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INTRODUCTION

The effect of pressure on rate constants

The study of a chemical reaction under high pressure is
a valuable method to elucidate the mechanism of the reac-
tion in that the pressure dependence of the rate constant

k for the reaction
A + B=AB* —3 Products

yields the volume of activation (1,2,3,4). Knowledge of

*

AV®, the volume of activation, together with ASx, AH® and

rc®

, the entropy, enthalpy and Gibbs free energy respect-
ively of activation, complements our knowledge of the acti-
vated complex AB* and facilitate the interpretation of ki-
netic data.

The equation used to express the relation between the

rate constant and the applied pressure was originally de-

rived by Evans and Polanyi (5)

*
Ank, = - A (11
av* is the volume of activation, i.e. the difference in

partial molar volumes between the activated complex and the
reactants. P, R and T have their usual significance. The
rate constant should be expressed in concentration units
invariable with pressure (e.g. molal concentration) to avoid
the concentration effect caused by compression.

Acceleration or retardation of a reaction by an increase
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in pressure depends on the sign of av*. Reactions where a
bond is broken will generally have a positive AV*, i.e. the
activated complex has a larger volume than the reactant and

the rate decreases with increasing pressure. Reactions of

the type

A+B—>C

will generally involve a decrease in volume and it is rea-
sonable to assume that the volume of the activated complex
is less than the volume of the reactants. Such a reaction
should have a negative volume of activation and be accele-
rated by an increasing pressure.

The integrated form of equation 1

*
L (P2 - P1) (2]
RT

is valid only in a restricted pressure range, since avX is

variable with pressure. av* is frequently calculated from

the initial slope of a plot 1n (k2/k1) = f(P) giving av® at

atmospheric pressure which for all purposes is equal to N
at zero pressure. However, such a calculation often intro-
duces some ambiguity unless several experimental points at
lower pressure are available. The dependence of k on press-
ure given by the empirical equation

2

In k = a + bP + cP 03]

is frequently used to determine av* from the coefficient b,

since
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-av*

b = g7

[4]

which can be seen from equation 2.

Dissociation of radical precursors and alkyl radical

reactions

Radicals are commonly produced in pairs upon photolysis
or thermal dissociation of a radical precursor. Elimina-
tion of a low molecular weight compound is often involved
in these types of reactions. The dissociation of acyclic
azo compounds and diacyl peroxides are examples, upon
which several review articles have been written (6,7,8).
In this study, two compounds, azoethane CQHS*N=N-C2H5 and
propionyl peroxide C2H5C02C02C2H5 were chosen in order to
examine the mechanism of decomposition and the subsequent
reactions of the ethyl radicals.

A possible route for decomposition of a symmetrical azo
compound in solution is shown in Figure 1 a. The primary
formation of an intermediate radical denoted R-N=N: and
an alkyl radical R+ may, with a certain probability, give
way to recombination, unless elimination as described by
the rate constant kE’ is much faster than the recombination.
The other possible route for decomposition proceeds direct-
ly from the parent molecule to the formation of two radi-
cals R- separated by nitrogen. This is accomplished via a
simultaneous two-bond scission and is generally called a

concerted mechanism in contrast to the earlier described

T




k1 kE

R-N=N-R T—>R-N=N- +R+ — 2 R- +N2
k-1
la

ky kE
R-COZ-COZ-R = 2 RCOZ' —> 2R-42 COZ

k-1

1b

ChHan +CprHapn.2
1c

Formation and reactions of alkyl radicals.

1a. Dissociation of a symmetrical azo compound.
1b. Dissociation of a 'diacyl peroxide.

1c. Disproportionation and combination of two
alkyl radicals.

nonconcerted mechanism.
Figure 1b shows a similar scheme for the decomposition

of a symmetrical diacyl peroxide. The primary formation of

two intermediate radicals R-COQ in the first step of a non-

concerted mechanism yields upon elimination 2 alkyl radi-

cals and 2 molecules of carbon dioxide. An ester with the




general formula R—CO2-R may also be formed if one of the
radicals R-COé decomposes to an alkyl radical and a carbon
dioxide molecule before combining with the other radical.
Decomposition of the diacyl peroxides may also follow a con-
certed mechanism, producing directly, via a simultaneous
three-bond scission, two alkyl radicals and two molecules
of carbon dioxide.

The actual mechanism for decomposition of these types
of compounds is still under discussion. Trapping of the
intermediate radical will confirm its existence, however,
failure can not exclude the nonconcerted mechanism. It
is generally agreed that the thermal dissociation of dia-
cyl peroxides proceeds via a nonconcerted mechanism (7).
Séveral facts support this mechanism, for example the
formation of methyl acetate in the thermal dissociation of
diacetyl peroxide in solution (9) and the solvent depend-
ence of the rate constant for dissociation (10,11). Since
the reported trapping of the acetoxy radical (12) is under
discussion (13), the benzoyloxy radical produced in the de-

composition of benzoyl peroxide seems to be one of the few

intermediate radicals proven by trapping (14). For acyclic azo

compounds the stepwise mechanism has been advanced for the
thermal decomposition in gas phase (15) and for the photo-
lytic decomposition in solution (16). The nonconcerted pro-
cess seems to be accepted for the gas phase decomposition,

while activation parameters suggest that the decomposition

9l
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proceeds by a concerted process in solution (6).
It should be noted that the thermal decomposition and
the photolytic decomposition of a radical precursor do not

necessarily involve the same steps. It has, for example,

been shown by Bevington (17,18) that benzoyl peroxide dis-
|

sociates thermally into two benzoyloxy radicals. However,
upon photolysis approximately 30% of the radicals produced
were phenyl radicals. Aliphatic azo compounds will behave
differently if they are photolyzed in the gas phase or in
solution (19). In the gas phase they will readily decompose
to radical products, while in solution the cis-trans iso-
merization becomes important and the value of the quantum
yield of dissociation is much lower than in the gas phase.
The term "cage reacfion" of geminate radicals (20,21)
refers to the reaction between two radicals formed from the
same parent molecule in solution. Originally devised to
explain a low quantum yield for the photodissociation of a
molecule in solution, compared to that in the gas phase, the
theory invokes a cage of solvent molecules which holds the
radicals in close proximity to each other leading to a high
reaction probability. The rate for a cage reaction would
be higher than the rate of the corresponding diffusion con-
trolled reaction. The development of picosecond laser spec-
troscopy (22) and chemically induced dynamic nuclear polari-
zation (CIDNP) (23) have renewed the interest in cage re-

actions, in that these techniques put the time-scale for the

10.
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event within 10~ seconds. In the propionyl peroxide and

I azoethane systems the only cage reaction, in the original

sense, would be the reverse reaction of the first dissoci-
ation step.

Figure 1c shows the competing reactions of two alkyl
radicals, which can either be a disproportionation or a
combination (24). The question raised with these reactions
is whether they involve a common activated complex or pro-
ceed through two different complexes. The common activated
complex was suggested by Kerr and Trotman-Dickenson (25)
but the studies by Benson (26) have led to an acceptance of
a scheme involving two different complexes.

For radicals produced in solution the reaction between

the radical and a solvent molecule
R* + SH —> RH + S*

producing a solvent radical, can be added to the set of
reactions in Figure 1. If a scavenger has been added to the
solution, the radical can react with the scavenger, forming
either a stable addition product or, by attack on a vinyl

group, initiate a polymerization chain.

High pressure studies on dissociation of radical precursors

Dissociation reactions producing radicals were earlier
studied under high pressure because of their importance in

free radical initiated polymerization. These early investi-

11,




gations are reviewed in reference (1). It was soon re-
cognized that high pressure studies could be used to elu-
cidate the mechanism for the decomposition of this class of
compounds. A systematic study was carried out by Neuman
(27) who tried to correlate the magnitude of av* with the
mechanism of the decomposition. Several examples of the
results from the thermal dissociation of azo compounds and
peroxides are given below. The photolytical generation of
radicals has attracted less attention, however, examples
will be presented.

A general result from these studies is that high press-
ure will retard the decomposition of the radical precursor.
The values for the activation volume of decomposition of
benzoyl peroxide varies from 4.7 em®/mol in allyl acetate
(28) to approximately 10 em®/mol in carbon tetrachloride
(29). The decomposition of 2,2”-azo-bis-isobutyronitrile
in toluene at 60 °C was studied by Ewald (30), who found
av® = 3.8 cm3/mol when the decomposition was followed di-
rectly and av¥ = 9.y cm3/m01 when the decomposition was fol-
lowed by trapping of the radicals with iodine. The av* for
decomposition of t-butyl peroxide shows a solvent dependence
(31) giving the smallest value, 5.4 cm3/mol, in toluene and

the largest value, 13.3 cm3/mol, in carbon tetrachloride.

This result stresses the fact ;yat the AV® observed for de-

composition is not necessarily the AV* for breaking of the

particular bond involved in the dissociation.

12.




