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Thermal decomposition of several aliphatert-amyl (TA, 1,1-dimethylpropyl) peroxy-
esters, RC(O)OOTA, has been studied in dilute solutionnefieptane at pressures

up to 2500 bar and temperatures up to 105 The peroxides under investigation were:
tert-amyl peroxyacetate (TAPA}gert-amyl peroxyn-butanoate (TAPnB)tert-amyl peroxy-
iso-butanoate (TAPIB, TA peroxy-2-methyl propionateyt-amyl peroxy-2-ethylhexanoate
(TAPO), andtert-amyl peroxypivalate (TAPP, TA peroxy-2,2-dimethyl propionate). The
experiments were carried out in a tubular reactor at residence times up to 140s. Peroxide
concentration was monitored under continuous flow conditions via quantitative FT-IR
spectroscopic analysis in an optical high-pressure cell positioned behind the tubular
reactor. First-order decomposition kinetics over several half-lives were observed. For
each TA peroxyester, rate equations for the first-order rate coeffidigptp, T), are
presentedk,,s values for TA peroxyester decomposition are by+2®% per cent above

the corresponding numbers reported [1,2] for associa¢ebutyl (TB) peroxyesters,

with the same R group and at identical T, and solvent environment. The carbon
atom of the R moiety that is i-position to the carbonyl group controls decomposition
kinetics. kos is smallest in cases where this particular C-atom is a “primary” one and is
largest when it is “tertiary”. The “primary” TA peroxyesters are associated with activation
energies around 140 kJmél whereas theE,'s of the “secondary” and “tertiary” TA
peroxyesters are around 130 und 120 kJmhokespectively. The activation volumes,
AV}, of the “secondary” and “tertiary” TA peroxyesters are in the narrow range of
AVE =3.0+1.5cm®moll. The AV,/s of the “primary” TA peroxyesters are above

8 cn® mol~t. Within the limits of experimental accuracy, the activation parameters of
TA peroxyester decomposition are identical to the corresponding quantities reported for
the associated TB peroxyesters [1,2]. The activation parameters suggest that “primary”
aliphatic peroxyesters decompose via single-bond scission whereas the “secondary”

* Corresponding author. E-mail: mbuback@gwdg.de



1170 M. Bubacket al.

and “tertiary” TA peroxyesters undergo concerted two-bond scission or extremely fast
successive scission of the two bonds which latter two processes can not be distinguished
on the timescale of the experiments. The mode of primary bond dissociation, via
single-bond or via concerted two-bond scission, largely affects initiator efficiency in
free-radical polymerization. The peroxide decomposition rate data measured in dilute
solution of compressed-heptane are useful for simulation and optimization of technical
high-pressure ethene polymerizations.

1. Introduction

Modeling of ethene polymerizationsahare carried out at temperatures and
pressures up to 30@ and 3000 bar, respectively, requires knowledge of the
relevant rate coefficients under suctireme conditions. In addition to propa-
gation, termination, and chain-transfer rates, decomposition rate coefficients of
peroxides that are used as chemical initiators need to be precisely known. In
preceding papers [1, 2], the thermal decompositiotedfbutyl peroxyesters

(TB peroxyesters) has been studiedhimeptane solution up to 2500 bar and
between 110 and 19C. The observed first-order decomposition rate coeffi-
cients, k.ps, largely differ in absolute value and in pressure and temperature
dependenceTert-butyl peroxyacetate (TBPA) antirt-butyl peroxypivalate
(TBPP) turn out to be the archetypes of thermal peroxyester decomposition via
single-bond and via concerted (or extremely fast successive) two-bond scis-
sion, respectively. Scheme 1 illustrates the decomposition pathways. Primary
dissociation produces an acyloxy radical, R—C(O)O, and an alkyloxy radi-
cal OR. Two mechanisms may be distinguished depending on the lifetime
of the acyloxy radical. Mechanism (a) applies to peroxyester decompositions
where the acyloxy radical is rather stable and thus recombination, out-of-cage
diffusion, and slow decarboxylation may occur with the caged situation (a).
Mechanism (b) refers to the limiting situation of very fast decarboxylation
of the acyloxy radical with rate coeﬁicieﬁiss. Decarboxylation is consid-
ered to proceed at such high rate that, without ultra-high experimental time
resolution, peroxyester decomposition may be looked upon as a concerted two-
bond scission reaction as is indicated by the dotted arrow in Scheme 1, with
instantaneous production of the cagedatian (b) of three species: two free
radicals, R and ORand the CQ molecule. The two radicals may undergo
in-cage combination or disproportidien or may diffuse out of the cage.

It should be noted that, as kinetics is monitored via the peroxyester car-
bonyl mode, the complex kinetic situation associated with mechanism (a) af-
fects the spectroscopic probe because of the recombination reaction which re-
stores the peroxyester molecule. With mechanism (b) out-of-cage diffusion and
radical combination are also occurring. These processes are, however, not seen
by the peroxyester carbonyl mode as combination produces an ether molecule.
Under typical polymerization conditions, the ether is not capable of dissoci-
ating into free radicals. Combination under the conditions of mechanism (b)
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thus constitutes a loss channel for free radicals which goes with a reduction of
initiator efficiency. Cage recombination of acyloxy and alkyloxy radicals ac-
cording to mechanism (a), on the other hand, restores the peroxyester which
may produce free radicals in a subsequent decomposition step. Mechanisms
(a) and (b) thus may be associated with quite different initiator efficiencies for
free-radical polymerization, as has bedsmonstrated for TB peroxyesters in

a recent study [3].

