REACTIVITY OF POLYATOMIC COMPLEX ESTERS
IN THE REACTION WITH TRICHLOROMETHYL RADICALS
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The study of the reaction of peroxide radicals with complex polyatomic esters has shown that the pres-
ence of several functional groups in the molecule affects the reactivity of each fragment of the molecule [1-5].
This effect was attributed to the collective dipole —dipole interaction between a polar peroxide radical and the
complex ester groups [6]. If the dipole—dipole interaction of the reagents is really the cause of this phenom-~
enon, the effect of the nonadditivity of the partial rate constants should disappear in reactions of polyfunc-
tional molecules with a nonpolar species. For this reason, we studied the reactivity of polyatomic esters in
the reaction with the CCl; radical, which has a planar structure and no dipole moment. CCl; is suitable for
comparison with the peroxide radical since both of these radicals are electrophilic species, one with and the
other without a dipole moment. The chain process involving CCl; radicals was studied in the RH-CCl,~benzoyl
peroxide (initiator) system in which a chain chlorination reaction takes place with formation of RC1 and CHCI;.
There is little information on the reactivity of trichloromethyl radicals in chain breaking reactions, and the
existing data primarily concern the rate constants. The reaction of CCl; with polyatomic complex esters has -
not been studied previously.

EXPERIMENTAL

The esters of pentaerythritol andmonocarboxylic acids, CRy, were investigated: pentaerythritol tetrapropio-
nate (R = CH,OCOCH,CH3) (I), pentaerythritol tetracaproate (R = CH,OCO(CH,)gCHs) (II), and neopentylglycol
dipropionate (CHs),CR, (III) and 1,1, 1-trimethylolpropane tripropionate CH;CH,CRj3 (IV) (R = CH,OCOCH,CHs);
n-heptadecane (V) was used for comparison.

The esters were synthesized according to [7] and purified as described in [3]; (I) and (II) were also re-
peatedly recrystallized from n-pentane and isopropanol. Branched and olefin hydrocarbon impurities-were re-
moved from (V) as in [8]. CCl, was purified by ozonization, dried, and distilled over P;O,. Benzoyl peroxide
(BP) was recrystallized twice from a CHCl;—MeOH mixture. Hexachloroethane was synthesized according to
[9] and purified twice by recrystallization from ether and ethanol. The kinetic experiments were conducted at
373°K in sealed glass ampuls with a 3-ml volume mixture (solution of ether in CCl,) in an atmosphere of Ar.
The degree of decomposition of the BP was 99%, which was equal to 6.6 of its half-life (ry/)). The products
of transformation of the trichloromethyl radicals were analyzed chromatographically: Chrom~-4 chromatograph,
column packed with 15% 1,2,3-tris(8-cyanethoxy)propane on Chromosorb W, He carrier gas, 30-160°C tem-
perature of analysis, flame-ionization detector, and n-propanocl internal standard.

DISCUSSION OF RESULTS

Decomposition of Benzoyl Peroxide. The decomposition of BP in a medium of ester (III) (1.5 mole/liter)
and CCl, was studied in a separate series of experiments using the method of iodometrie titration for analysis
of the BP; when [BP] = 2.5-10~% mole/liter, it decomposed monomolecularly with a rate constant kg equal to
(3.3+0.3)- 10~ sec~! (373°K). In the range of concentrations of BP = (2.5-7.4)" 107? mole/liter, kq increased
from 3.3+107% to 4.0 - 10%; this could have been related to the induced decomposition of BP. To exclude this
factor, [BP] < 2.4 - 10”2 mole/liter was used in the experiments.

The average yield of radicals in volume e was measured as a function of the consumption of 2,2,6,6-
tetramethyl~4~benzoylhydroxypiperidine-1-oxyl (VI) in time 571, /2 of the decomposition of BP. The experiment
was performed in Ar in a solution of (II) (1.5 mole/liter) in CCl, with [BP], = 0.5-107% mole/liter and [>NO’]=
0.8-10"% mole/liter, with EPR recording of >NO". Under these conditions, decomposition of BP catalyzed by
(VI) was not observed (cf. [10]): kq in the presence of (VI) did not exceed the value of kg obtained in experiments
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TABLE 1. Experimental Conditions and Kinetic Characteristics
of the Reactivity of Compounds in the Reaction with Trichloro-
methyl Radicals, 373°K

(RH] { (BPY,- 10° ‘A[cnmax«wz A[CHCHI/[RH]-
| AICBY/(BP, BPY" |
mole/liter Kiter/mole)'/?