Neuman studied several radical precursors under high

pressure, mainly azo compounds (27). He divided the pre-

cursors in two groups, those showing a small observed av*
for decomposition (4-5 cm3/mol) and those showing a large
AV* (>10 cma/mol). A large AV*, it was reasoned, should be
characteristic for a nonconcerted process, during which re-
combination could occur, whereas a small AV® should indicate
a concerted mechanism. According to this scheme, azo-bis-
isobutyronitrile, azocumene and a few other azo compounds
would decompose by a two-bond scission, while benzoyl per-
oxide and para-nitrophenyl-azotriphenylmethane, showing
large AV*, would decompose by a one-bond scission. However,
the solvent effect on AV* for benzoyl peroxide and t-butyl
peroxide casts some doubt on the general validity of this
classification.

In the study by Vogt and Hamill (32) on the thermal de-
composition of acetyl peroxide under high pressure, no attempt
was made to determine the rate constant for decomposition.
At higher pressure, an increase in the amount of methyl ace-
tate formed was demonstrated, which they ascribed to an en-

hancement of the reaction
CH3COé + CHé — CHSCOZCH3

Correspondingly, few studies have been made on the photo-
! lytic decomposition of these types of compounds under high
I

] pressure. Nicholson and Norrish (33) in their study of the

13.




polymerization of styrene decomposed benzoyl peroxide with

light. They found no effect of pressure on the initiation
rate. Azo-bis-isobutyronitrile has been photolyzed in to-
luene at room temperature (34) and the rate of decomposition
measured by following the rate of disappearance of diphenyl-
.picrylhydrazyl. The observed activation volume was 7.6

cmalmol.

Internal pressure and radical reactions

Attempts to correlate the ratio of the rate constants
of disproportionation and combination, kd/kc, of ethyl radi-
cals with the internal pressure of the solvent was made by
Dixon et al. (35) with good correlation. However, in a

later study by Sheldon and Kochi (36) where aliphétic dia-

cyl peroxides were photolyzed, it was found that kd/kc was

the same in gas phase and in the solvents pentane and deca-
lin. Neuman (37) also failed to observe a correlation bet-
ween the rate of decomposition of radical precursors and
the internal pressure of the solvent.

At present, it appears that values of the activation
volume must be calculated from high pressure measurements
rather than from solvent parameters, although the interest-
ing results by Dixon et al. may warrant further research in

this field.




Description of the present investigation

The main objective of this investigation was to study
the change in the quantum yield of decomposition of azo-
ethane and propionyl peroxide with pressure. From the change
in quantum yield it should be possible to calculate av* for
decomposition and its magnitude would, hopefully, make it
possible to differentiate between a concerted and noncon-
certed mechanism.

The pelative rates between disproportionation and com-
bination of ethyl radicals should be affecteéd by pressure
and make it possible to calculate the difference in av*
between the two activated complexes.

The investigation is comprised of three parts. Two of
these parts deal with the photolysis of azoethane, the
third deals with the photolysis of propionyl peroxide.

The first study of the azoethane photolysis, published
in 1970 (38), deals with the photolysis of azoethane under
pressure in toluene and 2,2,4-trimethyl pentane with 1,1-
diphenyl ethylene as an added scavenger. The objective of
this work was to establish the change in the kd/kc ratio
with an applied pressure, which was accomplished by measur-
ing the relative amount of hydrocarbons formed during the

photolysis. In the following, this study is referred to

as "the first azoethane study". This work was later ex-
tended to include a study of the photolysis of azoethane

in 2,2,4-trimethyl pentane without scavenger. This study
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is referred to as "the second azoethane study"” and was con-

cerned with the change in quantum yield of decomposition
with pressure and the effect of pressure on the ethane/ethy-
lene ratio. The absolute amount of hydrocarbons formed was

determined as was the amount of light entering the photo-

lysis cell. In order to estimate the number of eth&l ra-

dicals not reacting with other ethyl radicals, a set of
experiments was also performed, using di-tert-butyl nitrox-
ide as a scavenger.

"The propionyl peroxide study" was also made in order
to establish the effect of pressure on the quantum yield
of decomposition, the solvent again being 2,2,4-trimethyl
pentane. The absolute amounts of carbon dioxide and hyd-
rocarbons were determined, with the quantum yield at high
pressure determined relative to the quantum yield at atmos-
pheric pressure. Nitric oxide was used in some experiments
as a scavenger yielding information as to the cage effect

in this system.




Outline of the experimental technique

The experimental technique was similar in the different
studies. The appropriate solution was prepared and intro-
duced into the photolysis cell under high vacuum. The so-
lution was compressed in the high pressure vessel and photo-
lyzed. After the photolysis the solution was distilled on
the vacuum line and the gaseous products separated from the
solution and collected in an ampoule. The contents of this
ampoule were analyzed on a gas chromatograph.

The details of the technique used in the different stu-
dies will be given after the description of the materials

and apparatuses used.

Materials

Azoethane (Merck, Sharp and Dohme) was refluxed and di-
stilled under vacuum to remove any low molecular weight hyd-
rocarbons.

Propionyl peroxide was prepared by the acyl chloride-
H202—pyridine method described by Kochi and Mocadlo (39).
The purity of the peroxide was checked by iodometric titra-
tion, a method described by Wagner et al. (40). In all ex-
periments the purity of the peroxide exceeded 98%.

2,2,4-trimethyl pentane, spectroscopic grade (E. Merck AG)

was refluxed with CaH2, distilled and finally refluxed under

17.




wacuum to remove traces of any low molecular weight hyd-

rocarbons.

Toluene, p.a., (E. Merck AG) was refluxed with CaH2 and

distilled.

1,1-diphenyl ethylene, 97%, (Aldrich Chem. Co.) was di-
stilled under reduced pressure and the middle fraction re-
tained.

Di-tert-butyl nitroxide (DTBN) was prepared by the
method of Hoffman and co-workers (41). The nitroxide was
purified on a semi-preparative gas chromatograph (Varian
P-90) equipped with a 2.5 m column of Chromosorb W with 15%
SE-30.

Nitric oxide, C.P. (Matheson Co.).

Propane, C.P. (J.T. Baker Chemical Co.) was proved by
gas chromatography to be 98% pure, the impurity being ethane.

The absorption spectra of azoethane and propionyl per-

oxide are shown in Figure 2.

The photolysis equipment

In the first azoethane study the photolysis arrangement
was a Philips high pressure mercury lamp, placed under the
high pressure vessel, with aluminium foil to provide a light
guide. Wave-lengths below 340 nm were excluded by a cut-off
filter. Since this study was only concerned with the rela-
tive amount of hydrocarbons formed in each photolysis, the

amount of light entering the cell was not determined in each

18.
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Figure 2a. The absorption spectrum of azoethane in
2,2 ,4-trimethyl pentane.

20 —T T

Figure 2b. The absorption spectrum of propionyl peroxide

in 2,2,4-trimethyl pentane.
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experiment. In a separate experiment the flux into the

photolysis cell was determined to be 2-1017 quanta/sec

measured with an uranyl oxalate actinometer. The light
intensity from the high pressure mercury lamp decreased
slowly with time, the flux into the cell within a month

varying between 1-10"7 - 310"

quanta/sec.

In the second azoethane study the flux into the photo-
lysis cell was determined in each experiment in order to
estimate the quantum yield of decomposition of azoethane.

This was accomplished by introducing a reference cell with

a ferri oxalate actinometer into the photolytic system.

Figure 3. The photolysis system used in the second azo-

ethane study.




The photolysis arrangement is shown in Figure 3. It con-
sisted of a high pressure mercury lamp and a lens to allow
parallelization of light through the metal housing (see
Figure 4), containing a transmission filter, (A = 365 nm

at Tmax)’ and a semi-reflecting quartz plate. After passage

S 1/1«/‘/////‘//////// _-_“‘ ’
\

A NZ —1 /
- \ _/ %
N
N7 \ /
NWALL
N TS S T~

B \%““‘“‘-‘ /4

P/

Figure 4. Metal house for splitting of the photolysis
light and the holder for the reference cell.
A. Metal house. B. Transmission filter.
C. Quartz plate. D. Neutral density filter.

E. Quartz cell for reference solution.

through the housing the light was focused by a lens into
the photolysis cell and 15% of the light entering the hous-
ing was reflected 90° by the quartz plate. Because of

the great difference in quantum yield for the ferri oxa-

late actinometer used, ¢ = 1.21 (42), and the quantum yield
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of decomposition for azoethane, ¢ = 0.02 (16), a neutral
density filter consisting of a copper net was introduced
in front of the actinometer. The ratio between the amount
of light entering the photolysis cell and the reference
cell containing the actinometer solution was determined to
be 230 to 1. The cell for the actinometer was of the same
type as the photolysis cell and surrounded by a metal hol-
der to exclude stray light.

In the propionyl peroxide study, a Philips medium press-
ure mercury lamp was used to decompose the peroxide. A
5 cm quartz cell with a CoS0,, - NiSOu filter solution (43)
was incorporated into the system, allowing maximum trans-

mission at A = 280 nm. Since the output from the medium

pressure mercury lamp was fairly constant, it was not neces-
.

sary to determine the amount of light entering the cell in

each experiment.