R™ N0+ O—R' g, |R* + CO, + O—R'| __, R_O—R + co,
lk cage i cage
it

out-of-cage diffusion out-of-cage diffusion

Scheme 1. Reaction scheme for the thermal decompositionieafamyl peroxyesters:
mechanism (a) corresponds to situations ehdgcomposition of the farmediate acyl-

oxy radical is slow and recombination of the two “primary” radical species to the parent
molecule may occur; mechanism (b) refers to almost instantaneous production, by very
fast decarboxylation of the acyloxy radical, of radicals R and tOBether with CQ.

The studies into decomposition behavior of TBPA and TBPP revealed
the crucial role of the carbon atom (in the acid-derived moiety R) that is in
a-position to the carbonyl group. A tertiary such carbon atom in the so-called
“tertiary” peroxyester TBPP favors coarted two-bond scission (mechanism
(b)), as decarboxylation of the acyloxy radical produces a relatively stable
tert-butyl radical and reduces the steric crowding at the tertiary carbon atom.
With TBPA no significant steric crowding occurs at the particutlacarbon
atom. Moreover, the relatively unstable ¢tddical would be produced accord-
ing to mechanism (b) which additionally disfavors this mechanism. Thermal
TBPA decomposition thus proceeds by single-bond scission (mechanism (a)).
Peroxides with a secondary carbon atonatposition, so-called “secondary”
peroxyesters with respect to the siz&kgf show an intermediate type of behav-
ior, but with respect to the kinetic pathway decompose according to mechanism
(b) as do the “tertiary” TB peroxyesters. The arguments presented for TB per-
oxy esters [1, 2] are in full agreement with the experimental material contained
in the relevant literature [4—13].
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For several reasons it appeared iagting to explore the decompos-
ition kinetics of the relatedert-amyl peroxyesters under high-pressure high-
temperature conditiongi) Tert-amyl peroxyesters differ from thiert-butyl
compounds simply by replacing one methyl groupRhby an ethyl group.
This small change should allow for a fine-tuning of initiator decomposition
kinetics and efficiencyii) A successive decomposition step of the alkoxy rad-
ical OR (not shown in Scheme 1) to yield, \#ascission, an alkyl free radical
and a ketone is more likely wittert-amyl than withtert-butyl peroxyesters.
Thus the amount of oxygen-centered radicals should be lowertevittamyl
peroxyesters which in turn may affect in-cage reactivity and also out-of-cage
chain-transfer activity of primary radicals.

The tert-amyl peroxyesters selected fdnet present study are listed in
Table 1. With TAPA and TAPNB the carbon atomdirposition to the carbonyl
group is a primary one. These compounds are referred to as “primary” TA per-
oxyesters. Along these lines, TAPIB&AAPO are “secondary” peroxyesters
and TAPP is a “tertiary” peroxyester. TAPA, TAPO and TAPP are frequently
used as initiators in technical polymerizations. The entire set of peroxides was
kindly provided in high purity (see Table 1) by Akzo Nobel Polymer Chem-
icals. Among them, TAPnB and TAPiIB were specially synthesized for our
studies to allow for systematic investigations into the dependence of decom-
position kinetics on the type of substituent R.

Among the peroxyesters in Table 1, rate coefficients have been published
only for TAPP. They refer to decomposition in cumene solution at relatively
low temperatures, 50 to 8C [14] and to decomposition iiso-dodecane be-
tween 120 and 20€@C at pressures up to 3000 bar [15, 16].

The aim of the present paper is tgogt experimental rate coefficients
for decomposition of a series tdrt-amyl alkyl peroxyesters, RC(O)OQOTA,
in dilute solution of n-heptane up to 2500 bar and partly up to 165
Rate coefficients and the associated activation energy and activation vol-
ume parameters will be compared withe corresponding data reported for
the decomposition afert-butyl alkyl peroxyesters with identical acid-derived
group R [1,2].

2. Experimental section

The experiments were carried out under turbulent flow conditions in a contin-
uously operated tubular reactor of 10 m length ar&n@m internal diameter.

Both experimental set-up and procedure have already been detailed [1, 17].
Peroxide decomposition was monitored IR-spectroscopically via the carbonyl
fundamental. A Bruker IFS 88 FT spectrometer equipped with a globar light
source, a silicon-coated Cabeam splitter, and a liquid-nitrogen-cooled MCT
detector was used for IR analysis. The spectra were recorded in an optical high-
pressure flow-through cell maintained at°8) This cell is positioned directly
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Tablel. Tert-amyl peroxyesteR—C(=0)-0—-0—-C(CH),(C,Hs), under investigation.

R= name abbreviation  purifyt.%

CH; tert-amyl peroxyacetate TAPA 98.9
1,1-dimethylpropyl
peroxyacetate

CH,—CH,—CH; tert-amyl peroxyn-butanoate TAPNB 97.4
1,1-dimethylpropyl
peroxybutanoate

CH(CHs), tert-amyl peroxyiso-butanoate TAPIB 97.9

1,1-dimethylpropyl-peroxy
2-methylpropionate

CH(C,Hs)(C4Hy)  tert-amyl peroxy-2-ethylhexanoate TAPO 98.6
1,1-dimethylpropyl-peroxy
2-ethylhexanoate

C(CHy)s tert-amyl peroxypivalate TAPP 97.1
1,1-dimethylpropyl-peroxy
2,2-dimethyl-propionate

behind the tubular reactor. Pressure is controlled withld bar and tempera-
ture to better thas-0.5°C.

