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Free radicals were generated by gamma-irradiation and mechanical
destruction of solid poly(methyl methacrylate) (PMMA) samples crosslin-
ked with aliphatic diamines (1,3-diaminopropane and 1,12-diaminodode-
cane) which have a different number of CH, groups in a molecule. The
effects of the method of free radicals generation, crosslinks density and the
character of crosslinking agent on kinetic parameters of decay of chain-end
PMMA macroradicals have been investigated. For temperatures T > 323 K.
the values of apparent activation energy of the decay of chain-end macrora-
dicals rise with an increase of the initial amount of aliphatic amine, and thus
with a crosslinks density, up to 0.8 mass % of amine used. I,12-Diami-
nododecane yields a crosslinked structure in which apparent activation
energies of free radicals 'decay are higher than those with 1,3-diamino-
propane, irrespective of the method of free radicals generation. A similar
trend of the increase of apparent activation energy can be observed with an
increasing concentration of crosslinking agents for both the mechanical and
irradiation method of free radicals generation, the former method giving
lower activation energies.

CB0bOHbIE paAUKaJIbl OBLIN reHepUPOBAHBI Y TEM FAMMA-001yUEHUS U
MEXaHHUYECKOH AECTPYKUHMH OOpAa3lOB TBEPAOrO MOJUMETHIMETAKPHIATA
(PMMA), cumrtoro ¢ anudatuyeckuMu adaMuHaMu (1.3-nuaMmuHonpona-
HOM  |,12-aMaMHHONOAEKAHOM), UMEIOLLMMU pa3sinuHoe uucino CH.-rpynn
B Mousekyse. ObcyxaaeTcs BAMSHHE METOOA FEHEPUPOBAHUS CBOOOIHBIX
paaUMKaJIOB, YACTOTh! CLUMBAHUS M MPUPOIBI CLUMBAIOLIEIO areHTa Ha KH-
HeTHYeCKHe MapaMeTpbl rubenu MakpopaaukanoB PMMA Ha xoHue uenu.
IMpu Temnepatypax T > 323 K 3HaueHUs KaxyLlueHdcs IHEPrud AKTUBALIUH
rubend MakpopaauKaJOB KOHLA LEMU YBEJHUYMBAIOTCSA C MOBBILLEHHEM
MUCXOQHOrO KOJIMYECTBA aJMPATUUECKOTO AMHHA, U, TAKMUM 0Opa30M, C BO3-
PACTAHMEM YACTOThI CLUMBAHUS, BIIOTh 00'0.8 % no Macce ucnosb3yemMoro
amuna. C 1,12-nuaMuHon0aeKaHOM OOpa3yeTcs CIIUTasi CTPYKTYpa, y KO-
TOpPOM BEJIMYHUHA KaXYLIEHCS IHEPrUU aKTUBALMU rubesu cBOOOAHBIX pa-
JMKAJIOB BbIIE, Y€M Y CTPYKTYpbl., K KOTOpoi npuBoauT |.3-IuaMuHO-
NponaH, BHE 34BUCUMOCTH OT METOAd FeHepHPOBAHUS CBOOOIHBIX palH-
kasioB. [TonoOHast TeHAEHUMS BO3PACTAHUS BEMMUYUHBI KaXYyLLEHCs JHepruu
AKTUBALMM MOXET HAOMIOAATBCS MPH YBeJIHUEHHH KOHIIEHTPALIMU CILIHBAO-
LLHUX AFEHTOB KaK MPH MEXAHUYECKOM, TAK U MPH HPPAAHALMOHHOM MeToe
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reHepHPOBAHUS CBOOOAHBIX PaIUKAJIOB, IPHYEM NEPBBIH METOA NPHUBOIUT
K 00Jiee HU3KMM 3HAYEHHMSIM SHEPTUH AKTHBALMH.

Owing to a large amount of different structural units, the different local
motions of the main and side chains, macromolecular segments and a macro-
molecule as a whole may occur in polymers and control the radical activity. New
chemical junctions are formed by crosslinking which affect the character of these
motions and relaxation processes, which in crosslinked polymers will be dif-
ferent from those in uncrosslinked ones [1].

