01] is 0.30; at [Cat], = [0.04] the predicted
limiting conversion is 0.51. This is in excellent accord with
the experimental facts. Indeed the agreement between
theory and experiment over the entire range is reasonably
good, considering that the theoretical curves were com-
pletely predicted without any adjustable parameter before
the experimental results were obtained.?

Size Distribution

For simplicity we shall neglect the effect of chain transfer
to monomer, which is small n styrene.

Since termination by combination is operative in styrene,
the size distribution of the polymer instantaneously formed is
characterized by® P,/P, = 1.5. The value of P, of the
initially formed polymer is

_ kp[M]o
P = ki'/skya'/of 1/2[Cat]o'/2 9

the cumulative values of P, at the dead-end of the polymeri-

zation is
Mo — [M]o

flCatle
The term in the numerator is the moles of monomer per liter
incorporated in polymer. The term m the denominator is
the moles of polymer molecules, since there are 2 f[Cat],
moles/liter of catalyst fragments at the ends of polymer
chains and 2 catalyst fragments per molecule.

The cumulative value of P, at any time is given by

.o [M]e — [M]
B, (cumulative) = F([Catls = [Cath (11)
where [M] and [Cat] can be obtained from equation 6 and 4,
respectively. The cumulative B is given by the formula

™Mb A(M] d[M]
P, (cumulative) = a7 d[Cat] s = [

The quantity d(M)/d[Cat] can be obtained explicitly as a
function of [M] from equations 3, 4, 5 and 6 so that equation
12 is an explicit quadrature.

Discussion

It is well known as a practical matter that in the
catalyzed polymerization of styrene at high tem-
peratures it is difficult to polymerize the last traces
of monomer. Thisis usually regarded as a diffusion
effect. However, in the light of equations 6 and 7
this may in many cases also be due to depletion of
catalyst. At very high conversions the thermal rate
is slow even at high temperatures because the rate
of initiation for thermal polymerization is probably
third order.1®

It would appear from equation 7a that a limiting
conversion short of unity is reached under all con-
ditions (neglecting thermal polymerization). This
limiting conversion can be exceedingly close to
unity if the right-hand side of equation 7a is a large
number, and quite small if the right-hand side of
equation 7a is a small number. The most impor-

(7) A. V. Tobolsky, Ann. Rev. Phys, Chem.. T, 167 (1956).

(8) The experimental results were obtained at my request by my
associate Dr. Charles E. Rogers to whom I extend my sincere thanks.

(9) A. V. Tobolsky and B. Baysal, J. Polymer Sci., 9, 171 (1852).
(10) F. R. Mayo, THis JOURNAL, 78, 6133 (1953).

P, (cumulative-final) = (10)

(12)
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tant magnitude is k,/(kkq)'?, which is determined
at any temperature by the nature of the monomer
and the initiator.

Equations 6 and 7 may also be very useful for
kinetic studies. If k4 is known, as for 2-azobisiso-
butyronitrile, these equations, may be used to ob-
tain (kp/ke'/0)f /2. If kg and (kp/k:)'/* are known,
the efficiency f can be found. Equation 6 can read-
ily be put into the form

In(l — «)
ln(l hand xoe>

A determination of x as a function of time, in-
cluding the asymptotic value ¥, immediately gives
a value for kq from equation 13.

The phenomenon of dead-end polymerization can
be treated in more complex cases, where the dis-
appearance of catalyst is not simply given by

=1 — ¢tat/ (13)

PHOTOLYSES OF 2-PENTANONE AND 2-PENTANONE-1,1,1,3,3-ds
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equation 3 but by an equation such as
- (ﬂg?aﬂ = kq [Cat] + k; |Cat]¥ (14)

where the second term on the right-hand side re-
fers to induced decomposition. This situation
would apply to benzoyl peroxide. The mathemati-
cal treatment is obviously more complex.

The treatment is very simple if we have an acti-
vated system where destruction of catalyst is given
b

Y d[Cat]
ds
and the initiation of polymer chains is given by
Ri = f'kq’[Cat][Act] (16)

In equations 15 and 16 [Act] represents activator
concentration and f’ represents initiator efficiency.
PrRINCETON, NEW JERSEY

= kq'[Cat] [Act] (15)
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The Photolyses of 2-Pentanone and 2-Pentanone-1,1,1,3,3-ds!