The peroxides were synthesized at the Akzo Nobel Polymer Chemicals
Research Center Deventer in high ipursee Table 1). They were used as
obtained as was the solventheptane £ 99%, Merck). The solutions were
freshly prepared and air-liberatedline using an HPLC solvent degasser. The
initial peroxide concentration was alwayDk 10-2 M, which is sufficiently
low to exclude induced decomposition. Further details about the experiments
are given elsewhere [16].

3. Results

Measuring the rate coefficient of peroxide decomposition at a given pressure
p and temperatur@ consists of recording IR spectra of the reaction solution
after penetrating the tubular reactor at several residence times. Between 5 and
10 different flow rates, corresponding to different residence times of the tur-
bulently flowing medium, were selected for deducing a sihglgvalue. The
spectra were taken at reaction pressouirbut at 50°C. This lower temperature
prevents further peroxide decomposition in the optical cell.

lllustrated in Fig. 1 is a spectral series collected during the decompos-
ition of tert-amyl peroxypivalate (TAPP) at 500 bar and 2&5 The intense
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Fig.1. Carbonyl region of the infrared absorbance spectrum measured during TAPP
decomposition at 500 bar and 1%5 in n-heptane solution; initial peroxide (dashed line)
concentration: D x 102 M; the arrows indicate the direction of spectral change with in-
creasing residence time (black line for highest conversion).

carbonyl fundamental mode of TAPP at around 13&n? decreases to-
ward larger residence (reaction) time. The growing absorption band close to
1722 cnt? is due to acetone that is formed viascission of the intermedi-

ate tert-amyloxy free radical. The arrowsdicate the direction of spectral
change with (residence) timeThe spectra were taken up to a residence time of
140s (black line with largest absorbance at 1722%9niThe spectral series
measured for the decay of the other peroxyesters (see Table 1) look rather simi-
lar with the band maximum positions of the carbonyl fundamentals however
being slightly different as is illustrated by the data given in Table 2. The car-
bonyl peak position decreases in going from “primary” to “secondary” and
to “tertiary” peroxyesters. Because of this shift toward lower wavenumbers,
the carbonyl mode measured during TAPP decomposition exhibits stronger
overlap with the carbonyl band of produced acetone than does the carbonyl
mode oftert-amyl peroxyacetate (during decomposition of TAPA). The IR

Table2. Peak position of the carbonyl fundamental modetaf-amyl peroxyesters at
ambientp andT.

peroxide TAPA TAPNB TAPIB TAPO TAPP

Dmax/Cmt 1789.1 1785.7 1783.5 1779.7 1774.5
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Fig. 2. Carbonyl region of the infrared absorbance spectra of TAPA, TAPP, and acetone in
0.01 M n-heptane solution.

carbonyl spectra of TAPA, TAPP, and acetone each.i éholar solutions

of n-heptane are shown in Fig. 2. The acetone spectrum refers to the hypo-
thetical situation of complete decomposition of both peroxyesters and of the
intermediatetert-amyloxy radical reacting exclusively, vjgscission, to ace-
tone. As compared to the situation witiit-butyl peroxyesters, a significantly
larger fraction of ketone is produced duritegt-amyl peroxyester decompos-
ition. To ensure that the acetone absorption does not invalidate the kinetic
analysis carried out via the peroxyestcarbonyl modes, the spectra meas-
ured during TA peroxyester decomposition were band-separated via a sub-
traction procedure that uses an acetone IR spectrum recordetigptane at
identical p and T. The fitting process which eliminates the contribution of
acetone to overall absorption is carried out for the wavenumber region 1722
to 1660 cnr?.

Peroxyester concentration is deduced from the integrated absorbance (after
elimination of the contributions from acetone) for the narrow wavenumber re-
gion at 30 cm ! to either side of the carbonyl peak maximum. At the fairly low
peroxide concentrations employed within the present study and with the non-
polar solvenin-heptane, Beer-Lambert’s law is valid and peroxyester concen-
tration is proportional to the above-meoried integrated absorbance measure.
The IR method is perfectly suited for in-line kinetic analysis of peroxyester de-
cay. It should be noted that monitoring peroxide decay rather than detecting
product concentrations significantly enhances the quality of decomposition rate
measurement. The procedure of deryiate coefficients of peroxide decom-
position is detailed elsewhere [17¢,17d].



1176 M. Bubacket al.

It should further be noted, that the decomposition reaction may also be
monitored via an IR band at around 3620¢nfnot shown in Fig. 1) which
is due totert-pentanol that results from the hydrogen-abstraction reaction
of the intermediateert-amyloxy free radical. Alkanes, alkenes, and ethers
which are also produced, via combination and disproportionation reactions
of alkyl or alkyloxy free radicals (from decarboxylation of intermediate acy-
loxy radicals and fromg-scission of intermediate alkyloxy radicals) may
not be detected IR-spectroscopically for decompositions carried out in so-
lution of n-heptane. The concentrations of these species are, however, ac-
cessible from gas chromatographic gses of product mixtures after com-
plete peroxide decomposition. The riéswof such GC analysis which contain
a wealth of additional kinetic information will be presented in a forthcoming
paper [18].

