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a b s t r a c t

A series of crosslinked polyurethane acrylate films with glass transition temperatures ranging from −49 ◦C
to +65 ◦C was prepared by photopolymerization of solvent-free resins. The kinetics of thermo-oxidative
(in air) and thermal (in N2) degradation of these crosslinked acrylate networks at temperatures from
100 ◦C to 400 ◦C was monitored thermogravimetricly as a function of crosslink density. Initial degrada-
tion rate of polyurethane network decreased with the increase of crosslink density. Apparent activation
eywords:
olyacrylate
hermal
egradation
inetics

energies of degradation were found to be temperature and crsosslink density dependent and ranged from
12.6 kJ mol−1 to 25.1 kJ mol−1 in 200–300 ◦C interval and 33.5 kJ mol−1 to 58.6 kJ mol−1 in 300–400 ◦C
interval. The polyacrylate thermal stability increase with crosslinking was correlated with decreased
chain segments mobility leading to the reduced oxygen and volatile products diffusion rate, rate of cyclic
decarboxylation, and increased radical’s recombination in a cage. Data indicated that the cyclic decar-

xygen
rosslink density
hermogravimetry-mass spectrometry

boxylation, rather than o
kinetics.

. Introduction

Polymer degradation mechanism was and is extensively studied
Schemes 1–5) [1,2, ref. therein, 3–6]. There is however a disparity
n the published data on crosslinking effects on polymer degra-
ation rate [7–13]. It was stated that crosslinking (and polymer
rystallization) inhibited thermo-oxidation due to slower oxygen
iffusion into polymer [1,8], however it was also reported that

ower chain mobility decreased thermal stability of the polymer
9]. No change was observed in epoxy networks aging resistance
ith increased crosslinking [10]. Thermal aging induced stress-

elaxation time increase was reported to become larger with
rosslink density increase [1,11]. Stability increase with degree
f crosslinking was reported for vulcanized cis-1,4-polyisoprene
12,13]. The changes of stability were attributed to decrease in
he rate of oxygen diffusion into highly crosslinked systems, with-
ut reference to degradation in the oxygen-free environment
1–7,9,14]. It was also reported that thermal degradation kinet-
cs was affected by a crosslinking method [15,16]. The structure of
rosslinking bridging bonds also influenced crosslinking effect on

egradation of polymers. Thus, sulfur vulcanized polyisoprene rub-
er was less stable than peroxide vulcanized rubber [12]. The rate
f degradation was found to be proportional to the chain length
etween the crosslinks [13]. “To further complicate the problem
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uptake or volatile products escape rate control the thermal degradation

© 2010 Elsevier B.V. All rights reserved.

of gaining comparative stability data, an enormous body of litera-
ture has been compiled from “off-the-shelf” polymers and routine
thermal analysis data on materials of unknown structure” [7, p.
4].

Formal and statistical approaches to kinetics of polymer degra-
dation were developed [1,2,4,7,14,17,18], and higher stability of
crosslinked polymers was also attributed to the lower probabil-
ity of bond scission due to thermal fluctuations [19]. To the best
of my knowledge, Transition State Theory approach [20–22] was
not applied to polymer degradation kinetics, thus change in vibra-
tional energy distribution in highly crosslinked systems was not
considered.

Derivation of mechanism of degradation based on thermo-
gravimetric measurements alone was questioned in the past,
since only the volatile products loss was monitored [23]. How-
ever, thermogravimetry allows direct and sensitive monitoring
of relative changes in degradation kinetics of different polymers.
Mass-spectrometry adds monitoring and identification of specific
volatile products of polymer degradation. Non-volatile insoluble
degradation remnants can be analyzed by infrared spectroscopy.
When polymer thermal degradation mechanism is established, TG-
Mass-spectral and infrared spectroscopy based kinetic data can be
successfully interpreted [1,2,7,24–45].
Thermal stability dependence on crosslink density was re-
visited in the current work. It was postulated in the past
that volatiles loss rate controlled the observed degradation
kinetics of large samples [37,38]. Degradation was monitored
gravimetrically, and by a combination of thermogravimetry