The high pressure equipment

The high pressure equipment used in this study has been
described in detail by Claesson et al. (44). Only a short
description will be given here.

The pressure vessel (Figure 5) consisted of a steel cy-
linder with a central hole and a radial channel both of which
could be closed at the ends with O-ring sealed pistons sup-
ported by screws. The bottom piston (A) was channeled to

provide an entrance for the photolysis light. The surface

22.
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Figure 5. High pressure vessel. A. Steel piston.
B. Sapphire window. C,C? Solid steel piston.
D. Bottom screw. E,E7 Screw for side piston.
F. O-ring sealed top piston. G. Distance piece.
H. Steel rod. I. Top screw. Q. Photolysis cell.

of the piston facing the inside of the vessel was polished
and a sapphire window (B) was placed on the surface, giving
a seal of the conventional unsupported type. A threaded
steel cap held the sapphire window in position before press-

ure was applied. The bottom piston was locked by the screw

23,




(D) which also was channeled. The side windows (C and C7)
were made of solid steel and held in place by screws (E and
E”). When absorption measurements were made, however, the
solid steel pistons were replaced by pistons with sapphire
windows. The photolysis cell (Q) consisted of a cylindric-
al quartz tube with a flat bottom window. The cell was
filled under vacuum with solution (see below) and closed
with a movable aluminium plunger, equipped with two O-rings.
The O-rings provided a seal between the test solution and
the pressure transmitting medium while preventing gases
formed in the photolysis to escape from the solution. The
photolysis cell was secured in the middle of the vessel by
a specially designed holder (not shown in Figure 5) and sur-
rounded by a pressure transmitting medium, which generally
was glycerol. When pressure was applied, the vessel was
attached to a hydraulic press and the O-ringed plug (F) and
distance piece (G) were driven into the vessel by the rod
(H). The pressure transmitting medium was compressed and
the pressure was transmitted to the sample solution by the
downward movement of the aluminium plunger in the photolysis
cell. When the desired pressure was reached, the distance
piece (G) was locked in its position by the upper screw (I).
The vessel was then disconnected from the press and taken

to the photolysis apparatus. The hydraulic press was equip-=

ped with a Bourdon gague which had been accurately calibrat-

ed by a piezometric method (45) so the pressure inside the
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vessel was known with to.5% accuracy.

The high vacuum equipment

The high vacuum line was a conventional all-glass appa-
ratus equipped with a mechanical pre-vacuum pump and a mer-
cury diffusion pump. Ground glass stop-cocks or teflon
stop-cocks were used. The vacuum attainable was 2 mPa.
The sections of the vacuum line deserving special descrip-
tion allowed preparation of the ampoules with azoethane
solution and separation of the gas products from the sol-
vent after the sample solutions had been photolyzed. The
cells used in the high pressure vessel were filled and
opened under vacuum. The apparatus necessary for these
manipulations is also described.

The section of the vacuum line used for preparing am-
poules with azoethane solution is shown in Figure 6. It
consisted of a blackened glass cylinder (A) for azoethane
storage, a mercury manometer (B), a glass flask of known
volume (C), connection to a high vacuum line (D) and a

ground joint (E) for attachment of solvent ampoules. Af-

ter degassing of the solvent by the freeze-and-thaw technique,

the stop-cocks (F,G) were closed and the stop-cocks (H,I,K)

opened. The glass flask was filled with azoethane to the de-

sired pressure and the stop-cock (H) closed. Excess azo-
ethane was distilled back into the storage cylinder and the

stop-cock (K) was closed. The stop-cocks (H,F) were then

25.




Figure 6.

Part of the vacuum line used to prepare ampoules
with azoethane solution. A. Storage cylinder
for azoethane. B. Mercury manometer. C. Flask
of known volume. D. Connection to high vacuum
line. E. Ground joint. F,G,H,I,K. Teflon stop-
cock.

opened and azoethane was distilled down into the solvent am-

poule after which it was sealed off.

The section of the vacuum line used for separating the

gases from the photolyzed solution is depicted in Figure 7,

together with two types of ampoules used for gas collection.

It consisted of the following parts: a ground joint (A) for

attachment of the cell-opening device, a condenser (B), a

26.
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Figure 7. Part of the vacuum line used for separating
gas products from the solvent. A. Connection
for the cell opening device. B. Condenser.
C. Glass tube. D. Flask of known volume.

E. Connection for gas ampoules. F,G,H. Tef-
lon stop-cock. I,K. Ampoules for collecting

gas.

glass tube (C) under the condenser, a glass flask of known
volume (D) and a ground joint (E) for attachment of the gas
collecting ampoules. The' apparatus was used in the follow-

ing way: after the apparatus for opening the cell was con-
nected and the entire section was evacuated, the stop-cock

(H) was closed. The condenser was filled with liquid nitro-
gen and the photolysis cell was opened. The test solution

was distilled from the cell through the stop-cock (F) amod trap-

ped on the condenser. If azoethane was the radical precur-
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sor, nitrogen was pumped of the system by opening the stop-
cock (H) after the temperature of the condenser had been
decreased to 60 K by letting nitrogen in the condenser boil
under reduced pressure. Upon transference of the material
from the cell to the condenser, the solution was thawed and
collected in the glass tube (C). The condenser was then
filled with a solid carbon dioxide-2-propanol cold bath and
the gas collection ampoule (I) or (K), connedted at (E),
wasd cooled at 77 K. In this way, the solvent, refluxing
under vacuum, was condensed on (B) and dripped back into
the tube. The gases distilled through the condenser and
were condensed in the gas collection ampoule. If the abso-
lute amount of gas was to be determined, a known amount of
propane was transferred from the glass flask of known volume
(D) to the gas ampoule.

The apparatus used for filling the photolysis cell has
already been described by Claesson et al. (46). It consist-
ed of a glass vessel and a teflon stopper (D) shown in Fi-

gure 8. The stopper had three holes, one for the glass tub-

ing (A), to which an ampoule with solution was sealed, one

for the movable rod (B) with the aluminium plunger, and
one for the center axis to which the cell (F) was attached.
The rods were sealed to the teflon with rubber O-rings.

The apparatus was assembled as shown and evacuated. Upon
attainment of a good vacuum, the system was closed by a

stop-cock. The cell was filled to 2/3 with solution and

28.




Figure 8. Device for filling high pressure cells under
vacuum. A. Glass tube with stop-cock for
the solution. B,C. Steel rod. D. Teflon stop-
per. E. Aluminium plunger. F. Holder with

photolysis cell.

rotated half a turn. Thereafter the plunger (E) was pressed
into the cell. After disconnecting the glass vessel from
the vacuum line, the teflon stopper was lifted and the cell
was ready to be placed in the high pressure vessel.

After the photolysis, the cell was opened in vacuum with

the apparatus shown in Figure 9. This apparatus also consist-
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Figure.9. Device for opening high pressure cells.
A. Threaded steel rod. B. Nut. C. Aluminium
holder. D. Teflon stopper. E. Cell holder.
F. Photolysis cell with plunger.

ed of a glass vessel with a teflon stopper through which

a hole had been drilled for the steel rod (A). Two rubber
O-rings provided the seal between the movable rod and the
stopper. The cell (F) was mounted in the way indicated in

the figure. The rod was passed through the aluminium hol-

der (C), the teflon stopper and the holder for the cell (E).

The end of the rod was screwed into the aluminium plunger

in the high pressure cell. The glass vessel was attached

30.




to the vacuum line and evacuated. By turning the nut (B)
the threaded steel rod pulled out the plunger distilling

the solution into the vacuum line.

The analytical equipment

The device to transfer gases from the gas ampoule to

the chromatograph is shown in Figure 10. It consisted of

; a length of glass tubing to which the ampoule (E) was sealed,

»—1

Figure 10. Device for opening gas ampoules. A. Ground
joint. B. Teflon stop-cock. C. Metal stop-
per with rubber septum. D. Hammer. E. Gas
ampoule.

a teflon stop-cock (B) and an O-ring-sealed stopper with

a rubber septum (C). After the device had been evacuated
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and the stop-cock closed, the ampoule was opened by crush-
.ing the breakseal with the hammer (D). A sample was then
withdrawn by penetrating the rubber septum with a gas

tight syringe and then injected into the gas chromatograph.
This device was used in the propionyl peroxide study and in
the second azoethane study.

In the first azoethane study the tiny gas ampoule (see
Figure 7, part I) was placed in a piece of PVC-tubing, con-
nected to the carrier gas stream. The sample was then in-
troduced into the chromatograph by crushing the ampoule
with a hammer.

Two different gas chromatographs have been used in this
work, a Varian Aerograph 600 in the first azoethane study
and a F & M Scientific Corporation research gas chromato-
graph 810 in the second azoethane study and in the pro-
pionyl peroxide study. The Aerograph was equipped with a
5 mm x 2 m glass column packed with Al,0, + 2% dinonyl
phtalate, 30-60 mesh. Column temperature: 20% 3 . car-
rier gas: N,, flow rate 50 em®/min. Detector: Flame ioni-
zation detector.