For decomposition reactions of TAPP at 500 bar and temperatures between
100 and 130C, the logarithm of relative peroxide concentration(clyic,), is
plotted vs. residence (reaction) timtein Fig. 3.c, refers to stationary peroxy-
ester concentration after passing the tubular reactor at residence tignis
the initial peroxyester concentration tat 0. Peroxyester conversion per unit
reaction time largely increases with temperature. At ID%ess than 50 per
cent are decomposed after 120 s (50% conversion correspondctochn =
—0.69) whereas at 13 a residence time of 70s exceeds five decompos-
ition half-lives. The Irfc,/c,) vs. t data recorded for each decomposition re-
action (at constanp and T) closely fit to a straight line which demonstrates
that decomposition kinetics is adequately described by a first-order rate law.
The slope to each of these lines yields the observed (overall) first-order rate
coefficient,Kps:

%: = _kobsc (1)
wherec is peroxyester concentration.

Plots of the same quality as in Fig. 3 are obtained for each of the per-
oxides listed in Table 1. The first-order decomposition rate coefficiégpis,
derived from the straight line (g;/c,) vs. t plots are summarized in Ta-
bles 3 and 4. Given in Table 3 are the rate coefficients of TAPA, TAPnB,
TAPIB, TAPO, and TAPP decomposition in solution miheptane at 500 bar
and temperature variation. The TAPP data set marked with an asterisk is
from discontinuous experiments cadi out by Sderra [19] in a stainless
steel batch reactor. This data is in satisfactory agreement with the values
from the present study measured in the tubular reactor. Results for the pres-
sure dependence &f,s at constant decomposition temperature are summa-
rized in Table 4. The multiple entries for 500 bar result from the fact that
the temperature dependence lgfs has been studied at this pressure. Thus
data is available from measuring pseire dependence at constant tempera-
ture and from measuring temperature dependence at 500 bar. The data from
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Fig. 3. Time dependence of relative peroxyester concentratidn,/Ity), of TAPP decom-
position inn-heptane solution at 500 bar and temperatures between 100 an@.130

Table3. First-order rate coefficients,s, for the thermal decomposition ¢drt-amyl per-
oxyesters inn-heptane solution at various temperatures and 500’bdat@ obtained in
a stainless steel batch reactor [19]).

Kobs/1072 571 (500 bar)

T/°C TAPA TAPNB TAPIB TAPO TAPP TAPP
100 2.57 2.70
105 4.36

110 7.39 8.70
115 12.1

120 19.8 19.8
125 2.65 5.07 29.6

130 4.33 8.41 48.6 50.5
135 7.00 13.3

140 11.5 22.1 130
145 3.27 17.9 35.3

150 4.62 5.34 28.2 52.5

155 7.72 8.38 43.2 80.0

160 11.8 133

165 18.4 21.2

170 29.6 32.8

175 45.7 48.6

180 67.0 76.8

185 101
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Table4. First-order rate coefficient&,s, for the thermal decomposition tdrt-amyl per-
oxyesters im-heptane solution measured as a function of pressure at constant temperature
(* data obtained in a stainless steel batch reactor [19]).

kobs/l(Ts st
bar TAPA TAPNB TAPnB TAPIB TAPO TAPP TAPP
b/ 170°C 170°C 160°C 145°C 140°C 120°C 120°C
211
100 21.0
200 14.5
250 31.8
18.2
300 32.0 18.8 204
400 29.9
29.1 325 13.2 19.0 22.6 19.1 19.8
500 18.3 194
29.6 32.8 13.3 17.9 221 19.8 19.8
600 28.1
750 30.6 20.1
800 26.4
17.7
1000 24.4 28.8 124 17.7 215 18.3 20.5
17.0
1500 20.7 25.2 10.8 17.2 20.2 17.5 20.4
15.7 18.2
2000 174 225 9.9 16.3 19.0 17.2 17.9
14.0
2500 134 19.2 8.4 14.4 16.5 14.9

the completely independent experimental series is in very satisfactory agree-
ment. As can be seen from the entries in Tables 3 anki,4.s strongly
enhanced with increasing temperature, but is weakly reduced toward higher
pressure. The accuracy kf,s is estimated to be better thanl0%. Within

each series of experiments, on the same peroxide at either constant tempera-
ture or constant pressure, the premisshould be even higher, probably close

to £5%.
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Fig.4. Temperature dependence &f,s for tert-amyl peroxyester decomposition at
500 bar, the circled symbols refer to “primary”, the triangled symbols to “secondary” and
the squared symbols to “tertiary” TA peroxyesters.

Presented in Fig. 4 are Arrhenius plotskgf; for 500 bar. The circles refer
to “primary” TA peroxyesters, the tngles to “secondary” and the squares to
“tertiary” TA peroxyesters. For each peroxide, thgs values closely fit onto
an Arrhenius straight line. As has been seertddrbutyl peroxyester [1, 2] the
kos Values for the two “primary” peroxyesters, TAPA and TAPnB, are almost
identical. From linear regression of ky,s vs. T~! data, the activation energy,
E,, and the pre-exponential fact@k, are obtained. Both Arrhenius parameters
are listed for the entire set of TA peroxgters in Table 5. The activation energy
increases from “tertiary” to “seconddrgind to “primary” TA peroxyesters, as
does the pre-exponential factor.

