CHEMISTRY & CHEMICAL TECHNOLOGY

Vol. 1, No. 3, 2007

Chemistry

Yuriy Medvedevskikh, Galyna Khovanets’, Andriy Kytsya and Iryna Yevchuk

KINETICS OF MACRORADICALS PROPAGATION AND DECAY
IN POLYMERIC MATRIX OF 1,6-HEXANEDIOL DIACRYLATE

Department of Physical Chemistry of Combustible Minerals
L.M. Lytvynenko Institute of Physico-Organic Chemistry and Coal Chemistry
National Academy of Sciences of Ukraine
3a Naukova str., 79053 Lviv, Ukraine
vih@org.lviv.net

Received: October 25, 2007

Abstract. Dependence of acrylate macroradicals
concentration in polymeric matrix of 1,6-hexanediol
diacrylate on time within temperature range of 318-353 K
has been investigated by means of ESR-spectroscopy. It
has been established that experimental data do not linearize
in coordinates of the equation of the second order reaction,
that coordinates with bimolecular mechanism of
macroradicals decay. It has been suggested, that the effect
of decreasing the rate constant of bimolecular
macroradicals decay in time is related with their
propagation in chain propagation reaction. Kinetic equation
obtained on this basis describes experimental data
satisfactorily, that allowed to estimate quantitatively such
parameters as the rate constants of chain propagation and
termination in polymeric matrix, diffusion coefficient of
macroradicals and characteristic time of segmental
movement.
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1. Introduction

Among three factors which determine kinetics of
polymerization: initiation rate, chain propagation and chain
termination rates, the latter is assumed to be the most
sensitive to the changes of phase states of the polymerizing
system. It is connected with the possibility of diffusion
braking of bimolecular chain termination. However, the
role and the significance of diffusion braking of bimolecular
chain termination during different stages of polymerization
and in different reaction zones are not cleared up, their
experimental and theoretical estimations are often
contradictory [1-5].

The analysis of macroradicals decay rate, piled up
in polymeric matrix till the end of the photoinitiated
polymerization process, can give the valuable information

not only about the diffusion mobility of macroradicals, but
also about connected with it structural properties of
polymeric matrices of different nature, and, perhaps, about
the peculiarities of the polymerization process in solid phase.

In this paper the experimental results on kinetics
of macroradicals bimolecular decay in network polymeric
matrix of 1,6-hexanediol diacrylate (GDDA) within the
temperature range of 318-353 K are presented. The
investigations were carried out by means of microwave
spectrometer AE 4700 (Ukraine) at the electromagnetic
field frequency in the resonator 9.49 MHz The
photocomposition (monomer GDDA + photoinitiator
2,2-dimethoxy-2-phenyl-acetophenone , 2 mol %) placed
ina quartz test-tube was UV4illuminated at integral intensity
of irradiation 48 W/m? during 30 min. Then the sample
was cooled by water at 283-285 K and placed in a
thermostat with the working temperature.

The typical ESR-spectrum of paramagnetic centers
of acrylate macroradicals is presented in Fig. 1. The
concentration of paramagnetic centers was determined by
the area under the curve of ESR-signal absorption [6]. The
calibration of the device was carried out using the standard
sample (diphenylpicrylhydrazyl in benzene) with the
concentration of paramagnetic centers of 3.37 mol/m’.
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Fig. 1. ESR-spectrum of acrylate macroradicals in network
polymeric matrix of 1,6-hexanediol diacrylate
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2. Results and Discussion

As one can see from Fig. 2, the experimental data
on the macroradicals concentration dependences [R] vs
time at all experimental temperatures do not linearize in
coordinates of the equation of the second order reaction.
The type of the obtained dependences indicates, that the
effective rate constant of macroradicals bimolecular decay
in polymeric matrix of 1,6-hexanediol diacrylate is the
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Fig. 2. Interpretation of experimental data (dots) of
bimolecular macroradicals decay in polymeric matrix of
1,6-hexanediol diacrylate in coordinates of equation of the
second order reaction and their description by means of
kinetic equation (10) (solid lines)
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damped time function. It is commonly connected with
the dispersion of macroradicals sizes and diffusion braking
of the process at which the rate congtant «, of the
bimolecular encounting of 7 and j macroradicals is
described by the Smolukhovsky equation

ky=4n(5,+1,)(D;+ D)N,,, (1)

where r; and r.are macroradicals sizes, D, and D, are their
diffusion coefficients, N, is Avogadro constant.
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Since according to (1), more mobile radicals decay more
quickly, the effective rate constant & will diminish in time.