Bster (I), kp/(2) i= (2,820,1) -10-3 (liter/mole-sec) /2; kp = 1.6 107 liter /mole - sec

12 2,43 1,8 0,39 .31 84
2,0 4,05 338 0,27 0,30 16,7
2,0 9,04 53 0,25 0,28 6,7
2.0 14,70 638 0,30 53

0,28
Avg. 0,2920,01
Ester  (II), kol (2k,) Vo= (22,3£35) 103 (liter /mole - sec)'/%; kp = 125 10" liter/ moler sec

10,96 5,20 183 4,33 2,72 41
0,66 5,95 10,3 0,22 2,03 19,7
0,31 6,11 6,2 0,41 2,55 14,5
0,25 5,86 5,0 0,43 2,60 9,7
0,48 6,03 12,5 0,40 3,33 235
Avg. 2.65::0,30
0,66 9,52 14,3 0,25 2,23 174
0,66 5,95 10,3 0,22 2,03 18,7
0,66 1,55 54 0,22 1,95 37.2
0,66 0,83 2.9 - 1,52 39,7
AVE 1932021
Average of1,2
2,20+0,36
2 ..
Bster (II), kpf (2ke) o= (1,820,1)-10~¢ (liter /mole - sec)'/?; kp=1.0+10" liter /mole - sec
1,5 5,08 1,8 0,43 047 40
15 9,62 2,8 0,41 0.19 33
1,5 20,10 41 0,50 0,19 2.3
, Avg-0,18+0,01
Ester (IV), kpf (2K = (3,420,5)-10-2 (liter/mole-sec) /% kp=1.7-10% liter /mole - sec
2,6 21,2 10,4 0,22 0,27 56
2,6 452 20,6 0,22 0,37 52
Avg. 0,32:0,05
2 .
(V), kof(2k:) "= (19,6£2,9)-10-3 (liter/mole-sec)i/z; kp = 11.0- 10° liter /mole - sec
0,86 1,55 6,0 - 1,79 44,4
245 3,88 31,0 - ‘ 2,32 90,9
2,45 9,09 40,0 - 1,96 50,0
l Avg. 2,02+0,30

without (VI}. The value of e, equal to 0.44 0,84 (373°K), satisfactorily coincided with the value of ¢ = 0.50 *
0. 06 (373°K) calculated from the balance equation which correlates the number of free radicals formed on total
decomposition of BP with the amount of the product of recombination of CCl; radicals (see below) based on

the results of the gas chromatographic analysis of C,Cl,.

The value of the initiation rate constant kj of BP in CCly measured as a function of the rate of consump-
tion of 2,4, 6-tri-tert-butylphenoxyl with [PB], = 4.1- 107? mole/liter was equal to 3.3-107% sec~’ (373°K) [11,
12]. It is possible to estimate e = kj/2kg = 0.5 from a comparison of this value of kj with our value of kq. The
value of e in decomposition of BP in benzene (353°K) was also equal to 0,5 [10], which is in agreement with the
data on the volume yield of radicals obtained by the method of inhibitors (343°K) in decomposition of BP in ben-
zene and chlorobenzene [13]; the value of e is thus in good agreement with the data in the literature. In calculat-
ing the relative rate constants of the reaction, e = 0.44 and kq = 3.3-10"* sec-! were used.