Literatures values of activation energies have only been reported for TAPP
with this data referring to decompositions in solution of cumene [14] and
of iso-dodecane [15, 16]. The activation energy deduced,Bja= AH* +
RT, from the activation enthalpyAH 7, reported by Komaiet al. [14] is
Ea = 117.74 1.3 kJ mol?. Within the limits of experimental accuracy and tak-
ing into account that different solventave been used in the two investigations,
this number is close to what has been observed in the present &udy:
12254-3.5 kamol?. The value reported by Luét al. [15] E, = 113 kJ mot*
from experiments imso-dodecane solution is, however, clearly below the num-
ber deduced from our measurements.

Plotted in Fig. 5 is the pressure dependence df,lnfor the entire set of
TA peroxyesters. Inspection of ordinate scales in Figs. 4 and 5 tells that effects
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Table5. Pre-exponential factord, and activation energyk,, of the decomposition rate
coefficient,k,ps, Of tert-amyl peroxyesters in-heptane solution; the reaction pressure and
the temperature range of the experiments are listed.

peroxide p/bar T/°C Ax10%/s7t Ea/kJmol™?

TAPA 500 150-185 14.8 1471+ 3.0

TAPNB 500 145-180 15.1 143+ 3.0

TAPIB 500 125-155 5.83 132+ 3.0

TAPO 500 125-155 7.27 130+3.0

TAPP 500 100-140 3.83 122+ 35
-2.8

TAPA, 170 °C

-3.0F —6— TAPnB, 170 °C
—a— TAPIB, 145 °C
-3.2}F —4a— TAPO, 140 °C

TAPP, 120 °C

In(Kyps / S7")

0 500 1000 1500 2000
p / bar

Fig.5. Pressure dependence ks for tert-amyl peroxyesters at constant temperatures
(between 120 and 17C); the circle symbols refer to “primary”, the triangle symbols to
“secondary” and the square symbols to “tertiary” TA peroxyesters.

on In ky,s resulting from the application of pressures up to a few kbar are mi-
nor as compared to changes resulting from varying temperature by abutit 30

In order to precisely measure such snpaéssure-induced changes, the experi-
ments for a particular peroxyester had to be carried out at a temperature which
is very suitable for the specific ogpound. The pressure dependencekff

is more pronounced for the “primary” than for the “secondary” and “tertiary”
TA peroxyesters. A weak curvature thlaas been seen with the “primary”
tert-butyl peroxyesters can not be detected with TAPA and TAPnB. Activa-
tion volumes,AV,,, are determined from the slope to the lineaklg vs. p
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Table6. Activation volume,A V., of the decomposition rate coefficieft,,, of tert-amyl
peroxyesters determined in continuous-flow experiments-fieptane solution; the reac-
tion temperature and the pressure range of the experiments are listed.

peroxide  T/°C p/bar V. /em® mol!
TAPA 170 250-2000 172+1.0
TAPNB 160 200-2500 2+0.6
TAPNB 170 300-2000 .8+0.6
TAPIB 145 300-2000 2t+11
TAPO 140 200-2000 3+15
TAPP 120 500-2000 .8+0.6

correlations according to Eqg. (2):

IN Kope AV
(8 n b) - _ obs' (2)
p Jq RT

The resulting activation volumes are listed in Table 6. The numbers for the “pri-
mary” TA peroxyesters clearly exceed the numbers deduced for “secondary”
and “tertiary” TA peroxyesters.

Only for TAPP a literature value oAV. has been reported [15, 16]:
The number provided for TAPP decomposition iso-dodecane, AV, =
9.4 cm? mol?, is however in conflict with the much smaller activation volume,
AV, = 2.6+ 0.6 c® mol%, determined within the present study. Because of
the close similarity of our number with the activation volume determined for
TBPP [1] we consider oun V., to be reliable.

4. Discussion

First-order kinetics, with rate coefficieks,s, adequately represents decompos-
ition rate in dilute solution oh-heptane over several half-lives for the entire
set of TA peroxyesters. As peroxyesta&ncentration is well above peroxide
concentrations occurring during freedieal polymerization, the measured rate
coefficients should be well suited for modeling thermal peroxyester decom-
position in technical polymerizations, at least of non-polar monomers such as
ethene. Because of the strong application-oriented interest in such decompos-
ition rate data, equations fég,s should be given which allow for estimates of
Kops in hydrocarbon solution at arbitrany and T conditions within the range
of the underlying experiments and pafs even at some modest extrapolation
beyond this range.

Along the lines applied for modeling TB peroxyester decomposition
rate [2], the Arrhenius-type expression, Eq. (3), has been used for fitting
Koos(p, T) data. Applying Eq. (3) rests on the following two assumptions:
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(i) the pre-exponential factor is independentpdind T and(ii) the activation
volume is independent of temperature. The expressiok fgts™* (with pin
bar andT in K) reads:

£
kobs( P, T)/571 = Aexp< EA(O baD + AV p/bar) .

RT/K ®)
The constant®\, E, (0 bar) andAV#, which are characteristic quantities for
a particular peroxyester, are listed in Table 7. The unitgpfand R are chosen
such that the product ternasV# p and RT are in kJ mot*.