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:vadim_krongauz@baxter.com
dx.doi.org/10.1016/j.tca.2010.03.011
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ble due to reduced mobility of radicals (higher cage recombination
probability), slower oxygen ingress and volatile products evapora-
tion, slower “valency transfer” [1,3–6]. Crosslink density controls
chain segments mobility and according to Eyring relative rates of
Scheme 1. Kinetic model of thermo-oxidative degradation of polymers [1,2,7,24].

ith mass-spectrometry. Mass-spectral differential monitoring of
olatiles loss rate was used in the present work to verify this pos-
ulated assertion. To eliminate the uncertainties of “of-the-shelf
olymer” analysis [7–16] a series of aliphatic urethane acry-

ate resins was formulated by us to produce, upon photo-curing,
olymeric films of known composition with well-defined glass
ransition temperatures (Tg) and crosslink density (deduced using
ynamic mechanical analysis). The choice of radiation curable acry-

ates was stipulated by high reproducibility of produced polymers,
bsence of additives, good film formation; most importantly, the
hemical mechanism of thermal and thermo-oxidative degrada-
ion of polyacrylates was established in the past (Schemes 2–5)
1,2,7,24–45].

Polyacrylates degradation in air occurs through peroxides
ormation, radical reactions with oxygen with depolymeriza-
ion, formation of alcohols, carbon dioxide, etc. (Schemes 1–3)
1,2]. In the absence of oxygen, polyacrylates degrade through
e-arrangements leading to decarboxylation, and formation of

onomer and alcohols (Schemes 4 and 5) [7,24–45]. In the presence

f oxygen, formation of alcohol, decarboxylation and depolymer-
zation take place by different reaction paths and the polymer
egradation rate is usually higher (Schemes 2 and 3) [7,24,46–48].
olymers with higher crosslink density are expected to be more sta-
Scheme 2. Likely route of volatile products formation upon thermo-oxidative
degradation of polyacrylates [7,24,46–48].
Scheme 3. Path for aldehydes and acids formation during thermo-oxidative degra-
dation of polyacrylates [7,24,46–48].
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cheme 4. Likely mechanism of acrylates decarboxylation in the absence of oxygen
7,24–45].

xygen diffusion and volatile products escape, potentially altering
egradation kinetics [49–52]. We compared kinetics of degradation

ith and without oxygen to understand degradation rate- control-

ing process in highly crosslinked polymers.

cheme 5. Additional possible routes for volatile products formation upon oxygen-
ree thermal degradation of polyacrylates [7,24–45].
Fig. 1. Results of dynamic mechanical analysis of the UV-cured crosslinked
polyurethane acrylate films. The highest crosslink density was 1.7 × 104 mol m−3,
while the lowest was 1.2 × 102 mol m−3 (Table 2).

2. Experimental

2.1. Instrumentation and processes

The resins were cured using a microwave discharge lamp at
0.5 mJ cm−2 (Conveyor belt system, Fusion UV Systems Inc.). UV
dose was monitored prior to cure with Profiling Belt Radiometer,
ILT 400, UVA (International Light Technology). The completeness
of polymerization (>90% acrylate double bond conversion) was
verified by acrylate double bond infrared absorption at 810 cm−1

(Nicolet 8700 FTIR Spectrometer Mainframe with Smart Orbit
accessory and diamond crystal plate, Thermo Electron North Amer-
ica LLC).

Dynamic mechanical analysis (DMA) (RSA3, TA Instruments)
was conducted in a tensile mode at 1.0 Hz, using 5–6 mm
wide, 100–200 �m thick film strips. The data were processed to
yield glass transition temperatures and crosslink densities of the
polyurethane acrylates, according to common practices based on a
position of maximum of loss tangent, tan ı (Fig. 1) [5,6,53–55].