Chain Initiation. Like other acyl peroxides, BP decomposes into radicals according to a general scheme;
benzoyl, hydroxy, and phenyl radicals are formed in a solution of CCl, {14]. Formation of benzoylhydroxy ra-
dicals was confirmed by experiments on decomposition of BP in the presence of an H atom donor: 1,3, 5-tri-
methyl-2,4,6-tris(3', 5'~di-tert-butyl-4'-hydroxybenzyl)benzene (VIl). The following products (mole/liter)
were found on total decomposition of 2-10~? mole/liter of BP in CCl, in the presence of 1.5 mole/liter of (III)
and 3-107% mole/liter of (VI): 0.2- 10-3 diphenyl, 0. 8.10-3 phenylbenzoate, 3- 10-% benzoic acid, and 1-107%
chlorobenzene (CB) in the absence of benzene ([CgHg| < 0.2¢107° mole/liter). In the BP-CCl,~RH system
without (VII), CB was also formed in the concentration of 1+10~? mole/liter (A[CB)/[BP], = 0.5) in the same
experimental conditions, but there was no benzene or benzoic acid ([C;H;COOH] < 7-10~*% mole/liter), Vary-
ing the concentration of RH [ester (I)] in the 0.25-0.96 mole/liter range also did not alter the yield of CB, and-
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TABLE 2. Yield of Hexachloroethane as a
Function of the Concentration of Ester (II),

373°K
[RH] [BP]Q'“]:‘ A[CoClg] - 102
. A[CsCYs1/[BP ],
mole/liter
0,25 5,86 3.5 0,60
0,31 6,11 29 0,47
0,48 6,03 3,4 0,56
0,66 5,95 2.8 0,47
0,96 520 22 042

[BP]7% moleAiter!/2

2,0 60 10,0
j\,_. g0l 1L i 1 t !

s 4
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the ratio of A [CB]/|BP], remained constant and equal to 0.39 # 0.03 (Table 1), The same yield of CB (within the
limits of experimental error) and the absence of analyzable quantities of benzene in the BP~CCl,—RH(III) ~(VII),
BP—-CCl,—RH(IIl), and BP—CCl, systems when the concentration of RH(II) was varied, as well as the absence
of benzoic acid in the BP—CCl,—RH(IIl) system thus indicate that CCl; radicals are formed according to the
reaction

CoHy™ + CCl — C,H,CI - CCly°

and CgHy and C¢0;COO" radicals do not attack the CH bond in the esters in these conditions, that is, the re-
actions:

CeH, + RH — CH, - R’
CeH,CO0" + RH > C,H,COOH + R’

do not take place to a marked degree. However, the yield of chlorobenzene formed at the end of the experi-
ments was less than the number of radicals formed during total decomposition of BP: [C¢H;Cl] < 2e[BP]; (see
Table 1). Not only phenyl, but also benzoylhydroxy radicals apparently participate in chain initiation; the pro-
ducts of the reactions were not identified.

Chain Propagation and Breaking. The CCl; radicals formed react with the RH substrate with formation
of CHCl3. The amount of chloroform is greater than the number of radicals formed from BP and entering the
volume during total decomposition of BP (see Table 1). As a consequence, a chain process with chain propaga-
tion according to the following reactions develops in these conditions:

CCly 4 RH 3 CHOL, -+ R gi
R* + CC — RCl 4 cCly
The parameter v = A[CHCl3]/2e [BP],, which characterizes the average chain length, varied from 2to 40 com-
ponents in the reaction of CCl; with the esters and attained 90 components in the reaction of CCly with n-hepta-
decane (see Table 1).
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TABLE 3. Partial Rate Constants kp of the Re~
actions of CCl; (373°K) and R'0," (404°K) Radi-
cals with the CH,;OCOCH,CH; (R) Fragment as a
Function of the Number of R

ks R107(CCLs” ¥ 5;R{R0:)
Number of | PRIE0D b : AGT, K/ mole
R groups liter/ mole- sec R0
4 0,40 3,4 =41
3 0,57 2,4 -2,5
2 0,50 15 -14

Stage 1 is limiting in chain propagation, and chain breaking primarily takes place at the CCl; radicals
according to the reaction:

CCly + CO1," -2 ¢,

since the yield of the product of recombination of CCl; radicals, hexachleroethane, remains almost constant
(within the limits of experimental error) with a variable concentration of RH [ester (IT)]: A[C;Clg]/[BP], = 0.50 =
0,06 (Table 2); as a consequence, the contribution of the reactions:

