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Hydrogen peroxide as a chain transfer agent in the radical diene

polymerization
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Analysis of chain termination in the radical polymerization of dienes in solutions of alcohols initiated
by hydrogen peroxide has shown that chain termination is accomplished by chain transfer to initiator,
rather than by recombination of macroradicals. This conclusion is made on the basis of calculations
of the rates of chain termination by both paths, carried out using our own and published data on the
rate constants of macroradical reactions and comparing them with data on the functionality of
oligodienes by hydroxyl groups. The problem of reactivity of hydroxyl radicals formed in the chain
transfer on hydrogen peroxide molecule is discussed. The reaction rate of the hydroxyl radical with
double bond of the oligomer, which proceeds with the formation of allylic radical in the chain, is
estimated from the rate constants of similar reactions in methyl methacrylate and O-methyl styrene.
The peculiarity of this reaction is determined by the high activity of hydroxyl radicals and nonselectivity
of their interactions in the system, which leads to the chain transfer to the oligomer. Thus, in this
system, hydrogen peroxide acts simultaneously as a polymerization initiator and a chain transfer

agent, which leads to the termination of macroradicals with forming a terminal hydroxyl group.
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Hydrogen peroxide (HP) as the initiator of radical po-
lymerization is very promising because of its potential to
replace common initiators such as peroxides and hydroper-
oxides [1]. It has a number of advantages over these initi-
ators: low cost, ecological friendliness, low molecular
weight, which allows reducing its consumption as initia-
tor. In addition, HP introduces terminal hydroxyl groups
into polymers, which is very important for the production
of reactive oligomers, in particular hydroxyl-containing
oligodienes (HTPB).

In spite of the dignities of HP as initiator, its use in the
radical polymerization has been widely used only at the
polymerization of water soluble monomers. In this case
initiation comes true by hydroxyl radicals, generated by
oxidation-reduction systems of the Fenton reagent type
[2]. This mechanism will not be realized in non-aqueous
media with low polarity. It is considered [3, p. 37], that at
heating there is a homolytic decomposition of HP on two
hydroxyl radicals. However, this process at the tempera-
tures of polymerization (at least to 150 °C) does not take
place because of high bond dissociation energy of O-O in
the HP molecule [4, 5]. Before [6, 7] the mechanism of the
generation of the primary radicals in the diene-HP-sol-
vent triple complex was proposed. This mechanism re-
quires that the chain termination is accomplished not by
recombination of macroradicals, as occurs in the polym-
erization of dienes with other initiators, but by chain trans-
fer to the initiator HP. In carrying out the polymerization

in alcoholic solutions, oligomers with two terminal hy-
droxyl groups are formed, as at recombination of macro-
radicals, however, every fourth hydroxyl group is intro-
duced into oligodiene by a hydroxyl-containing fragment
of an alcohol. Such a mechanism is realized only when
polymerization is initiated by two different radicals, one
of which is alcoholic, and chain transfer of both macro-
radicals to HP with the formation of terminal hydroxyl
groups. This mechanism was confirmed by the polymeri-
zation of isoprene in labeled '“C alcohols [6]. In this paper,
we present evidence of this mechanism, based on the anal-
ysis of kinetic data in the polymerization of isoprene, ob-
tained by us and given in the literature.