However, let us note the circumstances which allow
to look at the fact of diminishing &, in time from another
point of view. First, the main features of ESR-spectra,
for example, the peak width on the half of its height, do
not change practically at all, consequently, the dispersion
of macroradicals lengths and their states in polymeric
matrix weakly affect the changes of their spectral
characteristics in time. Secondly, dispersion of
macroradicals is an inevitable phenomenon, however the
effect of k, decrease is not always observed. In particular,
kinetics of macroradicals bimolecular decay in polymeric
matrices of TGM-3 dimethacrylate (triethylene glycol
dimethacrylate), GM A methacrylate (glycidyl methacrylate)
and their copolymer TGM-3:GMA = 1:1, studied by us
earlier [7], are well described within the limits of the
second order reaction with the & value which is constant
in time. Thirdly, it is known that the rate constant of chain
propagation & of acrylates is considerably larger than that
of methacrylates

Above mentioned facts allow to assume, that
decreasing the effective rate constant of bimolecular
acrylate macroradicals decay in polymeric matrix of 1,6-
hexanediol diacrylate may be caused by the process of
macroradicals propagation till their collision and decay
owing to the residual concentration of the monomer, which
may be 10—-15 % of the initial concentration at the
photoinitiated polymerization in bulk. We will consider the
experimental data just from this point of view.

Let us correct the Smolukhovsky equation (1),
resulting from the fact that macroradicals decay will take
place when paramagnetic centers appear on the distance,
at which their chemical interaction will be possible. Such
a distance equals to the length a of a chain monomer link;
that is why we accept r;, = r,= a. Ignoring the effect of
macroradical dispersion, we have also D, =D, = D.Under
such terms the equation (1) looks like !

k, =16maDN ,. (2)

Let us describe the rate of macroradicals decay
and their propagation by means of equations

d R/ dt=—k[ R}, 3)
dN /dt = k,[M]. 4)

Here [R] and [M] are molar-volumetric

concentrations of macroradicals and monomer in

polymeric matrix; Nis the macroradical length, & is the
rate constant of chain propagation.

According to self-avoiding random walks statistics
the diffusion coefficient of macromolecules in concentrated
solutions and melts is described by the formula [8]

D=a*/2t(p/p,)”’ N**, 6))
in which ¢ is the characteristic time of segmental mo-
vement, responsible for the reptation mechanism of macro-
molecules diffusion, p/p_ is the ratio between the melt density
and the density in the monomer link: p. = M /a’N,, where
M, is the molar mass of the monomer. We accept that the
same ratio (5) will be true for the diffusion coefficient in
the solid polymeric matrix with the characteristic time 7
of the segmental movement correction.

Since [R] >> [M], at integration (4) we accept
[M] = const, that results in the expression

N=N,(1+ b, (6)
in which N is the average initial (at = 0) length of
macroradicals, and

b=k, [M]/N,. N
Substituting (6) into (5), and then into (2), we have
k, /(1+ b)*", ®)
where
k,=8ma’N,/t(p/p,)" N*. ©)

Using (8), at integration (3) we obtain
[R,1/[RI=1+ A1-(1+bH)""], (10)

where

k,[R,]/14b. (11)

One can see from Fig. 2 that experimental data are
described satisfactorily by the equation (10) at the
parameters 4 and b selected by means of the optimization
method. Their numerical values at different temperatures
are presented in Table. Using them, the values of
k, = 1.4bA[R] were calculated, and they are given in
Table too. Temperature dependences of &, and b presented
in coordinates of the Arrhenius equation (Fig. 3) allowed
to find activation energies of the processes of bimolecular
macroradicals decay E, = 76.3 kJ/mol and chain
propagation E = 46.8 xJ/mol.