TGA was conducted in isothermal and temperature rump modes
in oxygen or in dry nitrogen flow of 60 cm3 min−1 using TGA
2950 system (TA Instruments). TGA-Mass-spectrometry was con-
ducted using TGA Q500 (TA Instruments) interfaced (200 ◦C heated
interface) with ThermoStarTM mass spectrometer (Pfeiffer Vac-
uum Inc.). TGA-mass-spec monitoring was conducted in N2 flow
of 60 cm3 min−1. The film sample, ≈5 �g, was placed in an opened
platinum pan. Isothermal conditions were achieved through equi-
librating the sample at 30 ◦C for 10 min, raising the temperature to
a desired value (100 ◦C, 200 ◦C, 300 ◦C, or 400 ◦C), then maintaining

this temperature for 90 min (Fig. 2). Temperature ramp experi-
ments were conducted at 10 ◦C/min temperature increase rate from
30 ◦C to 450 ◦C (Fig. 2). In all of the air-free experiments nitrogen
was allowed to flow through the cell for 10 min after closing the
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Fig. 2. Gravimetrically detected kinetics of therm

ell and prior to the beginning of the heating cycle. Attenuated
otal Reflection (ATR) spectra of the non-volatile remains were
btained using Nicolet 8700 FTIR Spectrometer Mainframe with
mart Orbit accessory and diamond crystal plate (Thermo Electron
orth America LLC) (Fig. 3).

.2. Materials

Oligomers and monomers were purchased from Sartomer Co.,

nd initiators were from Ciba Specialty Chemicals Co. (Table 1).
ommonly synthesized and commercially available oligomers are
olyols or polyesters end-capped with acrylate either through
ster, or through urethane bridge [56–60]. Number of urethane
roups is usually twice the number of acrylate groups in oligomer
gradation of crosslinked polyurethane acrylate.

[59]. Difunctional urethane acrylate oligomer, CN966B85, was
selected since it yielded more flexible polymer solids [56–61].
The variation of glass transition temperature was accomplished by
varying difunctional monomer concentration [59,60]. The concen-
tration of difunctional urethane acrylate oligomer was constant to
reduce variability in degradation rates due to the urethane func-
tional group presence.

3. Results and discussion
Glass transition temperatures of cured polyacrylates varied
from −49 ◦C to +65 ◦C (Fig. 1 and Table 2). No loss of volatiles was
observed below 200 ◦C. Thermal degradation of urethane and ester
bridges above 200 ◦C was accompanied by depolymerization and
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Table 1
Composition of resins forming photocrosslinked acrylate networks.a.

Sample No. Initiatora

Irgacure 651 (%)
Initiatora

Irgacure 184 (%)
Oligomera

difunctional
CN966B85 (%)

Monomera SR256
(%)

Monomera

difunctional
SR238 (%)

Total difunctional acrylates
(monomer + oligomer)b (%)

1 3 2 25 70 0 3.75
2 3 2 25 60 10 13.75
3 3 2 25 50 20 23.75
4 3 2 25 40 30 33.75
5 3 2 25 30 40 43.75
6 3 2 25 20 50 53.75
7 3 2 25 10 60 63.75
8 3 2 25 0 70 73.75

a Irgacure 651(Ciba): �,�,-dimethoxy-�-phenylacetophenone; Irgacure 184 (Ciba): 1-hydroxy-cyclohexyl-phenyl-ketone; SR256 (Sartomer): 2(2-ethoxyethoxy)ethyl
acrylate; SR238 (Sartomer): 1,6-hexanediol diacrylate; CN966B85 (Sartomer): urethane acrylate oligomer/monomer blend.

b CN966B85 contains 15% SR238.

Table 2
Glass transition temperatures derived from dynamic mechanical analysis (DMA) data of the UV-cured acrylic films.

Sample No. Total difunctional acrylates (crosslinking) (%) Tg (◦C) Rubbery plateau tensile storage modulus, E′ (MPa) Crosslink density, �e (mol m−3)

1 3.75 −48.7 0.96 1.2 × 102

2 13.75 −35.6 5. 21 6.3 × 102

3 23.75 −20.6 12.96 15.7 × 102

4 33.75 −4.8 27.47 29.7 × 102

5 43.75 16.4 55.79 2

6 53.75 43.5 58.72
7 63.75 52.9 93.32
8 73.75 65.2 170.00

Fig. 3. (a) Infrared spectra (% reflectance ATR) of most crosslinked film (crosslink
density = 1.7 × 104 mol m−3): (A) not subjected to thermal degradation; (B) after
15 min at 300 ◦C in N2 flow (data was offset by −20%); (C) after 90 min at 300 ◦C
in N2 flow (data was offset by 40%); (D) after 90 min at 400 ◦C in N2 flow (data was
offset by 60%); (E) after 10 ◦C/min ramp to 450 ◦C in N2 flow (data was offset by 90%).
(b) The same spectra, common scale.
55.8 × 10
58.8 × 102