The most frequent reactions of macroradicals studied in a solid polymer are
the reactions of their decay which represent complex reaction mechanisms of
both the chemical and physical nature. In the solid polymer, the decay of radical
centres is usually controlled by the rate of their nearing. The decay kinetics is
thus described by processes which mediate the transport of a free radical site
throughout the polymer matrix. As was shown on polymers crosslinked to
different conversions [2, 3] or having a different degree of crystallinity [4, 5] and
orientation of macromolecules [6], the rate of free valence transport depends on
thermodynamic and kinetic flexibility of polymer chains. From a comparison of
kinetic parameters of free radicals decay found for different systems, the changes
in mechanism of free radical motion can be presumed [7].

In the present paper, the decay of chain-end macroradicals has been studied
in PMMA crosslinked with aliphatic diamines, the radicals being generated by
gamma-irradiation or mechanical destruction of the polymer. An attempt has
been made to evaluate the effects of crosslinking, method of free radical genera-
tion and crosslinking agents on the decay characteristics of macroradicals in
a modified polymeric structure.

Experimental

Samples of crosslinked poly(methyl methacrylate) were prepared by reaction of
aliphatic diamines with ester groups of methacrylate structural units occurring at tem-
peratures above T, (for glass transition) of a polymer. PMMA was prepared by a free
radical polymerization of monomer containing dissolved 1.3-diaminopropane (1.3-DAP)
and 1.12-diaminododecane (1.12-DAD). The polymerization was carried out at 343 K in
glass ampoules sealed under atmosphere of nitrogen. The initiator was 0.1 mass %
azobisisobutyronitrile. The bulk of polymer formed after 6 h of reaction was then kept
at increased temperature 373 K for 1 h at which the crosslinking was accomplished as
aminolysis of ester groups of PMMA. Unreacted diamine was removed by evacuation of
samples for 2 h at 323 K and at reduced pressure 20 Pa. Concentration of crosslinks @
and average molar mass M, of the chain between two junctions of the network were
determined by the method of equilibrium swelling of crosslinked samples in acetone. The
respective values were calculated from the Flory-—Rehner equation.
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DSC measurements of 7, temperatures of crosslinked samples were carried out on

DSC-1B Perkin—Elmer apparatus in atmosphere of nitrogen at linear rate of heating
16 K min™".
Some characterization of crosslinked samples is given in Table 1.

Table 1

Characterization of PMMA samples crosslinked with 1.3-diaminopropane (1.3-DAP)
and 1.12-diaminododecane (1,.12-DAD)

w(Crosslinking agent) M, -10°° @ M, 107} I
% gmol mol dm * gmol ' K
1.3-DAP
0 2.176 —m - 373
0.2 2.128 38x10 ¢ 260 386
0.4 2.034 8.2x 10 2.5 387
0.8 1.987 4.1 % 107* 33 389
1.6 1.732 20x 10 ! 1.6 391
6.4 0.719 7.0 % 10" 0.84 397
1.12-DAD
0 1.514 373
0.2 56 x 10 * 29 384
0.4 1.630 x10* 190 386
0.8 27x 10 ° 41 386
1.6 1.248 69 x 10 * 8.1 388
3.2 1.8 <10 ' 3.1 389

M,  viscometrical molar mass.

Free radicals in PMMA crosslinked with aliphatic diamines were generated either by
gamma-irradiation in vacuum at 195 K, with the irradiation dose 10.5 kGy. or by
mechanical destruction of a polymer, drilling it by vidium driller in vacuum at the
temperature of liquid nitrogen.

ESR spectra of PMMA macroradicals were measured by means of ESR spectrometer
Varian E-4. The study of the decay of free radicals at different temperatures was
performed using temperature-controlled equipment Varian E-257 working with gascous
N,. The accuracy of a thermostat was +1 K.

Results and discussion .

Thermal stability of chain-end radicals of uncrosslinked PMMA at 343 K is
illustrated by Fig. I. Radicals were generated by gamma-irradiation with a dose
10.5 kGy. A typical nine-line ESR spectrum has been observed which retained
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its shape up to 363 K [8]. In the case of PMMA crosslinked with diamines
(content higher than 0.8 mass %) another kind of ESR spectrum, different from
the nine-line spectrum, can be observed on increasing the sample temperature
through the temperature interval from 303 to 363 K. Fig. 2 shows an example
of the gradual development of the spectrum which was obtained by gamma-ir-
radiation of PMMA crosslinked with 1,3-DAP (M, = 8.4 x 10 g mol™') and
recorded at temperatures below 363 K. It is obvious that the spectrum of

2mT

Fig. 1. ESR spectra of free radicals obser-

ved in uncrosslinked PMMA, 0 (/) and

7410 (2) seconds following its gamma-

-irradiation. The spectra were recorded at
343 K.