In the second-azoethane study, a 1/4" x 2 m stainless
steel column was connected to the flame ionization detector
of the F & M 810. The packing material was silica gel

60-100 mesh. The chromatographic data were the follow-

ing: Carrier gas: N,, flow rate 120 cmslmin. Injector tem-

perature: 100 °C. Oven temperature: 50 °C. The chromato-
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gram (Figure 11) shows a typical analysis of a sample photo-
lyzed for 12 hours. 1.49 umol of propane was added to the

sample as an internal standard.

C3Hg
C2Hg

Ca2Hg

C4Hio

AN
TN SIS

Figure 11. Gas chromatogram of low molecular weight hyd-

rocarbons on @ 2 m silica gel column. Flame
ionization detector, carrier gas N,, flow:

120 cms/min, oven temperature: 50 ©C.

In the propionyl peroxide study the thermal conductivity
detector of the F & M was used. The column was 1/4" x 1 m
stainless steel column packed with Porapak R, 80-100 mesh.
The chromatographic data were the following: Carrier gas:
He, flow rate 120 cma/min. Injector temperature: 150 °c.
Detector temperature: 250 °cC. Bridge current: 200 mA. Oven

temperature: 50 °C for 1 minute, 50-120 °C with a temperature
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increase of 30 °C per minute and isothermal 120 °c for four

minutes. The gas chromatogram in Figure 12 shows a typic-

al analysis of a sample from a 2 hour photolysis at one

atm pressure with 13.9 umol propane added as an internal

standard.

IC2H, Cito

\Cee e T

] 50°C Temp. program 30°C min~! l 120°C

Figure 12. Gas chromatogram of low molecular weight hyd-
rocarbons on a 1 m Porapak R column. Thermal
conductivity detector, carrier gas He, flow
120 cmalmin, temperature program as indicated.

Description of the experimental technique

The experimental technique employed in the first azo-
ethane study was the following: The purified solvent,

toluene or 2,2,4-trimethyl pentane, both with one mole per
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cent of 1,1-diphenyl ethylene, was introduced into a glass
ampoule equipped with a break-seal and a ground joint. The
ampoule was then connected to the part of the vacuum line
used for preparing ampoules with azoethane solution (Fi-
gure 6). After three successive freeze-and-thaw cycles,
the solution was degassed and azoethane was added to the
solution. The azoethane concentration was in all experi-
ments 5 mol m-s. The ampoule was sealed off from the
vacuum line and sealed to the glass tubing in the apparatus
used for filling high pressure cells. The apparatus was
assembled, evacuated and the break-seal was opened with

a hammer. After the photolysis cell had been filled and
closed with the plunger, it was transferred to the high
pressure vessel. The solution was photolyzed for 12 hours,
the temperature being approximately 35 2% upon which

10-30% of the azoethane was decomposed during the photo-
lysis. After photolysis the cell was placed in the de-
vice used for opening high pressure cells, opened and the
solution was distilled into the vacuum line. The gases
were separated from the solvent, unphotolyzed azoethane

and scavenger by refluxing for one hour. The small gas
collection ampoule was sealed off and its contents ana-
lyzed. The areas of the peaks on the gas chromatogram
were determined by planimetry and the ratios between the
hydrocarbons were calculated. The appropriate response
factors given by Dietz (47) were introduced in the cal-

culations.
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- In the second azoethane study, the ampoules with azo-
ethane solution were prepared as described above. The sol-
vent was 2,2,4-trimethyl pentane and the concentration was

20 mol m™°. In several experiments di-tert-butyl nitroxide

at a concentration of 5.85 mol m_3 was added directly to

the solvent and the cell filled in the usual manner. The
photolysis was conducted with a ferri oxalate actinome-
ter in the photolytic system. About 5% of the azoethane
was photolyzed during a 12 hour photolysis at a tempera-
ture of 22%2 ©C. After the gases had been separated from
the solution and collected in the gas ampoule a known
amount of propane was added as an internal standard and
analyzed with the F & M gas chromatograph. From the
integration trace of the recorder, the areas of the peaks
could be determined. After introduction of the appropri-
ate response factors, the absolute amount of gases formed
in the photolysis could be determined. Since the amount
of light entering the photolysis cell was known, the
quantum yield of formation of low molecular weight hydro-
carbons could be calculated. When di-tert-butyl nitroxide
had been added to the solution, the amount of nitroxide
disappearing under photolysis was determined by absorption
measurement done directly in the high pressure vessel. The
nitroxide is a convenient scavenger in this system from
the optical point of view since it has a minimum absorption
in the 360 nm region where azoethane is absorbing. The

2 1

peak at 465 nm, where € = 0.89 m mol~ , was used to deter-
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mine the change in concentration of the nitroxide.

The propionyl peroxide photolyses were performed in the
following way: A 200 cm3 17 mol m_3 solution was prepared
in an ampoule and the ampoule connected to the high vacuum
line. The solution was cooled with a solid carbon dioxide-
-2-propanol bath and evacuated until the pressure in the
ampoule was less than 2 Pa. Then the ampoule was sealed
off and the solution was divided under vacuum into 5 am-
poules, each containing 40 em® of solution. The concentra-
tion of the solution was chosen as to minimize the radical
induced decomposition of the peroxide. A check of the
carbon dioxide content in the solution proved it to be
approximately 0.5% of the amount of carbon dioxide pro-
duced in an ordinary run. In those experiments where NO
was added as a scavenger, it was added from the vacuum
line to the solution by condensing the gas with liquid
nitrogen. The concentration of NO was 1 mol m-3. The
high pressure cell was filled in the usual way, placed
in the high pressure vessel and photolyzed by the filtered
light from the medium pressure mercury lamp. To minimize
the effect of long-time drift in the intensity of the
light from the lamp and fluctuation in the transmission
of the filter solution, the different photolyses were
performed in sets in the following way: The same stock
solution was used throughout a single set and stored in a
refrigerator between the fillings of the photolysis cell

to ensure that no thermal decomposition of the peroxide

8%
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accurred. The yield of carbon dioxide at 1 atm pressure
was taken as a standard value, and the results from the
subsequent photolyses at elevated pressures were compared
to this standard value. A set generally consisted of 2-4
photolyses of which two photolyses were made each day. The
photolysis time was 2 hours and the temperature 2459 Rey
Under an ordinary photolysis approximately 30% of the per-
oxide was decomposed. After the photolysis, the gases
were separated from the solution, the internal standard
was added and the sample analyzed. The peak areas were
determined by the cut-and-weigh method from which the ab-
solute amounts of gases formed were calculated after in-

troduction of the proper response factors.

The calculation of quantum yield at high pressure

The quantum yield of a photochemical reaction is de-
fined as the number of molecules reacted, divided by the

number of photons absorbed

n
O'E(A)1

[5]
I(1-1

)

where ¢ is the quantum yield, n is number of molecules
reacted, I the number of photons entering the cell, e the
absorption coefficient, (A) the concentration of absorb-
ing species and 1 the optical path length.

It has been assumed that the amount of light entering

the photolysis cell at higher pressure is the same as the
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amount entering the cell at atmospheric pressure. Although
not rigorously true, the difference is very smali and arises
from two factors: change in the transparency of the materi-
als in the optical path and changes in reflection losses

at the different interfaces from changes in refractive in-
dices with pressure. The first factor is not important
since the absorption of the materials in the light path
(the sapphire window, the pressure transmitting medium and
the quartz in the bottom of the photolysis cell) is- unaf-
fected by pressure. The second effect is of minor import-
ance, which can be seen from the following arguments. The
greatest loss arises at the interface air-sapphire. This
loss is approximately 8% and is not affected by pressure.
The losses at subsequent interfaces are of the order 1% or
less. If the refractive index of glycerol and 2,2,u-tri-‘
methyl pentane is increased by 7% when the pressure is
increased to 500 MPa, the result will be that 0.5% more
light will enter the cell at the higher pressure compared
to atmospheric pressure.

In a cell with cylindrical symmetry, the fraction of
light absorbed (the second term in the denominator of
equation [5]) is unaffected by pressure if the absorption
coefficient e is unaffected by pressure. This was checked
for both azoethane and propionyl peroxide and it was found
that changes in absorption could be wholly ascribed to
concentration changes when the solution was compressed.

Compression data given by Bridgman (48) were used in these
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calculations.
Consequently, ¢ at high pressure can be determined from
the number of molecules reacted, if I at atmospheric press-

ure is known. Alternatively, ¢ at high pressure can be de-

termined relative to ¢ at atmospheric pressure from the

ratio between the number of molecules reacted, if I is the

same during two photolyses.




In this section the results from the different studies
are given in tables and diagrams. The significance of

these results is discussed in the next section.