Chain transfer to an initiator in radical polymerization
is known [8, p. 62—63]. Thus, diacyl peroxides are prone to
decompose when they are attacked by a radical. The at-
tack goes to one of oxygen atoms of the peroxide group.
This reaction is especially important at high monomer
conversions when the ratio of an initiator concentration
to a monomer increases, as well as in the oligomerization
reactions, when the high ratio is initially set. In some cas-
es, for example, in the polymerization of styrene with ben-
zoyl peroxide, this pathway is the main way of chain ter-
mination. It was established in [9] that in the case of pho-
topolymerization of vinyl acetate at 20 °C in the presence
of HP transfer to HP is dominated in the chain termination
reaction. Kirsch etal. [10, 11] showed that the chain termi-
nation in the radical polymerization of vinyl pyrrolidone
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in the isopropyl alcohol (IPA) solution initiated by dini-
trile of azo-bis-isobutyric acid, in the presence of HP in
the polymerization system, is linear, that is, there is no
recombination of macroradicals. This property of HP bas-
es on its action as a regulator of molecular weight in the
radical polymerization of vinyl pyrrolidone [12]. The au-
thors of [9-11] believe that the chain transfer to HP is
carried out by abstracting a hydrogen atom to form an
inactive perhydroxy radical. In our paper [13] it was shown
that in the polymerization of butadiene, the transfer to HP
with both macroradicals and hydroxyl radicals is enthalpi-
cally much more advantageous to peroxide bond than
abstraction of a hydrogen atom. The value of the stand-
ard enthalpy of the reaction of polybutadiene macroradi-
cals with HP is 19,7 kJ / mol when a hydrogen atom is
abstracted, and -107,9 kJ / mol when the hydroxyl group
is done through peroxide bond.

Macroradicals are formed upon initiation of polymer-
ization and subsequent chain growth:

HOM e+ +M -HOM _ e, )
and are consumed in reactions (2) and (3). The chain ter-
mination during the radical polymerization of dienes with
typical radical initiators is carried out almost completely
by the recombination of macroradicals:

HOM + +HOM + —HOM . OH. @)

The chain transfer reaction to the HP takes the form:

HOM ¢ +HOOH —~HOM OH ++ OH. €)

We assume that the chain termination in this system
is carried out only by the second way (equation (3). We
note at once that the chain transfer to other components
of this system is unimportant: the chain transfer constants
at 90 °C to monomer C,_= 0,610 (the value of the chain
transfer constant to dienes is close to this value for sty-
rene ([14, p. 192]) and to IPA (C, = 3-10™*) are insignificant
and do not have a noticeable effect on the molecular pa-
rameters of oligodienes. The transfer reaction to polymer
at low monomer conversions are neglected. The values
of interest to us the rate constants for isoprene polymer-
ization are given in Table 1.

The rate constant of the chain transfer by the macro-
radical to HP k_was calculated from the data of Ref. [16]
by the value of the chain transfer constant to polymer in
the isoprene polymerization C, = k,_/ kp =0,215. The cal-
culations given below were carried out for the polymeri-
zation of isoprene under the following conditions: [M] =
3,60 mol I}, [1]= 0,60 mol-1", solvent IPA, and temperature
90 °C. The initial velocity ¥,= 3,576:10° mol-I"-s"is taken

from our work on polymerization of isoprene at 90 °C in
IPA solution [17, Table 2].

The reaction rates (1-3) are:
- chain propagation

v, =k [M][P+] @
- chain termination by macroradical recombination:
V=k[P ]’ ©)

- chain termination by chain transfer by macroradical to
initiator HP:
V, =k [1][P*]. ©)

Here, [M], [I], [Pe ] are the concentrations of mono-
mer, initiator and macroradicals, kp, k and k _are the rate
constants of the chain propagation, the chain termination
by recombination and chain transfer to HP.

Let us compare the rates of the parallel reactions of
macroradicals: the chain termination by recombination (5)
and the chain termination by transfer to HP (6). To do this,
it is necessary to know the concentration of macroradi-
cals /P . It can be found from the initiation rate w, which
was found from the radical polymerization equation:

k
v, = kl% Gy QM. 7)

Substituting the experimentally found value V=
3,576:10° mol-1"'-st at /M] =3,60 mol-1"!, and taking
£, - 16450 0.0143 we find w. =
k2 (1.3300%)"? '
4,825-10"mol I'"-s!. Since the initiation rate in the station-
ary state is equal to the termination rate, and the termina-
tion occurs parallel by the recombination of macroradi-
cals V_and the chain transfer to initiator ¥, then:

w=V+V =k[P]"+k [I][P+]. 8)

Substituting the known values, we obtain the quad-

ratic equation for /Pe J:

4,825:107=1,33-10% [P+ J? + 35,440,6/Pe ],
from which we find the concentration of macroradicals
[P*]=2,02-10% mol-I"".