Fig. 2. ESR spectra of free radicals gene-

ratcd by gamma-irradiation of PMMA

crosslinked with 6.4 mass % 1.3-diamino-

propanc. The samples were kept for 390 s

and spectra were registered at temperatu-
re: /. 323 K; 2. 343K 3. 363 K.
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chain-end PMMA radicals changes here to that of more stable radicals, namely
to a quartet of allyl radicals, a doublet of chain-centred PMMA radical and
a singlet of polyene radical [9], respectively. The qualitatively same result is
received when free radicals were generated by mechanical destruction of a cross-
linked PMMA. As shown in Fig. 3, increasing temperature brings about a trans-
formation of originally observed radicals into more stable ones similarly as in
gamma-irradiation generation.

% B

Fig. 3. ESR spectra of frec radicals generated by mechanical destruction of PMMA crosslinked
with 3.2 mass % |.12-diaminododecanc. The samples were kept for 390 s and spectra were registered
at temperature: /. 333 K: 2. 343 K: 3. 353 K.

Decay of macroradicals in PMMA crosslinked with aliphatic diamines was
studied in the temperature interval from 313 to 363 K for gamma-irradiation
generation and from 308 to 353 K for mechanical generation. The validity of a
kinetic model of the second-order decay is demonstrated in Fig. 4 for the series
of decay temperatures and for samples crosslinked with 1,12-diaminododecane
(M.=4.1 x 10* gmol~"). The second-order kinetics holds for the decay of
macroradicals in all crosslinked PMMA samples and for both methods of
radicals generation.

The values of effective activation energies E,; and pre-exponential factors k,, ;
corresponding to Arrhenius equation were obtained from temperature depen-
dence of rate constants of chain-end macroradicals decay (Table 2). A close
connection between mechanism and molecular motions occurring in a given
temperature interval may be documented by Fig. 5 where a temperature depen-
dence (through the region 323—353 K) of the rate constants for the decay of
chain-end macroradicals in gamma-irradiated PMMA is plotted. At tempera-
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Tuble 2

Effective activation energies E,; and pre-exponential factors &, . for the decay of chain-end macro-
radicals in PMMA crosslinked with aliphatic diamines 1,3-DAP and 1.12-DAD. Radicals were
generated by gamma-irradiation or by mechanical destruction

w(Crosslinking agent) Ey Ky o Temperature interval
% kJ mol ' gspin s K
Gamma-irradiation

1.3-DAP
0.2 119 249 x 107 343--358
0.4 138 0.132 343- -358
0.8 149 3.437 343—353
1.6 145 4.621 333--343
6.4 77 3.53x 10" 328--343

1.12-DAD
0 123 4.09 x 107 343363
0.2 116 1.29 x 107° 343--363
0.4 145 0.867 343--363
0.8 167 7.88 x 10° 343 358
1.6 132 3.26 x 10 * 333 -353
32 112 298 x 10 °* 333--353

Mecchanical destruction

1.3-DAP
0.2 112 225x 10 °® 328—348
0.4 115 112 x10 * 328 348
0.8 123 347 x 10 *° 328 343
1.6 115 50 x 10 323--338
6.4 55 1.55 < 10 " 308 - 323

1.12-DAD
0 112 226 x 10 ° 333- 353
0.2 114 5.54 x 10 ° 333 353
0.4 120 285x 10 * 333 353
0.8 132 3.55x10 ° 333 353
1.6 109 1.61 x 10 ° 333 353
32 97 6.8 x 10’7 333 348

tures 7 < 323 K, only a slight increase of the rate of free radicals decay was
observed. Here, for each of the two methods of free radicals generation, effective
activation energies do not depend on M, practically, for all crosslinked samples.
For temperature interval from 303 to 323 K, E,is 20 kJ mol~' for gamma-irra-
diated samples and 45 kJ mol~' for mechanically destructed samples.
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In the region of higher temperatures, E,; increased with a rise of the initial
amount of crosslinking agents (Table 2) up to 0.8 mass %, and decreased at
higher amounts. This trend is typical for both methods of free radicals genera-
tion, E,; being higher for gamma-irradiated than for mechanically destructed
crosslinked samples.