93.3 × 102

169.7 × 102

volatile products formation [7]. Concentration of selected urethane
diacrylate oligomer blend with polyester main chain, CN966B85,
was the same in all resin formulations to ensure invariant con-
tribution of non-acrylate degradation to an observed thermally
induced weight loss. The molecular weight of oligomer portion
of the blend, CN966, was ≈5500 [61(a)]. Thus, relative contri-
bution of four urethane bridges per oligomer molecule to the
thermally induced weight loss was low relative to that of ester
groups. The ATR FTIR spectra of polymer films subjected to ther-
mal degradation in nitrogen flow indicated that urethane linkage
remained intact even after degradation resulting in 80% mass loss
(Fig. 3). Indeed, absorbance at frequencies characteristic for ure-
thane (1524 cm−1 and 1580 cm−1) remained almost constant. On
the other hand, absorbance at frequencies corresponding to acry-
lates and esters (carbonyl C O stretch at 1720 cm−1, C–O stretch
four bands 1140 cm−1 to 1180 cm−1, 1180 cm−1 to 1280 cm−1, etc.
[61(b)]) gradually disappear with thermally induced degradation
(Fig. 3). Mechanism of polyester degradation is similar to polyacry-
lates degradation mechanism and the same volatiles are formed
[7]. Polyester contribution to thermally induced weigh loss should
also be relatively low considering that concentration of oligomer
was ≈0.04 M. Regardless, the same mobility restrictions at higher
degree of crosslinking apply to ester and to acrylate degradation
[7].

The crosslink density of the UV-cured polyacrylates was calcu-
lated using an expression based on Flory’s rubber elasticity theory
(Eq. (1), Table 2) [4–6,62].

�e = E′

3RT
(1)

where �e (mol m−3) is a molar concentration of crosslinks, E′

(Pa) is tensile storage modulus measured at the rubbery plateau,
R = 8.31 J K−1 mol−1 is universal gas constant, and T (K) is absolute
temperature. Crosslink density derived using Eq. (1) ranged from

≈120 mol m−3 to ≈17,000 mol m−3 (Table 2). The kinetic rubber
elasticity theory is not valid for high degrees of crosslinking, and
Eq. (1) is valid for polymers with modulus in the range of 2 × 106

to 2 × 108 Pa. Eq. (1) yields underestimated crosslink densities for
moduli, E′ � 2 × 108 Pa. Storage moduli of the polyurethane acry-
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Fig. 5. Crosslink density effect on the kinetics of isothermal degradation of

ig. 4. Crosslink density effect on the kinetics of isothermal degradation of
olyurethane acrylate films at 200 ◦C: (a) in air; (b) in nitrogen flow. The highest
rosslink density was 1.7 × 104 mol m−3, while the lowest was 1.2 × 102 mol m−3

Table 2).

ates studied here were close to the range in which the rubber
lasticity theory (and Eq. (1)) is applicable.

Kinetics of isothermal degradation of polyurethane acrylates
t each crosslink density was monitored in air and in nitrogen at
00 ◦C, 300 ◦C and 400 ◦C. Lower overall weight loss was observed

n almost all the cases in acrylate films with higher crosslink density
Figs. 4–6).