Now you can find the both termination rates. The chain

termination by chain transfer to HP:
V, =354%2,02:10%x 0,6=4,284-107,

and the chain termination by macroradical combination:
V. =1,33-10%(2,02:10%° =5,410-10°*.

The ratio V,/V =4,306:107/5,465-10°=7,92, i.e. the
portion of the chain termination by the chain transfer to
HPis 7,92/8,92=0,89. It follows from the calculation that
the chain termination by recombination of macroradicals

(Table 1)

Table 1. The reaction rate constants for polymerization of isoprene at 90 °C

Reaction Rate constant Value, l'mol s Literature
@)) Chain propagation k, =164,50
2) Chain te.:rm{natlon by macroradical k=1331 0° [15]
recombination
3) Chain transfer to HP* k,=0,215%x164,50 =354 [16]
*120 °C
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Table 2. Rate constants of hydroxyl radical reactions at 90 °C

Reaction Substance Rate constant, | mol ! s Literature
1 Isoprene 41.2-10° 18
2 Oligoisoprene 2.47-10° Our calculation
3 HP 2.7-10" 19
4 IPA 3.30-10° 20

is not predominant, in contrast to the polymerization of
dienes with other initiators. Although this calculation is
approximate due to the approximate evaluation of the trans-
fer constant to HP k , and non-ideal character of polymer-
ization, the basic conclusion about the role of chain trans-
fer to initiator is beyond doubt.

With the detected fraction of the chain termination by
chain transfer to HP, the functionality by the label should
be somewhat greater than 0,5, since some of macroradi-
cals will join together, giving the functionality of the mac-
romolecules by label equal to 1. However, the high con-
centration of HP and the low concentration of macrorad-
icals (theirratiois 0,6 /2,02-10%= 3,0-107) leads to the fact
that the macroradicals react with HP, not having time to
meet each other. In addition, the extremely high the chain
transfer constant to HP (almost 400 times higher than to
methanol and 120 times higher than that to tert-pentanol
containing the methine unit [ 16]) makes the reaction with
HP even more probable.

The question of the fate of the hydroxyl radicals
formed in reaction (3) arises. These radicals can attack
any of the molecules present in the system: monomer,
oligomer, initiator HP, solvent IPA. The rate constants of
the corresponding reactions are given in Table. 2.

The rate constant of the interaction of a hydroxyl rad-
ical with polyisoprene is unknown. It proceeds mainly
with the abstraction of a hydrogen atom from the a-meth-
ylene group with respect to a double bond (mainly in the
vinyl units) to form water and an allyl radical [13]. In a-
methylstyrene and MMA, when the hydroxyl radical re-
acts with the methyl group, a hydrogen abstraction rate
constant with formation of an allyl radical is about 6% of
the rate constant of the addition of the radical to a double
bond [21]. For polyisoprene, the reaction from the data of
this work is: k= 0,06 441,2:10°=2,47-10° I'mol"-s™". From
the data of Table 2 a hydroxyl radical in the gas phase
(and in the first approximation in solution [8, p. 26]) reacts
with isoprene, oligomer, IPA and HP with the rate con-
stants ratio 3800: 230: 300: 1, respectively. It follows that
the reaction of the hydroxyl radical induced decomposi-
tion of HP does not take place. The hydroxyl radicals should
mainly be spent in the reactions with the monomer (88 %),
oligomer (~ 5 %) and IPA (~ 7 %). Indeed, the chain trans-
fer reaction to IPA by attacking by the hydroxyl radical
goes to a very low degree: it turns out to be only about 2
% of the product of this reaction acetone. So, formed on