A, E5 (Obar) andAV7# have been found by least squares fitting (with
the Microsoft Excel Solver function) of the available experimental rate coef-
ficients to Eq. (3). The number d&f,,s data points,N, which has been sub-
jected to the fitting procedure is listed for each TA peroxyester. Also given
in Table 7 are the maximum pressure and the temperature range of the un-
derlying experiments. From Eq. (3), decomposition rate coefficigpts have
been calculated for the experimentabnd T conditions. The maximum rela-
tive deviation, (|AK|/K)max Of the so-obtained (calculated via Eq. (R
values from the associated experimental values i2%4for one data point
out of the TAPP experimental series (Table 7). The average deviation of cal-
culated and measured rate coefficients for this sefigsk|/k)a,, is 35%.

For the other TA peroxyesters smaller maximum and average deviations be-
tween experimental and calculaté&gls are seen. Mostly, as is indicated by
the entries in Table 7( Ak|/K)max is below 5% and(|Ak|/K)., is below 2%
which demonstrates that Eq. (3) provides an adequate fit of the measured
kops data. Eq. (3) thus should be suitable for estimatigg in the pressure

and temperature range covered by tiederlying experiments. As Eq. (3)
has a clear physical basis, it appearstified to use this equation (with the
parameters given in Table 7) also for modest extrapolation beyond the ex-
perimentalp and T range,e.g., for conditions met in high-pressure ethene
polymerization.

Prior to a discussion of the temja¢ure and pressure dependenc&gf it
appears rewarding to compakg,s values oftert-butyl andtert-amyl peroxy-
esters with a common acid-derived R growy., decomposition rate co-
efficients of TBPA with the ones of TAPA anki,,s of TBPP with ks Of
TAPP for identicalp, T, and solvent environment. For each of the five types
of TA peroxyesters (acetat@-butanoate,iso-butanoate, 2-ethyl hexanoate
(octanoate), and pivalate) investigated within the present p&pgtp, T)
data of the associated TB peroxyester have recently been reported [1,2].
The comparison is made by calculating, for the total of 90 TA peroxyester
kops Values deduced from independent tubular reactor experiments, the as-
sociated TB peroxyestek,,s value from the rate expressions reported in
Ref. [1,2]. Plotted in Fig. 6 is the integral distribution of experimental data
points, ¥N, as a function of the percentage difference, (¥@0— krg)/Kra,
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between pairs ok, values for TA and TB peroxyesters under otherwise
identical conditions including the same type of acid-derived R groui.

indicates the total number of data points for which the percentage differ-
ence between associated TA and TB peroxyesigtss 100 Ka — kyg) /Kya OF

below.
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100-(kra— Krg) / Kia

Fig. 6. Comparison of decomposition rate coefficients for associated TA and TB peroxy-
esters. The sum of experimental data poirEd\, is plotted vs. relative deviation (see
text).

Within the wide pressure and temperature range and for the five types of
acid functionalities, the TA rate coefficients are always abiQyeof the asso-
ciated TB peroxyester. It should be noted that the observed enhancements of
Kos In going from the TB to the associated TA peroxyester occur within the
narrow range from 14 to 32%, which corresponds to a mean enhancement by
23+ 9% for the entire experimental data set. The scattering appears to be not
overly large in view of the fact, that uncertainties of rate coefficients measured
for TA and TB systems may add or may compensate each other. The differ-
ence in TA and TB rate coefficients is more or less equally distributed around
the mean value for the acetatesm-butanoates, octanoates, and pivalates. With
the n-butanoates, the difference is systematically higher, which effect leads
to the weak sigmoidal curvature at 8@, — kg)/kra values around 30%.
Whether or not this effect is due to specific characteristics of either the TA
or TB peroxyn-butanoate samples or due to some experimental imperfec-
tion is difficult to decide, in particular as the observed discrepancy is rather
small. For peroxypivalates a higher decomposition rate coefficient of TAPP
as compared to TBPP under otherwise identical reaction conditions has also
been reported in the literature. Kometial. [14] found a difference of 16%
whereas the data presented by Leifl. [15, 16] suggesk,,s of TAPP to be
only by 12% above the associated TBPP value. The reasdq,f@f TA per-
oxyesters being above the associdtgdvalues of the TB compound by about
the same percentage, as is indicated by the entire body ¢f,Quiata, will be
addressed further below after discassof activation energies and activation
volumes.
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Temperature and pressure dependence of Ky

Activation energy provides insight into decomposition mechanisms. With re-
spect to the systems under investigatibneeds to be noted that, according to
Scheme 1, thé,,s values are overall quantities to which elementary reaction
steps such as dissociation, (re)combination, out-of-cage diffusion, and decar-
boxylation are contributing. On the other hand, the activation enerdy,of
EA, will certainly be dominated by the primary dissociation step.

Contributions of fast (or even instantaneous) decarboxylatioBtanay
be detected from so-called Polanyi plots, in whigk(K,ps) is plottedvs. C—H
bond dissociation energBDE) of the associated hydrocarbon molecule R—H
in which R is the free-radical moiety that is characteristic for the associated
acid-derived functionality. This type of analysis assumes a proportionality of
activation energy and of reaction heat for the same type of transformations
being carried out for similar componts preferably within homologous se-
ries [20]. The procedure has already been tested for the decomposition of
a variety of TB peroxyesters, RC(O)OOTB, by Engedl. [21], in our previ-
ous paper [2] and, even more recently, in the dissertation of Sandmann [22].
BDE(R-H) serves as a measure of the stability of the free radical R. A linear
E, vs. BDE(R—H) correlation with slope unity indicates that the stability of R
significantly affects the rate deternmig step which in turn strongly suggests
a close-to-concerted two-bond scssimechanism. In case that the R—C(O)O
bond is not or not immediately broken during peroxyester decomposition, the
specific type of R group is less important as bonds other than the one in
a-position to the carbonyl group are too far from the O-O reaction site to be
of significant influence on the kineticSuch peroxides which exclusively un-
dergo single-bond scission are expecte@xhibit activation energies that are
independent oBDE(R—H). Moreover, for this clss of peroxyesters even ab-
solutek,s values at identicap, T, and solvent environment are close to each
other (see [22] and Fig. 4).