Under temperature ramp (30–450 ◦C at 10 ◦C min−1) polymers
ith higher crosslink density degraded faster above 400 ◦C in air

nd in nitrogen (Fig. 7), however initial onset of degradation (com-
on term for the inflection point on a weight-loss curve describing

GA detected degradation kinetics) occurred at higher tempera-
ure in polymers with higher crosslink density (Fig. 8). Thus, an
verall loss of weight in less crosslinked polymers was higher.
he weight-loss-detected degradation kinetics was polychronal,
or isothermal and temperature ramp conditions (Figs. 4–7) [1]. In
on-isothermal process conducted in airflow, up to six stages could
e identified (Fig. 2). When non-isothermal degradation kinet-

cs was monitored in nitrogen flow, at most, four stages were
bserved. This occurred due to kinetic non-equivalence of reac-
ive species in such non-uniform media as polymer solids [1].
olychronal weight-loss kinetics observed by TGA could also be
xplained by multi-stage process yielding monomer and aldehydes
n early stages of degradation and alcohols and water in later stages
31–34,39,63], carbon dioxide, and methanol in the early and late

tages of degradation of acrylates [27–30,40,64]. The lower (initial)
egradation onset temperatures increased with crosslink den-
ity. Higher onset temperatures were not dependent on crosslink
ensity or the atmosphere at which thermal degradation was con-
polyurethane acrylate films at 300◦: (a) in air; (b) in nitrogen flow. The highest
crosslink density was 1.7 × 104 mol m−3, while the lowest was 1.2 × 102 mol m−3

(Table 2).

ducted (Fig. 8), in agreement with Emanuel and Buchachenko
and Flory’s statistical approach to polymer degradation, stating
that kinetic non-equivalencies due to difference in chain segment
mobility and environment are averaged at high degree of degrada-
tion and at high temperature, leading to monochronal degradation
kinetics [1]. Such averaging occurred at all crosslink densities stud-
ied here (Fig. 8).

Thermo-oxidative degradation initiation involves peroxides for-
mation, consequent formation of initiating PO• radicals, reactions
with P• radicals and so on (Scheme 1) [1,7,24,46–48], in addition
to hydrogen abstraction and valency migration through cycliza-
tion (Schemes 2 and 3) [1,7,24–45]. In the presence of oxygen
(Schemes 1–3), formation of alcohol, water and carbon diox-
ide was expected to be faster than in the inert environment
(Schemes 4 and 5), due to autocatalysis.

At all temperatures studied here difference in degradation
kinetics in air and in nitrogen was substantially smaller than the
difference resulting from the crosslink density change (Fig. 9).
At 200 ◦C oxygen noticeably accelerated degradation of the least
crosslinked polyacrylate (≈120 mol m−3 of crosslinks). There was
no detectable acceleration of the most crosslinked polyacry-
late (≈17,000 mol m−3 of crosslinks) degradation in the presence
of oxygen (Fig. 9a). At 300 ◦C oxygen acceleration of the most
crosslinked polyacrylate degradation became comparable to that

of the least crosslinked one, with fasted degradation in air than in
N2 (Fig. 9b). At 400 ◦C an amount of weight loss in the absence of
oxygen exceeded that in the presence of oxygen for all degrees of
crosslinking (Fig. 9c). At 400 ◦C, the rate of weight loss in air was
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Fig. 7. Crosslink density effect on weight loss due to non-isothermal degradation
of polyurethane acrylate films at (a) in air, (b) in nitrogen. Heating rate = 10 ◦C/min
ig. 6. Crosslink density effect on the kinetics of isothermal degradation of
olyurethane acrylate films at 400◦: (a) in air; (b) in nitrogen flow. The highest
rosslink density was 1.7 × 104 mol m−3, while the lowest was 1.2 × 102 mol m−3

Table 2).

lower than that in nitrogen atmosphere (Fig. 9c). These results
ere confirmed by temperature ramp experiments (Fig. 10).

The formation of peroxides would occur in the presence of oxy-
en however the weight-loss-detected degradation kinetics may
e controlled not by oxygen diffusion rate but by other processes.
ndeed, no crosslink density dependence of oxygen effects on rad-
cal life-time in photocrosslinked acrylates matrix was observed
41]. In addition, Kumins and Roteman reported that oxygen dif-
usion rate did not depend on glass transition temperature [3,
. 116]. Thus, crosslink density dependence of oxygen effects on
egradation kinetics should be due to other factors than oxygen dif-
usion rate. Oxygen diffusivity in polymer matrix is ≥10−7 cm2 s−1,
iffusivity of small molecules like alcohols, ≥10−9 cm2 s−1, while
iffusivity of polymer segments is ≤10−10 cm2 s−1; these differ-
nces influence kinetics of radical reactions in polymer matrix
56,65–67] and kinetics of thermal degradation [1,2,7,24–45]. As
ill be shown below, oxygen diffusion rate will be higher than the

ates of volatile products diffusion and rate of polymer segments
otion. Temperature dependent diffusion coefficients make oxy-

en contribution to degradation kinetics difficult to predict, as was
een above (Fig. 9).