the reaction (3) the hydroxyl radicals should primarily be
spent to reinitiate the polymerization by reaction with re-
maining monomer. In this case, two free hydroxyl radicals
must remain of each three HP molecules (one HP molecule
goes to initiate two initial chains, two others react with
macroradicals). If both hydroxyl radicals are spent for rein-
itiation, the number of labels should be not 1 of 4, but 1 of
6, that is, the number-average functionality by the label
should be not 0,5, but 0,33. Since the experiment with la-
beled alcohols reliably showed the first value, it must be
recognized that the hydroxyl radicals, which formed after
the chain termination on HP, are spent not on reinitiation,
but on other reactions, possibly on the oxidation of the
components and on the chain transfer to oligomer. This is
confirmed by low efficiency of initiation in this process:
for HP this value is 0,2-0,3 [22]. A hydroxyl radical, being
very active and non-specific chemically, is limited in dif-
fusion. On this occasion, Denisov writes: “A hydroxyl
radical lives for a very short time because of its high chem-
ical activity and therefore can not migrate to a sufficiently
large distance” [23, p.67]. According to Denisov, the time
ofhis life, is 6:107 s, which is comparable with the ampli-
tude of rapid vibrations of CH,-groups in polyethylene.
Therefore, the object of his attack may be each molecule
that is nearby, and the above ratio is not realized. The
number of attacks of the hydroxyl radical is determined
only by the partial, that is, by the molar concentration of
monomer, initiator and alcohol, not by the rate constants
with these substances. In the initial mixture, they are 3,6;
0,6 and 7,9 mol I"'; with the conversion the concentration
of monomer and initiator decrease, the alcohol concentra-
tion practically remains constant, and the concentration
of oligomer increases. After conversion of monomer of 50
%, a rapid increase in the oligomer functionality begins
[24]. Apparently, the reaction of chain transfer to polymer
by hydroxyl radicals formed at termination of macroradi-
cals on HP is predominant at high conversions of the
monomer.

Thus, the experimental data and the model calcula-
tions given above show that the chain termination in the
diene-HP-IPA system is carried out by chain transfer car-
ried out by macroradicals to an initiator HP. This conclu-
sion requires a in-depth study of the chain transfer reac-
tions in this specific system where HP acts as initiator
and the chain transfer agent simultaneously.
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Ilepoxkcua BOAHIO SIK areHT Iepeaadi JaHLUoOra B peakuil nmojgiMepusauii JieHiB

B.II. Bouko, B.K. I puwenko

[HCTUTYT XiMiT BRICOKOMOINEKYIsIpHUX criontyk HAH Ykpainu
48, XapkiBchke moce, Kuis, 02160, Ykpaina

Ananiz peaxyii 06pugy 1anyio2ie y paoukaibHil ROIMepu3ayii Oi€Hie 6 pO3UUHAX CNUPMIE, IHIYIL08AHOT
NEPOKCUOOM BOOHIO, NOKA3AE, WO 00PUE 1aHYI02I8 30IUCHIOEMbCS nepedayelo Ianylo2a Ha iHiyiamop,
a He pekoMbIHayieo makpopaouxanis. Lleil 6ucnosox 3pobieno Ha niocmasi po3paxyHKie weuoxKocmet
06pugy 1anyl02a 000Ma WAAXAMU, NPOBEOCHUX 3 GUKOPUCTIAHHAM GACHUX I TIMEPAmypHUX OaHUx no
KOHCMAHMAax weuoKocmell peakyiil MaKpopaoukanie i NOPIGHsIHHS iX 3 OAHUMU (DYHKYIOHATbHOCMI
onieodienie no 2iopokcunvrux epynax. 062080peHo NUMAarHs PeakyitiHol 30amHocmi 2i0POKCUTbHUX
PAaouKanis, wo ymeoproiomscs 8 akmi nepeoayi 1anyoea Ha MoaeKkyIy nepokcudy 600uw. Lllsuoxicme
peaxyii 2i0poKCUIbHO20 PAOUKALA 3 NOOGIUHUM 36 SI3KOM onicomepy, KA 8i00Y8AEMbC 3 YIMBOPEHHAM
aninbHO20 paouxania 6 NaHyl3si, oyiHena no KOHCMAaHmMax weuoKocmel aHAlI0IYHUX peakyill 8
memuamemarkpurami i d-memuicmuponi. Ocobausicmo yiei pearkyii 6UBHAYAEMbCL UCOKOIO
AKMUBHICMIO 2I0POKCUNLHUX PAOUKATIG | HEeCeNeKMUBHUX IX 63aeMOOILL Y cucmeMi, ujo npusooums 00
npomikanus nepedayi nanyioea Ha oricomep. Omowce, 6 Yill cucmemi nepoKCuo 800HIO GUCIMYNAE
00HOYACHO 8 PO THiYiamopa noiiMepusayii i azeHma nepeoayi 1anyloea, SKull npueooums 00 00pusy
MAKpOPAOUKANI6 3 YMEOPEHHAM KIHYeBOI 2IOPOKCUNbHOL epynu.