The R—H bond dissociation energy was deduced as the enthalpy of the re-
action

ArH

R-H—R-+H-

using the Benson procedure [23] fostinating the standard heat of for-
mation of R and R—H. For consistency reasons, estimated values were also
used in cases where experimental valagsavailable [24]. The standard heat

of formation of H was taken from Cox and Bilcher [25]. The estimates of
BDE(R-H), in principle, are restricted to species in the dilute gaseous phase.
Errors associated with applying this data to reactions in hydrocarbon solution
should, however, not markedly affect the Polanyi plot, as the same proced-
ure is used for deducinBDE(R—H) of the entire set of R—H compounds. The
activation energyk,, that is used for the Polanyi plot refers to zero pressure.
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Fig.7. Activation energy,E,, of the decomposition rate coefficieri,ps, for tert-amyl
(filled circles) andert-butyl (open circles) peroxyesters, plottesl the bond dissociation
energy of the associated alkaBDE(R-H).

Fig. 7 shows theE, (0 bar) vs. BDE(R-H) plot for the aliphatic TA per-
oxyesters of the present work (full circles) together with the data for the
corresponding TB peroxyesters (openckds) from [22]. As within the pre-
ceding paper on the TB peroxyesters [22], a straight line with slope unity
has been used to fit the data for the “secondary” and “tertiary” peroxyesters.
The “primary” peroxyesters are fitted/ka horizontal line. Actually the line
with slope unity is the same as used for the TB peroxyesters alone. The ho-
rizontal line is by about 5 kJ mol* below the line given in Ref. [22], which
difference however, is within the limits of experimental accuracy. Inspection
of the activation energies in Fig. 7 tells, that the numbers for associated TA
and TB peroxyesters, within experimental accuracy, must be considered iden-
tical. Actually, for three out of five pairs of activation energies the data are
overlapping within the small size of the symbols. The minor change of replac-
ing one methyl group on thiert-butyloxy moiety by an ethyl group, to yield
tert-amyloxy, does not affedE, to any measurable extent. As a consequence,
the same arguments with respect to the mode of bond scission do apply to
both TA and TB peroxyesters: €H'primary” peroxyesterse.g., the peroxy-
n-butanoates and peroxyacetates, undergo single-bond scission, whereas the
“secondary” and “tertiary” peroxyesters@v characteristics of concerted two-
bond scission which may be best understood in terms of decomposition with
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an extremely short-lived intermediate R—C(O)O that almost instantaneously
undergoes decarboxylation [26].

The application of high pressure toward identifying the mechanism of per-
oxide decomposition reactions has been pioneered by Neetahn[11, 12].
Activation volumes up to 4 cAmol~ have been assigned to concerted two-
bond scission and numbers around 16 amol~? to single-bond scission. Neu-
man and Amrich [12] explained the larger valuerdf ;. in case of single-bond
scission by additioraontributions (toAV,_.) resulting from the pressure de-
pendence of out-of-cage diffusion ofetlgeminate free radicals. Based upon
their expression, Eq. (4) [12], the dependence &fjnon p for several primary
peroxyesters undergoing single-bondssion was modeled in the previous

paper [2].

K i k*iss
kobs= kdiss % (4)
kdiff + kdis + krec

Kgiss Kreer Kair, and k;ss (see Scheme 1) are the rate coefficients of per-
oxide bond dissociation, of recombination of the primary free radicals, of
out-of-cage diffusion (of at least one) of these primary radicals, and of decar-
boxylation of the acyloxy radical, respectively. Eq. (4) allows for representing
and predicting reasonable values of activation voluxé?, of “primary” TB
peroxyesters [2]. In addition, the very weak curvature oklp vs. p data
observed for primary TB peroxyesters dammodeled via Eq. (4). This curva-
ture appears to be essentially due to the pressure dependdnge thiat is of
out-of-cage diffusion of one or both of the primary products from peroxyester
decomposition. No clear indication of such a curvature is seen with the primary
TA peroxyesters. So far, it is not clear whether this curvature does not occur or
whether it is too weak to be unambiguously detected.