CCl,;" 4+ R — RCCl,
CCly + R' — R(—H) + CHCI,

R® 4~ R" —- disproportionation + recombination

in the steady state is insignificant in chain breaking. This result is in agreement with the findings of stu-

dies on radiochemical transformation of CCl,—hydrocarhon systems [15, 16], where hexachlorosthane was
found as the only product of chain breaking. In addition, the yield of hexachloroethane corresponds to the num-
ber of radicals formed from BP during total decomposition of the initiator, i.e., e[BP]; = A[C,Cl;] when RH
(II) is varied. The value of e (0.504+0.06) found from the equalities reported above based on the results of
chromatographic analysis of CyCl¢ in a series of experiments (see Table 2) thus coincided with the similar va-
lue obtained from the rate of consumption of radicals (VI) during total decomposition of BP 0.44 %0, 04. The
following ratios are valid for the scheme of reactions given ahove:

d [CHCl3] _ ik, [RH]
[BP | = [BP 303—%*

(eky [3p Y

and [CHCL3),, = 2k, [RH](2e [BP]g)'/%/(2kekg)!/? is valid for the time of total decomposition of BP. The rules de-
rived from the last equation, the first order of the reaction with respect to [RH], and the order of 1/2 with re-
spectto [BP], (Fig. 1), were followed for n-heptadecane and all of the esters studied (except for ester (IV), see
below). The values kg = 3.3- 10-% sec~! and e = 0.44 were used for calculation of k /(Zkt Y2 from the experi-
mental data, and the value 2kt = 3.1-10° liter/mole- sec, selected on the basis of the data in the literature [15],
was used for calculation of k

The concentration of RH in the experiments remained almost constant: several percent of the ester were
consumed during total decomposition of BP, and up to 20% were only consumed in the experiments with (IL).
The difference with respect to the average value of kp/ (2kg) 1/2 was 4-15%, and the error of the chromatographic
analysis was = 15%.

Only parameter lcp/ (2ky) 1/2 was estimated for ester (IV) using the results of two experiments with higher
concentrations of BP, since the contribution of linear chain breaking at the CCl; radicals, observed in the ex-
periments with ester (IV), was very small in this variant.

The partial rate constants kpj of the reaction of CCl; radicals with R fragments (R = CH,0COCH,CHj) in
propionic acid esters were calculated with the values of ky (see Table 1).

ky (1 1.6.10%
kPJ' B)y= "“pé(_)‘ = i = 4011ter/mole-sec (CRy)
bps (R) == ks (ZIH) = 1'02'10 = 50 liter /mole - sec ((CHy);CRy)



= 57 liter/mole- sec,

kp(IV)  4.7.102
=

1
kps (R) + 5/p; (CHa) = 3

hence, kpj(R) < 57 liter/mole-sec (CH3;CH,CR;) (the reaction of CCl; with CH; groups was disregarded [17]).
In the case of ester (IV), the trichloromethyl radicals also attacked the CH, group as well as the complex es-
ter groups; the reactivity of this group can be estimated by assuming kpj = 50 liter/mole-sec (as in the R
fragment as a whole}; then 1/3 kpj(CHj) will be no more than 16 liter/mole- sec, and kpj(R) will therefore be
no less than 40 liter/mole-sec. A comparison of all three values of kpj(R) shows that they are similar, and
the average value is kpj(R) = 49+6 liter/mole-sec. A different picture was observed in the reaction of these
compounds with the cumylperoxide radical [3], where the values of kpj(R) increase with an increase in the num-
ber of R groups in the ester molecule (Table 3). If we assume that this effect is related to the inductive effect
of the functional groups in the ester molecule, a symbatic relationship would be observed in the reactions of
the RO, and CCl; radicals in this case, since both are electrophilic. However, the rule of additivity in the
group of reactions studied holds for CCl; and does not apply to RO,. The effect of the nonadditivity of the par-
tial rate constants in the reactions of the RO, radical cannot be correlated with the electrophilic nature of the
attacking species. The hypothesis of the steric factor as a cause of the change in kp- with an increase in the
number of complex ester R groups in the molecule becomes superfluous, since the value of kp-(R‘) should de-
crease, but it increases instead (see Table 3); in this case, a symbatic relationship would also be observed in
the change in kpj(R) for CCl; and RO; radicals. As a consequence, the presence of a dipole moment in the
peroxide radical and the absence of a dipole moment in CClz is the main cause of the difference in the change
in kpj for RO, and CCl; radicals in reactions with the esters described above. The rate constant kpj of the
reaction of CCl; radicals with the CH, group in n-heptadecane is 1.1-10%/15 = 70 liter/mole- sec.