Results from the first azoethane study

The pertinent ratios between hydrocarbons formed are
presented in Tables I (photolysis in 2,2,4-trimethyl pen-
tane) and II (photolysis in toluene). It can be seen from

both the Tables and Figure 13 that the ratio (CQHH)/(CMH )

10

T
- (CoHy)
030 | /(CI.HW) —

025

0.20

0.15

0 100 200 300 400 500

Figure 13. The ratio (CQHQ)/(CMH1U) as a function of press-

ure.

O Azoethane in toluene with 1,1-diphenyl ethylene.

O Azoethane in 2,2,4-trimethyl pentane with
1,1-diphenyl ethylene.
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increases with increasing pressure while the ratio (C2Hs)/
/(Czﬁ“) is approximately ane and unaffected by pressure.
Assuming that butane and ethylene are formed only through
the cross reactions between ethyl radicals, it is possible
to calculate the difference in volume of activation. The
absolute rate constants of the disproportionation and com-
bination have not been determined, only the ratios between
them. Therefore the AVX calculated will be the difference
in volume of activation between disproportionation and
combination. The plot ln(kd/kc) as a function of pressure

is shown in Figure 14, and by fitting the data to equation

Figure 14. The effect of pressure on ln(kd/kc).
0 Azoethane in toluene with 1,1-diphenyl
ethylene.
O Azoethane in 2,2,4-trimethyl pentane with
1,1-diphenyl ethylene.




L3],(AVZ - Avg) can be calculated from the constaht b. The
difference calculated in this way is 3.7 cms/mol in 2,2,4-

trimethyl pentane and 3.2 cma/mol in toluene.

Table I

The ratio between hydrocarbons formed in the photolysis of
azoethane at different pressures. Concentration of azo-

3

ethane = 5 mol m °. Solvent: 2,2,4-trimethyl pentane with

1,1-diphenyl ethylene. Temperature: 35 %,

Pressure (C2Hu)/(CuH10) (CZHG)/(CZHH)
/MPa

0.10 0.14 1.5
" 0..45 1.2
" 0.15 1.3
i 0.15 g

Average 0. 15 1.3

198 0.20 1
it 0.20 1
" 0.2 1.

Average 0.20 1

395 0.2 1.4
" 0.21 1.4
" 0.23 1.6
" 0.22 141

Average 0.23 1.4

598 0:27 1
W 0.28 1
¥ 0.25 ;I

Average 027 1
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Table II

The ratio between hydrocarbons formed in the photolysis of
azoethane at different pressures. Concentration of azo-
ethane = 5 mol m-3. Solvent: Toluene with 1,1-diphenyl

.ethylene. Temperature: 35 9.

Pressure (C2Hu)/(CuH
/MPa

o) (C,Hg)/ (CyH,)

Average

Average

Average




Results from the second azoethane study

These results have been collected in Tables III-VI. In
Table III the umol products formed during the 12 hour photo-
lysis are listed together with the amount of light that en-
tered the photolysis cell. The ratios between the various
hydrocarbons formed are presented in Table IV together with
the quantum yield of formation of low molecular weight hyd-
rocarbons denoted ¢FH' The quantum yield was calculated
assuming that the fraation of light absorbed was unity. It
can again be seen that the ratio (Czﬂu)/(CuH1U) increases
with an increase in pressure, as in the first azoethane
study, while the quantum yield for formation of low molecular
weight hydrocarbons and the ratio (CZHG)/(CZHM) decreases
with pressure. The pressure dependence on the ratio (CzHu)/

/(CuH10) is shown in Figure 15.

T T T

L (CoH ' [o]
030 (C A)/(C‘H'o) ;
=]
0.25}F 1
o
70
0.20F .
o
o]
<P
015 MPa
0 100 200 300 400

Figure 15. ' The ratio (Czﬂu)/(CuH10) as a function of pressure.
Ethyl radical source: Azoethane in 2,2,4-trimethyl
pentane. O No scavenger added. [J DTBN used as

a radical scavenger.
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The plot ln(kd/kc) as a function of pressure is given in

Figure 16 and the difference in volume of activation, again

calculated by use of equation [3], is 4.4 em®/mol. No scaveng-

er was added in this set of experiments. However, the differ-
ence in volume of activation when di-tert-butyl nitroxide
was added differed only slightly from the previous value,

being 4.6 em®/mol.

[
MPa

1 1 1 1
100 200 300 400 500

Figure 16. The effect of pressure on ln(kd/kc). Ethyl
radical source: Azoethane in 2,2,4-trimethyl
pentane without scavenger.

The quantum yield for formation of low molecular weight
hydrocarbons (’FH) listed in Table IV have been plotted in
Figure 17. 1In Table V the results from the photolysis of
azoethane with di-tert-butyl nitroxide are listed. Again
the number of umol products formed during the 12 hour photo-

lysis is given together with the number of quanta absorbed.,
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0.010

0.005 P

Figure 17. Quantum yield of decomposition of azoethane as
a function of pressure. The quantum yield has
been calculated from the formation of low mole-
cular weight hydrocarbons. Solvent: 2,2,4-
trimethyl pentane without scavenger.

The amount of di-tert-butyl nitroxide reacted as determined
from spectrophotometric measurements is also given. The per-
tinent ratios from these experiments are listed'in Table VI
together with $py and épp (¢pp = quantum yield for formation
of ethyl radicals) calculated from the amount of hydrocar-
bons formed plus the amount of reacted nitroxide. The gra-
phic representation of these data is shown in Figure 18,
where ¢ is plotted against pressure, SrE and Oy being the
upper and lower curve respectively. A plot of lrwFE as a
function of pressure is given in Figure 19. The value for

the av* for decomposition is 5.7 cm3/mol calculated from the

u7.




constant b in equation [3].

Figure 18. Quantum yield for decomposition of azoethane

as a function of pressure. Solvent: 2,2,u4-

trimethyl pentane with di-tert-butyl nitraxide

as a scavenger.

O ¢ calculated from the formation of low mo-
lecular weight hydrocarbons.

O ¢ calculated from the formation of low mo-
lecular weight hydrocarbons plus the
change in cc .centration of DTBN.




Figure 19.

The effect of pressure on 1ln¢ for decompo-
sition of azoethane.

ug.




Table III

Results from the photolysis of azoethane in 2,2,4-trimethyl

pentane at different pressures. Concentration of azoethane.

20 mol m °. Temperature: 22%2 °c.

Pressure Products formed/umol Quanta absorbed
/MPa CZHG C2Hu CuH10 /ueinstein

0.10 0.99 0.24
g 0.68 0.21
¥ 0.91 0.30

95 0.41 0.17
¥ 0.50 0.21
L 0.54 0.24

0.52 0.24
0.22 0.17
0.22 0.16

0.27 0.19
0.17 0.12
0.42 0.26

0.16 0.16
0.21 0.16
0.24 0.19

0.20 0.18
0.15 0.11
0.072 0.099




Table IV

The ratio between hydrocarbons formed in the photolysis of
azoethane at different pressures and the quantum yield for
formation of hydrocarbons at different pressure. Solvent
2,2,4=-trimethyl pentane. Concentration of azoethane: 20

mol m S, Temperature: 2232 °c.

Pressure (C,Hg)/(CyHY) (CZHQ)/(CHH10) Fry
/MPa

0.10 4.1 0.14 0.0d6
" 3.2 0.14 0.018
1 3.0 0.14 0.018
Average 3.4 0.14 0.017

95 21t [0}k 3 0.010
u 2.4 0.16 0.013
i 2.3 017 0.014
Average 2.4 =7 0.012

195 2ivi2 0.20 0.011
u 143 0.23 0.011
" 1.4 023 0.011
Average T8 0.22 0.011
296 1.4 0.22 0.0095
n 1.4 0.26 0.0058
L 1.6 0.20 0.0099
Average 1.5 0.23 0.008Y4
395 1.0 032 0.0065
L 1.3 0.28 0.0056
3 1'=3 0.29 0.0060
Average 1.2 0.30 0.0060

497 11 0.30 0.0055
1 1.4 0.30 0.0042
L 073 031 0.0051
Average e 0.30 0.0049
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Table V

Results from the photolysis of azoethane in 2,2,4-trimethyl
pentane with di-tert-butyl nitroxide as scavenger. Con-

centration of azoethane: 20 mol m-3. Concentration of DTBN:
5.85 mol m °. Temperature: 2232 ©c.

Pressure i DTBN react- Quanta ab-

sorbed
/MPa CZH C2Hl+ CuH10 ed/umol Iustnstein

6

0.10 0.25 0.26 .8 0.35 111
95 0.31 0.32 .7 0.32 149
195 0.32 0.33 .6 0.22 149
296 0.22 0.21 0.50 141
395 0.29 0.28 0.57 165
497 0.13 0.12 0.57 9k.0

Table VI

The ratio between hydrocarbons formed in the photolysis of
azoethane at different pressures and the quantum yields for
formation of hydrocarbons and ethyl radicals at different
pressures. Solvent: 2,2,4-trimethyl pentane with di-tert-
butyl nitroxide as a scavenger. Concentration of azoethane:
20 mol m 3. Concentration of DTBN: 5.85 mol m °. Tempera-

ture: 22%2 ©c.