In Fig. 8, the pressure dependence of decomposition rate of three types
of TA and TB peroxyesters, peroxybutanoates, peroxigo-butanoates, and
peroxypivalates is compared. They asamples of “primary”, “secondary”,
and “tertiary” peroxyesters, respedly. In order to allow for easier com-
parison of the data taken at different temperatures, redidgeds plotted in
an Infkqys/Kops(2000 bar)]vs. pressure diagram, thus taking the respedtiye
values at 2000 bar as the reference. The TA peroxyester data is represented
by full symbols and the TB data by open symbols. Tyg/k.n(2000 bar)
data points for peroxyesters referribg the same R group almost coincide,
which observation indicates that, in addition to the temperature dependence,
also the pressure dependencé&gfis not significantly affected in going from
the tert-butyl to the associatetért-amyl peroxyester. As a consequence, the
arguments deduced from the pressure dependenkg,dbr TB peroxyesters
should also apply to TA peroxyesters: Tltatively small activation volumes,
AV} . =3.0+1.5cmmol?, observed for the “secondaryis¢-butanoates)
and “tertiary” (pivalates) peroxyestemare indicative of very fast sequential
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Fig. 8. Pressure dependence of relative (with respect to the calculated 2000 bar value) rate
coefficients fortert-amyl (filled symbols) andert-butyl (open symbols) peroxyesters at
constant temperatures (between 120 and°Cj0

decomposition which, on the timescale of the present experiments, closely
resembles concerted two-bond scissibhe “primary” peroxyesters, TBPnB
and TAPNB, on the other hand show a pronounced pressure dependence, with
activation volumes around V. = 10+ 2 cn? mol2, as are expected for per-
oxyesters undergoing sirggbond scission. An important point to note is that
measuring the pressure dependencegadprovides valuable mechanistic in-
formation. Thus a clear distinction in decomposition behaviolisof and
n-butanoates can be made. The Polamgi (FFig. 7), which rests on measuring
Koos (ONly) as a function of temperature, does not allow for a decision whether
the peroxyn-butanoates undergo single-boseission, represented by the ho-
rizontal line, or two-bond scission, reggented by the straight line with slope
unity.

The close similarity in activation parameters lof,s for associated TA
and TB peroxyesters indicates that differences in the pre-exponentials are re-
sponsible fork,,s Of TA peroxyesters exceeding,s of the corresponding TB.
That the rate coefficients differ by approximately the same percentage, may
be taken as an indication for the primary step, as illustrated in Scheme 1,
being indeed similar for the different types of acid functionalities R. The
higher ky,s values seen with the TA peroxyesters may be due to the fact
that, within the transition structure of the TA compounds, tilsé-amyloxy
moiety experiences a larger degree of motional freedom with respect to the
parent molecule than does thert-butoxy moiety with respect to the parent
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TB peroxyester. As a consequence, the partition function term for transi-
tion structures of TA peroxyesters is enhanced to a larger extent than is the
case with TB peroxyesters, which isrsistent with higher pre-exponentials

of TA peroxyesters. This tentative explanation needs to be supported by
guantum-chemical calculations and mdéional experiments on peroxyesters
where steric hindrance is further enhanced by introducing bulky alkoxy
moieties.

The observation thdk,,s of TA peroxyesters is by one and the same per-
centage, of about 28 9%, above the value of the associated TB peroxyester
under otherwise identical conditions is extremely usefld,gslata is available
for a wide variety of TB peroxyester$his data may thus serve as a basis for
estimates ok,,s for TA peroxyesters that have not been experimentally studied
so far. Moreover, it appears interesting to investigate, whether also for other
tert-alkyl moieties such simple correlations hold which might endlees-
timates on the basis of characteristic gaitage differences. Such differences
would be made available from a very few kinetic investigations into decom-
position kinetics of peroxyesters with a particulent-alkyloxy moiety. Having
access to a large number of measured and estinkggdalues is important
for designing and optimizing technical polymerizations with special interest
in the high-pressure ethene polymerization. The molecular environment of
dense ethene-polyethylene mixturesaesoccurring during this high-pressure
process, appears to be sufficiently eds the environment provided by pres-
surizedn-heptane. This is indicated by the excellent suitability of the rate
coefficients for TB peroxyester decomposition, from studies-freptane, to-
ward analysis of ethene polymerization kinetics and, in particular, of initiation
efficiencies of these peroxyesters [3].

Varying the type ottert-alkoxy moiety, in addition to changinky,,s, may
have a significant effect on the type of produced primary free radicals. As has
been mentioned above, decomposition of TA peroxyesters results in a larger
extent of ketone formation than observed with TB peroxyesters. The reason be-
hind this effect is thap-scission oftert-amyloxy radicals occurs much faster
than withtert-butyloxy radicals. This clear difference between TA and TB per-
oxyesters may affect cage reactions and thus initiator efficiency in free-radical
polymerization. These aspects are currently under investigation.

5. Concluding remarks

Overall rate coefficients,,s, of decomposition im-heptane have been deter-
mined for several aliphatic TA peroxyess within wide ranges of pressure and
temperature. Irrespective of the type of acid-derived moiety R, the rate coeffi-
cients of TA peroxyesters are by about 23% alqygof the associated TB per-
oxyester. This difference is assigned toemhancement of the pre-exponential
factor for TA peroxyesters, as both activation energy and activation volume
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are identical for associated TA and TB peroxyesters. The activation parameters
suggest that “primary” peroxyesters, such as peroxyacetates and peroxy-
butanoates, decompose via single-bondsson to primary free radicals that
may recombine to restore the parent peroxyester molecule. “Secondary” per-
oxyesters, such as peroige-butanoates and peroxye2hyl-hexanoates, and
“tertiary” peroxyesters, such as peaypivalates, on the other hand, undergo
very rapid decarboxylation of the intermediate carbonyloxy radical which,
on the timescale of the present expegits, suggests a concerted two-bond
scission process. Theperted data should be well suited for analysis of TA
peroxyester efficiency in high-pssure ethene polymerization.
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