Kurouogi ciioBa: panukansHa noniMepu3aitis aieHis, HTPB; mepokcu BoaHIO, 00pBIB JIAHITIOTA, IEpeaava JaHIIora.

HCpOKCHI{ BOAOpoOAAa KaK arcHT nepeaavm nenu B peakumm nmojdmMepusanuu

JAMEHOB

B.1I. boiiko, B.K. I’ puwienko

MHCTUTYT XMMHH BBICOKOMOJEKYJISIpHBIX coeanHennii HAH Ykpaunst
48, Xaprprosckoe mocce, Kues, 02160, Ykpanaa

Ananuz peaxyuu obpviea yeneil ¢ padukanbHolU NOAUMeEPU3AYUU OUEHO8 8 PACMEOPAX CNUPMOS,
UHUYUUPOBAHHOU NEPOKCUOOM 8000p00A, NOKA3ATL, UMO 00pbl8 yenell 0Cyujecmeisemcs nepeoavell
yenu HA UHUYUAMOp, A He peKomMOuHayuell MaKpopaouxanos. Imom 6vl800 cOelaH HA OCHOBAHUU
pacuemos ckopocmell 00pisa yenu 0oOUMU NYmamu, RPOBeOeHHbIX ¢ UCHOIb308AHUEM COOCTNBEHHBIX
U IUMEPAMYPHbIX OAHHBIX N0 KOHCMAHMAM CKOPOCHel peakyuil MakpopaouKkaiog u CPAGHEeHUs: Ux ¢
OaHHBIMU NO (YHKYUOHATLHOCIU OAUSOOUEHO8 NO 2UOPOKCUTbHBIM epynnam. Obcyscoen onpoc
DEaKYuoOHHOU CHOCOOHOCIU SUOPOKCUTBHBIX PAOUKANL08, 00PA3YIOWUXCS 8 aKkme nepeoayu yenu Ha
Monekyny nepoxcuoa 800opoda. Ckopocms peakyuu 2UOPOKCUTbHO20 PAOUKALA C OBOUHOU C8A3bI0
onuzomMepa, Komopas npomexkaem ¢ 00pA306AHUEM ANAUILHO2O PAOUKALA 8 YenU, OYeHeHd No
KOHCTAHMam CKOpoCmell aHAN02UYHbIX peakyull 6 Memuimemarpuiame u Q-memuicmupone.
Ocobennocmyv 3moii peakyuu onpeodenaemcs 8blCOKOU AKMUBHOCIbIO 2UOPOKCUTLHBIX PAOUKATIO8 U
HeceneKMmueHOCMbIO UX 83aUMOOelicmeutl 6 cucmeme, Ymo npueooUm K npomexanur nepeoayu yenu
Ha onuzomep. Takum obpaszom, 8 OGHHOU cucmeme NepoKcUd 8000pO0a 8blcmynaem 0OHOBPEMEHHO 8
DONU UHUYUAMOPA NOJUMEPU3AYUU U deeHma nepeoaqu yenu, KOmopou npueooum K oopuley
MAKpOpaouKanos ¢ 06pazoeanuem KOHYesol 2UOPOKCUTIbHOU pYnnbl.

KuroueBble cjioBa: pagukambHas mouMepu3aiis nueHos, HTPB; nepokcun Bogopona, 0OphIB ey, mepenada meru.
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