Pressure (CZHG)/(CZHH) (CZHu)/(C
/MPa

Hj 29

yli0) *m  frE
0.10 0.96 0.14 .019  0.020
95 0.97 0.19 .014  0.015
195 0.97 0.21 .013  0.014
296 1.1 0.26 .0091 0.011
395 1.0 0.28 .0078 0.0095

497 4 0.29 .0058 0.0088




S it —_ i St

Results from the propionyl peroxide study

The results from the propionyl peroxide study are pre-
sented in Table VII. The amount of gas formed per hour is

given in columns 2-5 and the ratios between hydrocarbons

formed are provided in the next two columns. The last column

lists the relative quantum yield of formation of carbon di-
oxide (°p)/(¢P=O.1)' The photolyses have been arranged in
sets of experiments and every photolysis at a higher press-
ure is preceeded by a photolysis at 1 atm pressure.

It is apparent that the ratio (C,Hg)/(ChH ) increases
with increasing pressure in contrast to the results from
the photolysis of azoethane where it decreased when the
pressure increased. If a scavenger was added to the solu-
tion the ratio was approximately one and unaffected by
changes in pressure, as previously noted. In this study
the ratio (CZHH)/(CHH10) also increases with an increase
in pressure. A graphic representation of the effect of
pressure on the ratio (CZHM)/(CHH10) is shown in Figure
20, plotted from the average values listed in Table VIII.
The plot ln(kd/kc) as a function of pressure is shown in
Figure 21. The calculated value of the difference in
volume of activation between combination and disproportio-
nation is 3.3 cm®/mol.

From Table VIII it can also be seen that the relative
quantum yield for formation of carbon dioxide appears to

increase slightly with pressure, but since the scatter is
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fairly large, as can be seen in Table VII, this may not be

a real effect.

(e, o

Figure 20. The ratio (Czﬂu)/(cuﬂ10) as a function of press-
i ure. Ethyl radical source: Propionyl peroxide
in 2,2,4-trimethyl pentane.

300

Figure 21. The effect of pressure on In(ky/k ). Ethyl ra-
dical source: Propionyl peroxide in 2,2,4-
trimethyl pentane.




Table VII

Results from the photolysis of propionyl peroxide in 2,2,4-trimethyl pentane at different press-
ures. Concentration of peroxide = 11 mol m-3. Temperature: gaty 9,

Pressure Products formed /umol (CZHG)/(CZHM) (CZHu)/(CuH10) (¢P)/(¢o_1)
I /MPa CO2 CZHH CZHS CMH10
0.0 12 0,70 245 4.6 3.6 018 -
0.10 14 072 2.4 530 s, 3 0.14 -
0.10 12 0.68 2.5 L.y 3.7 0«16 -
!
0:10 15 0.78 2.8 50 346 0.16 -
95 13 0.69 353 349 4.8 0.18 0.87
0.10 19 148 3 ald 6.7 3.4 0:15 -
95 17 0.80 4.5 4.5 546 0.18 0.90
0.10 17 0.84 3.0 52 3.6 0.16 -
95 16 0.87 4.5 4.5 5:2 0.19 0.94
0.10 18 0.94 3.4 642 36 0415 -
96 22 1.0 %) 6.0 57 017 12
0.10 16 -
195 19 10 6.0 L. 5 6.0 0% 22 182
(eal
(2}




Table VII continued

Pressure Products formed /umol (CZHS)/(CZHM) (C2H4)/(C4H10) (¢P)/(¢0.1)
/MPa 002 C2HI+ C2H

6  CuyHqg

0.10
195

0.10
195
0.10
195

0.10
296
0.10
296

0.10
296
0.10
296

0.10
395




Table VII continued

Pressure Products forged /umol (Czﬂs)/(czﬁu) (C?H“)/(CQH1O) (¢P)/(¢0-1) |
/MPa CO2 C?Hl+ CQHG‘ C“H10
0.10 15 0.90 354 4.9 3.4 0.18 =
395 16 0.98 4.0 0«25 bl
0210 13 0877 P 7 4.5 3.5 047 -
395 16 0.96 5.9 u.2 B2 023 e, 0
d 395 il 0.98 5.8 4.3 5.9 0/ 23 T8
0.10 15 0.90 3.6 B2 4.0 (0% 7 -
497 13 0.84 4.8 349 Sl 0.24 087
497 16 1l 6.1 BT 5.6 0.30 G
0.10 12 0 74 2.8 3.9 39 0. 18 =
497 19 A2 6.9 4.1 548 0.29 1.6
0.10 12" 0.95 25 4.3 3.2 0547 -
497 13 0.69 4.7 2.8 6.8 0,255 il

‘L




Table VIII

The ratio between hydrocarbons at different pressures and

the relative product quantum yield for formation of car-

bon dioxide at different pressures. Average values from
Table VII.

Pressure (¢P)/(¢0.1) (C2H8)/(02Hu) ﬁS\Hu)/(CuH10)
/MPa

0.10 3.6 0.17
95 . 0.18
195 5.6 0.22
296 . 0.24
395 0.23
497 0.27
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DISCUSSION

The effect of pressure on the quantum yield of decompo-

sition of azoethane

In the determination of the quantum yield of decompo-
sition of azoethane, the amount of ethyl radicals formed
was determined rather than the amount of nitrogen formed,
because of the expefimental difficulties involved in the
latter determination. Calculation of the quantum yield
in this way requires the following assumptions:

1. Azoethane decomposes photochemically to two ethyl
radicals and one molecule of nitrogen, according to the
stochiometric formula

A hv
C,Hg-N=N-C,H, —> 2 C,H; + N,

2. In a system where azoethane is dissolved in 2,2,4-
trimethyl pentane, and the temperature is so low that the
thermal decomposition of azoethane is unimportant, ethyl
radicals can only be formed from this reaction.

3. Ethyl radicals will react with each other and form
the hydrocarbons ethane, ethylene and butane.

Excess of ethane over ethylene indicates abstraction of
hydrogen from the solvent, forming a solvent radical which
can react with a new ethyl radical and undergo either a

disproportionation or combination reaction. A radical

attack on the azobridge (49) according t¢o the formula
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+ CZHS-N=N-CZH5 —_—> (CQHS)zN-N-CzH5
and the hydrogen abstraction reaction, which has been found
in the gas phase (50)

CoHp + CoH-N=N-C,Hy —> C,Hg + CHCH*N=N-C

2H

5
are also possible side reactions. If a scavenger is added,
these side reactions are suppressed. Therefore, by choos-
ing a scavenger whose reaction with ethyl radicals can be
followed, it is possible to calculate the total amount of
ethyl radicals formed and thus determine the amount of de-
composed azoethane. The scavenger chosen for this system
was the "stable" radical di-tert-butyl nitroxide (41),
since it has no absorption in the region where azoethane
absorbs and has a long wavelength absorption around 465
nm which decreases when ethyl radicals react with the
nitroxide. Unfortunately the cis-form of azoethane and

the product from the reaction

CoHg + (t-Cqu)ZN-O' — (t-Cqu)ZNOCQH5

absorb in the same region as azoethane, i.e. around 360

nm and act as internal filters during the photolysis. This
will alter the quantum yield of decomposition, but the good
agreement betwéen the value obtained in this way, ¢=0.020
in 2,2,4=-trimethyl pentane at 22 % compared to the pre-
vious published value (16) ¢=0.021 in hexane at 0 °C

(where ¢ was determined from the amount of nitrogen formed),

gives confidence in this method for determining ¢. From
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Figures 17 and 18 it is seen that the value of by in-
creases when nitroxide has been added to the solution.
This is due to a suppression of the reaction between
ethyl radicals and solvent, a reaction that prevents
some ethyl radicals from forming low molecular weight
hydrocarbons (see below). Naturally the highest quant-
um yield is brp which is calculated from the amount of
hydrocarbons formed plus the number of nitroxide mole-
cules reacted. The value of aV* = 5.7 cm3/mol for de-
composition of azoethane obtained from the diagram 1lné¢=
=f(P), Figure 19, is in good agreement with values ob-
tained from the thermal decomposition of several azo
compounds (27). In this diagram the bpp values have
been used, but the ¢FH values are superimposable on the

same line.

The effect of pressure on the quantum yield of decompo-

sition of propionyl peroxide

In the propionyl peroxide study only the relative
quantum yield of formation of carbon dioxide was deter-
mined. This was made in such a way that the amount of
CO2 produced at higher pressure was compared to the
amount produced at atmospheric pressure. The photolyses
were performed in sets to minimize changes in the amount
of light entering the cell. The absolute value of %00,

2
determined by Sheldon and Kochi (36), was found to be 2
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and no side reactions were reported in their study.
Possible side reactions would involve the attack of an
ethyl radical or a propionyloxy radical on a propionyl
peroxide molecule leading to a radical induced decompo-
sition. In order to study the importance of the radical
induced decomposition, a separate series of experiments
was made. It was found that within the concentration
range 7 mol/m3 to 50 mol/ms, the quantum yield was
constant. At higher concentration the quantum yield
increased, an indication of a radical induced decompo-
sition. The high pressure photolyses were performed
with a propionyl peroxide concentration of 11 mol/m®

to avoid induced decomposition.