Rl T T T T T T T 1
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Fig. 4. Time dependence of reciprocal values of concentration of chain-end macroradicals in
PMMA crosslinked with 0.8 mass % 1,12-diaminododecane and gamma-irradiated. The spectra
were recorded at temperature: /. 343 K; 2. 353 K; 3. 358 K.

The decay of macroradicals in a solid polymer and thermodynamic tran-
sitions are mutually interrelated. The decay reaction of radical centres is usually
directly controlled by respective molecular motions of polymer chains which
become to prevail in a given temperature interval. Generally, two principle kinds
of kinetic motions exist, a motion of main segments of a macromolecule and the
motion of pendant groups and branches. Interpretation of kinetic data based on
the value of effective activation energy of free radicals decay is assumed to be
a complex process involving the migration of a free valence.

Suppose that the effective kinetic parameters characterize the actual decay
process of chain-end macroradicals for all samples studied. An increase of E
values with an increasing amount of crosslinking agent may be explained
through the model of a transition state used in conjunction with a concept of
cooperative effect of condensed medium on elementary reactions [10, 11]. The
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increasing values of pre-exponential factors k, . and activation energies should
then be a mirror image of a rising extent of a release of different degrees of
freedom in a polymer matrix. Increased demands on the energy necessary for the
formation of transition state during the transport of a macroradical in a decay
reaction will thus appear. Cooperative effects will be enhanced due to the
presence of chemical crosslinks formed from aliphatic diamines in amorphous
structure of PMMA.

infk) [ 7 T T T T T T
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Fig. 5. Arrhenius plot of rate constants for decay of chain-end macroradicals in PMMA crosslinked
with 0.2 (/) and 0.8 (2) mass % 1.3-diaminopropane. Free radicals were generated by gamma-irra-
diation.

Radiolyzed samples gave a higher increase in E, with initial amount of
crosslinking agent than mechanically destructed ones (Table 2). This may be
explained by a more pronounced extent of ruptures of macromolecular chains
occurring in different places of a polymer network in this latter route of free
radicals generation, which reduce the effect of crosslinkages.

The decrease of E, if higher initial amount of aliphatic diamines than-
0.8 mass % were used for crosslinking, which still produce a high density of
crosslinks, is likely to be due to a reduction in molar mass of uncrosslinked
parent polymer (Table 1), which is a consequence of the method of sample
preparation; aliphatic diamines present in the polymerization batch are relative-
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ly cfficient chain-transfer agents and in higher content will reduce the molar
mass of resulting uncrosslinked polymer significantly. Polymer network which
is formed at higher temperatures in a subsequent thermally initiated transami-
nation of low molecular mass PMMA represents thus a structure with numerous
defects caused by an increased number of loose ends of macromolecular chains
[12]. At higher content of aliphatic diamines, a process of an approach of radical
sites near occurring in relay-like manner may be implemented to the mechanism
as well [13].

In the case of macroradicals decay proceeding through a segmental motion
of polymer chains, the effective activation energy of free radical decay is expec-
ted to increase gradually with an increasing extent of crosslinking. The decrease
of activation energy which was observed for higher contents of crosslinking
agent indicates that kinetic parameters found for different degrees of crosslink-
ing represent a complex process including a combination of various effects such
as molecular mobility of reactants and chemical migrations interrelated with
redistribution of electronic density of reactants. In our preceding papers, in
which the effect of crosslinking on the decay of free radicals in polyethylene [14]
and poly(vinylidene fluoride) [15] was studied, the effective activation energy
was found to increase definitely with an increasing extent of crosslinking. In
contrast to this, samples of PMMA crosslinked with relatively high content of
ethylene glycol dimethacrylate [7] showed a decrease of activation energy for the
decay of chain-end macroradicals within 2—20 mass % of ethylene glycol di-
methacrylate. The activation energies observed for the decay of macroradicals
in PMMA crosslinked with 1,3-DAP and 1,12-DAD are thus a superposition
of several activation energies of multicomponent decay process of chain-end
PMMA macroradicals.
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