By P. AusLoos anND E. MURAD
RECEIVED JUNE 18, 1958

The photolyses of 2-pentanone and 2-pentanone-1,1,1,3,3-ds have been investigated at long wave lengths at maximum

intensity of 3.7 X 104 quanta/cc./sec. and at short wave lengths.

range 25-83°.

certain ratios of rate constants are deduced.

Introduction

Ketones containing at least one hydrogen atom
in the y-position dissociate photochemically into
olefins and simple ketones.? As pointed out by
Nicholson? the formation of 1-butene in the photoly-
sis of methyl #-amyl ketone is evidence for the fact
that a y-hydrogen is involved in the molecular re-
arrangement process. This intramolecular rear-
rangement process has been visualized to take place
via the formation of a ring intermediate. Taking 2-
pentanone as an example, this process can be writ-
ten as

CH3COCH2CH2CH3 -+ Hy —>

0---H
PN |
CH ‘—(:\ (':Hz or CI{zCCHg‘—CHg —_—
CH,—CH, H—CH,

C.H, + CH,COCH, (1)

However, in a recent study of the photochemical
decomposition of 2-pentanone-1,1,1,3,3-ds* it was
found that over a wide intensity and temperature
range more CD;COCD; was produced than CDg-
COCD,H, and that at high intensities the ethylene/
acetone ratio was higher than unity. Because these
observations could not be explained by a process
such as I, a different interpretation was presented,

(1) This research was supported in part by the United States Air
Force through the Air Force Office of Scientific Research of the Air
Research and Development Command, under contract No. AF(600).
1528. Reproduction in whole or in part is permitted for any purpose
of the United States Government.

(2) For a review see: J. N. Pitts, Jr., J. Chem. Educ., 84, 112
(1957).

(3) A. J. C. Nicholson, Trans. Faraday Soc., 50, 1067 (1954).

(4) J.R. McNesby and A. S. Gordon, THIS JOURNAL, 80, 261 (1958).

In this study, ethylene was fouund to be, within experimental error, equal to the acetone yield.
periments with the deuterated ketone, 909, of the acetone formed was acetone-ds.

This investigation was carried out in the temperature
In the ex-
Secondary reactions are discussed and

whereby, depending on the intensity, the excited
ketone molecules reacted either with excited or
with normal molecules.

In the present work the short and long wave
length vapor phase photochemical decompositions
of 2-pentanone and 2-pentanone-1,1,1,3,3-d; have
been investigated at low temperatures and at in-
tensities higher than those used in previous studies
of these compounds. In a few photolyses oxygen
was added to gain increased knowledge of the pri-
mary process.

Experimental

Irradiation.—The long wave length runs were made with
an unfiltered Hanovia S-100 medium pressure mercury
lamp. The light was collimated into the cell with one short
focus lens. The distance between the lainp and the front
window of the cell was approximately 6 cm. In most
experiments the intensity was increased by irradiating the
opposite end of the cell with a second Hanovia S-100 lamp.
The volume of the cell was 195 ml. (10 cm. long and 5 cm.
in diameter). The temperature of the cell was controlled
by a constant temperature bath provided with double
quartz windows and filled with distilled water. The
number of quanta absorbed was determined by measuring
the carbon monoxide yield in the photolysis of diethyl
ketone at 90°.

The short wave length runs were carried out with a
Hanovia hydrogen discharge lamp. The cell was placed
at a distance of about 2 cm. from the lamp. At the low
pressures used in these experimnents, practically all of the
absorbed radiation lies near 1900 A. No attempt was made
to determine the absorbed light intensity.

Analysis.—The carbon monoxide-methane fraction was
removed at liquid nitrogen temperature and analyzed over
hot CuO. The C; fraction was removed at —157°. The
C; and C; fractions were separated at —135° and at —110°,
respectively. All fractions were analyzed mass spectro-
metrically. Hexane, acetone, biacetyl and the parent
compound were separated on a Perkin-Elmer Vapor Frac-