Inspection of the data presented in Table VIII re-
veals an increase in relative quantum yield for forma-
tion of co, with increasing pressure. However, it can
be seen from Table VII that because the scatter is
large, the effect may not be real. Any possible expla-

nation for an increase in the quantum yield would invari-

ably involve a non-photochemical process since $0p, =2
2

naturally indicates that every excited molecule will de-
compose. Only if ¢C02<2 could an applied hydrostatic
pressure increase it, assuming that the molecules pro-
moted to an excited state release excess energy before
they decompose. Such dissipation of energy would be fa-

cilitated by an applied hydrostatic pressure, pushing the
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excited molecules in closer contact with the solvent
molecules, compared to at atmospheric pressure. The ra-
dical induced decomposition can be ruled out as an ex-
planation for the high quantum yield at higher pressure,
since in this study the concentration is well below the
concentration region where this type of reactions occur.
A dark reaction could account for the high ¢002, but that
no such reaction is occurring was demonstrated by check-
ing the dark reaction at elevated pressure.

Since the increase in ¢C02 can not be rationalized
except as an experimental error, it will be assumed in
the following discussion that ¢C02 is unaffected by press-

ure, i.e. av* =0 for decomposition of propionyl peroxide.

Interpretation of the Av* values for decomposition of

azoethane and propionyl peroxide

In order to correctly interpret the values for the

volume of activation it is necessary to relate them to

the proper rate constants. The approach generally used
for the class of compounds, which upon decomposition

yields two radicals, has been to assume that in the first
decomposition step, two radicals are formed in close
proximity to each other in a so-called solvent cage. This
approach was first used by Walling and Metzger (31) and
has later been extensively used by Neuman (27). Referring

to Figure 1a, the pair R-N=N- + R* should be formed with-
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in such a cage.

Assuming a steady-state concentration of the cage dur-

ing the photolysis, the observed rate constant for dis-

appearance of azoethane, kobs’ is

el
W i) [6]
kptk_

E 1

In a system where the second step is not an elimination

but a diffusive displacement (in which case kE could be

denoted kdiff’ being much smaller than k_1), the ob-
served volume of activation is made up of three differ-
ent factors

X = avE o+ v

* x*
8one = 2 aifs - 2V (71

The observed volume of activation would thus be larger
than the expected activation volume for the breaking of
a single bond. If equation [Bb] is applied to the azo-
ethane system it can, however, be reasonable to assume
that kp>>k_, and the observed rate constant would be
given by

[81]

and the observed volume of activation

* . »
AV o = AV [9]

Consequently, the observed volume of activation is the
activation volume associated with the breaking of the

C-N bond in the first decomposition step.
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A conclusion that can be drawn, if the discussion
above is applied to the azoethane system, is that the
CoH-N=N* radical has a very short life time, so short
that the reverse of the first reaction step can be ignor-
ed. The low quantum yield in solution can not be ex-
plained as an effect of the solvent on the radical pair
(see reference (16)) leading to a high rate of re-forma-
tion of azoethane. Evidently some other mechanism is
present in the decomposition in solution. It has been
suggested by Engel and Steel (19) that the decomposition
in solution takes place, not in the excited molecule,
but arises from thermal decomposition of the cis-isomer
of azoethane. The general synthetic procedures give
trans-azoethane which in solution can be photochemically
converted to the cis-isomer in high yield. The cis-
isomer is much less stable than the trans-isomer and
decomposes to the radical products. (For a recent study
of the decomposition of some cis and trans azoalkanes,
see reference (51)).

By combining measurements of the temperature depend-
ence and of the pressure dependence of the rate constant
it is possible to calculate the other thermodynamic pa-
rameters for the transition state. (The necessary rela-
tions are given in most books on chemical kinetics, see
for example reference (52)). Unfortunately, a complete

treatment of the decomposition of azoethane is not yet
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possible, since the necessary values of the activation
energy and the rate constant for decomposition in solu-
tions are not known, although values for the gas phase
decomposition have been published (53). The problem is
further complicated by the fact that it has not yet been
unambiguously settled from which state the decomposition
of azoethane occurs in solution.

Assuming that the activation volume for decomposition
of propionyl peroxide is approximately zero, a different
scheme emerges for its decomposition, compared to the
azoethane decomposition. From the discussion of the
azoethane decomposition it can be seen that any reason-

able kinetic model will .give a positive volume of acti-

vation of at least u4-5 cm3/mol, i.e. the activation

volume associated with the breaking of one bond in the
molecule. A possible explanation for the observed acti-
vation volume follows. As suggested by Evans and Polanyi
(5), AV* is composed of one structural term and one
solvation term. The solvation term should reflect the
volume change between the transition state and the solvent.
If a transition state with partial ionic character is
formed, the solvation term may compensate the structural
term, leading to a net volume of activation equal to zero..
This effect has been demonstrated by Hamann (54) for
the hydrolysis of tert-butyl chloride. The rate deter-

mining step is
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+ -
(CHg),C C1 » (CHy),C* + C1

followed by

(CHg),C* + H)0 =+ (CHg)4COH + HY
Although this reaction is associated with the stretching
and breaking of a C-Cl bond, it is accelerated by press-
ure, i.e. shows a negative volume of activation in that
the solvation term far outweighs the structural term.

It has been proposed by Walling et al. (55) in their
study of different paths in the decomposition of diacyl
peroxides with secondary and tertiary alkyl groups or
benzyl groups, that the decomposition goes through a

transition state with a charge separation. Their model

proposes the breaking of the 0-0 bond followed by forma-

tion of a transition state with charge separation

0 0 0 0
Il Il I I

R-C-0-0-C-R Z R:+;C  ~0-C-R
R

S

0

The transition state has two alternative reaction paths,
one leading to common radical products, the other to the
corresponding ester. The ester is not formed, however,
in the photolysis of propionyl peroxide in solution, as
was shown by Sheldon and Kochi (36).

If this model can be extended to include diacyl per-
oxides with primary alkyl groups such as propionyl perox-

ide, it is then possible that the transition state with
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partial ionic character induces polariazation in one or
more C-H bonds in the solvent. The volume decrease asso-
ciated with this polarization balances the volume increase
associated with the stretching of the 0-0 bond in the per-
oxide. To gain more insight into the problem of the pro-
pionyl peroxide decomposition it is necessary to study,
in addition to the studies by Smid et al. (56) on the
solvent dependence of the rate constant, the pressure
effect on the rate constant in different solvents.
This would make it possible to calculate other activa-
tion parameters for the decomposition.

In light of the above, some remarks can be made as
to the concerted versus nonconcerted decomposition. of
these compounds. It seems reasonable to assume that
azoethane decomposes by a nonconcerted mechanism follow-
ed by a fast nitrogen elimination. However, it is pos-
sible to state a priori, that azoethane decomposes by
a two-bond scission with av* for breaking two C-N bonds
equal to 5.7 cma/mol. Owens and Koenig (57) have sug-
gested that in the comparison of av* values for decom-
position, it is best to differentiate between reversibi-
lity and non-reversibility of the dissociation step ra-
ther than between different mechanisms involving differ-
ent transition states. Following this suggestion, it
can be concluded that azoethane decomposes with negli-

gible re-formation of the parent molecule. For the per-
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oxide the mechanism is complex and can not be explained in
terms of simultaneous breaking of one or more bonds. How-
ever, it is reasonable to assume that the re-formation of

the parent molecule is negligible.

Disproportionation-combination reactions of ethyl radicals

The cross reactions between two alkyl radicals are
shown in Figure 1c. As previously noted, if it is assumed
that ethylene and butane are formed only from these cross
reactions, the plot of 1n kd/kc versus P will give the
difference in volume of activation between the two re- I
action paths. The av* values presented in the section
Results are in reasonably good agreement with each other.
The value from the second azoethane study is higher than
both the values from the first azoethane study and the
propionyl peroxide study. This difference could be inter-
preted as a temperature effect (the photolyses in the
first azoethane study were performed at 35 ©°C and in the
second azoethane study at 22 oC), if not the results
from the propionyl peroxide study gave av® = 3.3 cmg/mol
compared to the value 4.4 cm3/mol from the second azo-
ethane study. Since activation volumes generally can
not be determined with an accuracy better than ¥ cm3
it is assumed that these data are within the experiment-
al accuracy and the value of av® = 4.0 cmalmol is given

as an average value from the different studies in 2,2,4-
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trimethyl pentane. The value from the photolysis of azo-
ethane in toluene is compatible with this value.
The results presented above are written as a difference

in volume for the activated complex leading to combina-

tion and to disproportionation (sz - Avs). In solution

the reactions between ethyl radicals are diffusion con-
trolled and should be retarded by an applied hydrostatic
pressure (1). However, it is reasonable to assume that
both reactions have a negative volume of activation, i.e
are accelerated by an applied pressure, once the ethyl
radicals are sufficiently close together that a reaction
is possible. Since the ratio kd/kC increases with press-
ure, evidently av* for combination is less negative than
Av* for disproportionation.