For the estimation of numerical values of the rate
constant ](p of macroradicals propagation (with the use
of equation (7)), diffusion coefficient D, corresponding
to the initial length N of macroradicals (by means of

Kinetic parameters of the processes of macroradicals propagation and decay in GDDA polymeric matrix
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Fig. 3. Temperature dependence of parameters k and b in coordinates of the Arrhenius equation

equation (2) with the use of k_ values), and also the
characteristic time 7 of segmental movement (using
equation (9)) it was accepted a = 1.86:10"'°m (as for
styrene), N, = 10°, [M] = 0.1[M] , where [M]  is molar-
volumetric monomer concentration in bulk: [M] =c/ M
at p = 1.024-10° g/m* M = 226 g/mol. At these
parameters a, p and M, we have also p /p = 1.76:10>.
The results of calculations are shown in Table.

At the reptation mechanism of macromolecule
diffusion transfer the characteristic time 7 is the time of
the elementary act transition of chain link from one state
into another, that is why it may be described within the
limits of absolute reaction rates theory by the expression

T*l=%exp{As*/R}exp{—E/Rn, (12)

where E = E, = 76.3 kJ/mol is activation energy
determined experimentally, and AS" is the activation
enthropy of segmental movement. Having chosen the value
of T =3.5-10° s at T = 333 K we have calculated
AS/ R = 8.3 with the use of (12).

3. Conclusions

The calculated values of the diffusion coefficient
of acrylate macromolecules in a polymeric matrix of
GDDA, presented in the Table, are sufficiently exact, since
calculating them while using experimental data it was
necessary to set only one parameter a that is the length of
the chain link. The calculation of & and t values additionally
required the numerical estimation of N —the average initial
length of macroradicals. The true value of N can differ
from the accepted value by the order. It means that the
values of kp are estimated with the deviation not smaller
than one order, and the value of T - with the deviation of
two and more orders. Nevertheless, these estimations of
k and 7 are useful, since they show that in the polymeric
matrix the rate constant of chain propagation is
approximately by 2—3 orders smaller and the characteristic
time of segmental movement is by 4-5 orders more than
the corresponding values of & and T inliquid phase. Mainly

it is connected with the abrupt increase of the activation
energy of both chain propagation and segmental
movement.
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KIHETHKA POCTY 13ATMBEJI
MAKPOPAJIUKAJIIB Y TIOJIIMEPHII MATPULI
1,6-TEKCAHIIOJIIMAKPIJIATY

Anomauisn. EIIP-vemoodom Oocniodxcena 3a1edxcHicms
KOHYeHmpayii akpunamuux Makpopaouxanie y noaimepuii mampuyi
1,6-eexcandionduarkpunamy 6i0 uacy ¢ memnepamypHomy iHmepsaii
318-353 K. Bcmanoesneno, wo excnepumenmaivHi Oaui He
JiHeapu3yIomvcs 8 KOOpOUHAmMAax PieHANHHA pearyil 0py202o nopsoKy,
o 8I0N0GIOAE OIMONEKVIAPHOMY MEXAHIZMY 3a2UOENi MAKpOPAOUKanis.
Bucnoeneno npunywenhs, wo egexm 3HUNICEHHI KOHCMAHMU
weuoKocmi 6imMonekyiapHoi 3aeubeni Makpopaoukania y uaci
108 s3aHull 3 IXHIM pOoCmoM 6 peakyil nPoooeICenHs lanyload.
Ooepoicane Ha yill 0CHOGI KinemuyuHe PIGHAHHS 3G008IIbHO ONUCYE
excnepumMenmanvHi 0ani, wo 00380AUN0 KilbKICHO OYiHUmMU MAaKi
napamempu, K KOHCIMaHmu weuoKocmeti pocmy i 0opugy iamnyroeza é
nonimepniit mampuyi, koeghiyicum oudy3ii makpopaouxanis i
XapakmepucmuiHull 4ac ceaueHmanbHo20 pyxy.

Knrwouogi cnosa: nonivepna mampuys, Makpopaouxai, picm
aanyioea, oopus nanyroea, Ouysisi, cecMenmanrbHull pyx