The partial rate constant of the reaction of CCl; radicals with the g, v, § and other CH, groups in the
acid residue was calculated by assuming that the reactivity of the CH, group is the same:

kpi (CHZ) = kp a 1)7—4 i (D == (12'5—2;'6) -10° =39 liter/mole- sec
The value of Epj of the CH,0COCH, fragment is equal to 49 liter/mole- sec (see Table 3); it thus follows that
the oo -CH, group of the acid residue of an ester is probably slightly deactivated in comparison to the other
methylene groups and the CH; group in the n hydrocarbon, which is in agreement with the data on attack of
pentaerythritol esters by peroxide radicals [3, 18]. However, in.the case of the nonpolar CCl; radical, it is
also possible that the reaction of CCl; with the CH,0O group is hindered due to the proximity of the quaternary
C atom, and in this case, the o -CH, group will have reactivity similar to the other groups of the acid residue
and the CH, group in the n-paraffin molecule.

The rule of additivity is thus followed for the reaction of the nonpolar CCl; radical with the CH,O0COCH,-
CH; fragment in a polyatomic complex ester: the rate constant of the reaction is directly proportional to the
number of the fragments in the ester molecule. As a consequence, the deviation from additivity observed in
reactions of peroxide radicals with polyatomic complex esters [3] is the result of the dipole—dipole interaction
of the polar RO, radical with the polar groups in the ester molecule,

CONCLUSIONS

1. The kinetics of chlorination of pentaerythritol tetrapropionate and tetracaprate, neopentylglycol di-
propionate, and 1,1,1-trimethylolpropane tripropionate in a solution of CCl, at 373°K according to the scheme
RH + CCl; — RCl + CHCl; were studied,

2. Initiation of the reaction by benzoyl peroxide takes place according to a chain mechanism with the par-
ticipation of CCl; radicals in chain propagation; the rate constants of the reaction.of CCl; with these esters
were determined.

3. The partial rate constant of the reaction of CCl; with the CH,OCOCH,CH; fragment is 49 +6 liter/
mole-sec at 373°K and is not dependent on the number of such fragments in the molecule.
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KINETIC MECHANISMS OF POLYMERIZATION OF BUTYL
ACRYLATE IN THE PRESENCE OF PORPHYRIN COBALT
DURING INDUCTION

A. G. Oganova, B. R. Smirnov, UDC 541.127:541.,128:541.64:547.391.1'254
N. T. Ioffe, and N. S, Enikolopyan

In radical polymerization (PM; of methacrylates [1, 2] and styrene [3], porphyrin cobalts {CoP) effective-
ly catalyze chain transfer to the monomer. Acrylic esters occupy the position next to methacrylate in the or-
der of radical reactivity [4], which indicates the similarity of the reactivity of both the monomers and the cor-
responding radicals. Nevertheless, in PM of butyl acrylate (BA), CoP does not exhibit the properties of a
chain transfer catalyst, but the properties of a "strong" inhibitor of the classic type [5]. The reactivity of
acrylic and methacrylic monomers thus differ significantly with respect to CoP.

In contrast to classic inhibitors, the effect of CoP is not depleted during induction but is alsc manifested
in slowing of the process after induction has ended and in a long aftereffect. It has been suggested that inhibi-
tion of PM of BA by CoP is "reversible" [6].

The kinetic mechanisms of the starting stage of PM of BA in the presence of CoP based on the concept
of the reversibility of inhibition of PM of BA by CoP were studied in detail in the present study.

EXPERIMENTAL

The monomer was successively washed with a 3% solution of NaOH, distilled water, a saturated solution
of NaHSO;, a solution of NaCl, and distilled water until a neutral reaction was obtained to remove impurities
which could contaminate the catalyst; it was then dried for 2 h over annealed Nay,SOy, passed through a column
containing Al,Oj, and distilled at pressure of 30 mm in an Ar current. Approximately 0.5% of Co(Il) ~tetra-
phenylporphyrin was added to the distilled monomer, the solution was measured out into glass ampuls, evacu-
ated at 5-10~° mm, and stored in the refrigerator. Immediately before the experiment, the ampuls were heated
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