The value of the difference in av¥ may appear small.
However, it should be noted that the Av* for breaking of
a C-0 or C-N bond is approximately 5 cm3/mol and that
the value for formation of a C-C bond is roughly the
same, but with different sign. Thus, the difference in
volume of activation is remarkably large and can only
be accounted for by a very pronounced difference in the
structures of the two transition states. It should al-
so be noted. that these measurements can not distinguish
between a common transition state and two different

transition states, although the large difference in av®




favours the two transition state theory. However, the
difference in volume of activation can be interpreted
according to the Kerr and Trotman-Dickenson model (25),
assuming that the common transition state has two alter-
native ways to decompose, of which the one leading to
formation of ethane and ethylene requires the least volume.
As can be seen from the diagrams of 1n kd/kc = £f(P)
there is a decrease in curvature at the higher pressures,
but since there is a large scatter in data this flatten-
ing can not readily be quantified to a difference in av¥*
at higher pressure. Moreover, since an adequate theory
of the pressure dependence on the volume of activation
is lacking, it is sufficient to note that a decrease in
av* with pressure is interpreted as a higher compressi-
bility of the transition state than that of the reacting
species. In the case with the two competing reactions bet-
ween the ethyl radicals, since the difference in volume
of activation is decreasing, the activated complex lead-
ing to combination is more compressible than the complex

leading to disproportionation.

The reactions of ethyl radicals with solvent and scavenger

Ethyl radicals formed in solution have a certain proba-
bility to react with the solvent molecules. In an alipha-
tic solvent this reaction is initiated by a hydrogen ab-

straction

s




Czﬂé + SH ~» C2H6 + S°

The radical derived from the solvent, S°*, can:then re-
act with an ethyl radical or another radical derived from
the solvent or perhaps attack a solvent molecule and ab-
stract a hydrogen atom. Since ethane is formed in the
first step of the reaction between an ethyl radical and

a solvent molecule, and since the disproportionation bet-
ween the ethyl radicals yields equal amounts of ethane
and ethylene, the excess of ethane over ethylene serves
as a quantitative measure of the ethyl radicals which
have reacted with the solvent.

By the addition of a scavenger for the ethyl radicals,
the above reactions can be suppressed, by the scavenging
of those radicals diffusing in the solution. The addi-
tion of a scavenger will also prevent the radical induced
decomposition of the precursor.

In the first azoethane study, where 1,1-diphenyl ethyl-

ene was added as a scavenger, it can be seen from Tables

I and II that the ratio (C2H6)/(C2Hu) is ¢lose to unity.

This indicates that almost all ethyl radicals which
diffuse away from their original partners are trapped
by the scavenger. The trapping mechanism involves the
addition of the ethyl radical to the vinyl group.

In the second azoethane study, di-tert-butyl nitroxide
was used as a scavenger (see Table VI). The nitroxide

is evidently a very efficient scavenger for ethyl radicals

7.2




since the ratio (CZHS)/(CQHH) is equal to one. The re-
action between a molecule of DTBN and an ethyl radical
is one of a simple addition (as noted above) producing
an ethoxy amine.

The different behaviour of the (CZHS)/(CZHH) ratios
in absence of scavenger with an applied pressure in the
second azoethane study and in the propionyl peroxide
study presents an interesting problem. As previously
noted, ethane can be formed by the disproportionation
or by abstraction of hydrogen from the solvent. It is
reasonable to assume that since the abstraction pro-
ceeds via a stretching of a C-H bond, it should have a
positive volume of activation, i.e. be retarded by an
applied pressure. This effect is observed in the second
azoethane study, see Figure 22. However, the reverse
effect is observed in the propionyl peroxide study,
Figure 23, which can perhaps be ascribed to the differ-
ence between the source of the ethyl radicals.

One apparent difference that can be noted when com-
paring the ethyl radicals formed from the peroxide and
those from azoethane, is the distance difference in the
two ethyl radicals formed. To take an extreme case, if
two ethyl radicals are formed from the dissociation of
butane, the cross reaction between the two radicals
should be more probable than a diffusional migration of

the radicals leading to a subsequent hydrogen abstraction.
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Figure 22.

Figure 23.

The ratio (CZHG)/(C2HM) as a function of

pressure.
O Azoethane in 2,2,4-trimethyl pentane with
di-tert-butyl nitroxide.

O Azoethane in 2,2,4-trimethyl pentane.

(CzHg%czu‘,

"

100 200

The ratio (CZHS)/(CZHH) as a function of
pressure. Ethyl radical source: Propionyl
peroxide in 2,2,4-trimethyl pentane.




Generally, the closer the radicals are formed to one an-

other the higher the probability for recombination. Since

the (C,Hg)/(CyH,) ratios at atmospheric pressure are
approximately equal in the two studies, being 3.4 in the
azoethane study and 3.6 in the propionyl peroxide study,
it is evident that the ethyl radicals have an almost
equal probability to diffuse apart, regardless of the
radical source. Furthermore, the fact that the radicals
are formed at different distance from each other can

not explain the difference in the pressure effect on the

(CZHG)/(CZHM) ratio. Upon an increase in pressure the

rotation and diffusion of the species will decrease (2,58,59)

and the result will be a general slow-down of the mole-
cular motion. The.reactions will be affected in such a
way that a reaction with a high positive av® should be
less probable than a reaction with a small Av®. This is
probably the explanation for the observed decrease in
the <CZH6)/(CZH4) ratio in the azoethane study. Since a
similar effect is not observed in the propionyl peroxide
system, one must conclude that either some specific ef-
fect, associated with the transition state of the decom-
posing peroxide, or some other reaction with a negative
Av* leads to an increase in the rate of formation of
ethane with increasing pressure.

A radical induced decomposition could have a negative

volume of activation, as shown by Nicholson and Norrish
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(29) in their study of the decomposition of benzoyl per-

oxide, but such an induced decomposition would probably
proceed by abstraction of a hydrogen atom from the peroxide
and yield equal amounts of ethane and ethylene. As pre-
viously noted, no dark reaction has been found in this
study, but it is possible that a careful examination of
other products that may be formed in this system can solve
this problem.

In addition to a recent study by Pratt (60), the reac-
tion between NO and ethyl radicals has been studied in
which the prominent steps are the addition reaction

C2Hé + NO ~» CZHSNO

followed by the dimerization of nitrosoethane to the
trans-dimer. It was found that an addition of NO (c =
=1 mol/ms) to the propionyl peroxide solution removed
all ethyl radicals and led to the formation of no new
low molecular weight hydrocarbons. The amount of CO2
formed was roughly the same as in the experiments with-
out scavenger. This indicates that none of the ethyl
radical pairs undergo a cage reaction but diffuse in
the solution before a reaction is possible. This re-
action can occur, unless a scavenger is present, with
ethyl radicals derived from the same propionyl peroxide
molecule or with ethyl radicals derived from diffe;ent

molecules.

The reactions between the ethyl radicals and solvent




are probably the reason for the poor material balance

in the propionyl peroxide study. When the peroxide de-
composes , nco2 =nC2Hé’ i.e. the number of CO2 molecules
formed is the same as the number of ethyl radicals form-
ed. If ethyl radicals could form only butane, ethane

or ethylene the material balance should be

)

n = (n + n +2n
CO2 C2H8 C2H CHH10

mn
There remains, however, the possibility that ethyl ra-
dicals disappear through reaction with solvent radicals

rendering the number of ethyl radicals less than that

of low molecular weight hydrocarbons.
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SUMMARY

Two compounds, azoethane and propionyl peroxide, have
been photolyzed in solution in the pressure region 0.1 MPa
to 500 MPa and the effect of pressure on the quantum yield
for decomposition studied. The quantum yield for decompo-
sition of azoethane decreased with an applied pressure, giv-
ing a positive value for the volume of activation while the
quantum yield for decomposition of propionyl peroxide was
unaffected by pressure within the experimental limits. This
has been interpreted as a decomposition of azoethane by
scission of a C-N bond, followed by a fast nitrogen elimi-
nation and as a decomposition of propionyl peroxide proceed-
ing via a transition state with partial ionic character.

The pressure effect on the competing reactions of the

ethyl radicals has also been studied and the difference in

volume of activation between combination and disproportio-
nation has been determined. The large value obtained for
the difference indicates that these reactions proceed via
two different transition states.

The reactions between ethyl radicals and the solvent,
2,2,4-trimethyl pentane, have also been studied. The hydro-
gen abstraction reaction of the ethyl radicals was found to
decrease with pressure when the radical source was azoethane

and increase when the radical source was the peroxide.
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