The mechanism of volatile products formation is similar with
nd without oxygen, since the same type of poly-radicals is formed
Schemes 2–5). If the volatile products formation and diffusion

tages control the degradation rate, no or little difference between
inetics of degradation in the presence of oxygen and in nitrogen
hould have been observed. According to work of Grassie [31–34],
ameron [27–30], Haken [35(a)] and others [68,69] a majority of
from 30 ◦C to 450 ◦C. The highest crosslink density was 1.7 × 104 mol m−3, while the
lowest was 1.2 × 102 mol m−3 (Table 2).

acrylate decomposition products are volatile. Haken emphasized
formation of low volatility oligomer residue, however formation of
substantial amounts of volatiles was detected: >40% of weight loss
was reported to be due to monomer formation in the early stages
and carbon dioxide in the later stages of degradation [35(b)]. Our
dada confirmed these results and showed that degradation rates
detected by the weight loss changed over the course of degradation
(Figs. 4–7). The degradation rates were derived from experimen-
tal weight-loss kinetic curves (Figs. 4–7) at different degradation
stages as �(weight)/�(time). The time intervals were selected
at: 0–5 min, 0–10 min, 10–20 min, and 20–30 min. The derived
degradation rates were plotted as a function of crosslink density
(Figs. 11 and 12). Lower weight-loss rates observed at advanced
stages of degradation (Figs. 11 and 12) were in agreement with
observations of Lomakin et al. [37,38], Madorsky and Straus [68],
Fourie and McGill [69], and Zislina et al. [70]. The rate of weight-
loss decreased with crosslink density at all stages of degradation
at 200 ◦C and 300 ◦C (Figs. 11a and b and 12a and b). At 400 ◦C
the rate of weight loss at advanced degradation stage increased
with crosslink density (Figs. 11c and 12c). Zislina et al. attributed
similar observation to the catalysis of degradation by the products
[70], while others considered polymer–substrate interference that
did not exists in current work [69]. The reported decreased stabil-

ity of highly crosslinked polymers [9] could have been an artifact
resulting from the measurements conducted at the final stages of
degradation at high temperature.
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ig. 8. Dependence of onset temperatures in non-isothermal degradation of pho-
ocrosslinked acrylates on crosslink density: (a) in air, (b) in nitrogen flow.
emperature ramp to 450 ◦C at 10 ◦C min−1.

To ascertain a rate-controlling step of polyacrylate degrada-
ion, apparent activation energy, Ea, of initial stages of degradation
as derived from the slope of the curves describing the initial

ate (from 0 to 5 min) of the weight loss dependence on the
nverse absolute temperature for each value of crosslink den-
ity (Figs. 13 and 14) [20–22]. As was emphasized by Emanuel
t al. [1], polychronal degradation kinetics leads to multiple
ctivation energies deduced at different temperature intervals
Figs. 13 and 14). The 200–300 ◦C Arrhenius slope yielded Ea rang-
ng from 12.6 kJ mol−1 for lowest crosslink density (≈120 mol m−3)
o 25.1 kJ mol−1for highest crosslink density (≈17,000 mol m−3). In
00–400 ◦C temperature interval Ea ranging from 33.5 kJ mol−1 to
8.6 kJ mol−1 were obtained (Fig. 14). At 200–300 ◦C interval acti-
ation energies in the presence of oxygen were higher than those
n nitrogen flow (Fig. 14b), while in the 300–400 ◦C oxygen pres-
nce lowered activation energies (Fig. 14a). Activation energies
howed overall increase with increased crosslinked density. Similar
alues of Ea, from 23.5 to 80.0 kJ mol−1, were reported for polyacry-
ates and polymethacrylates [8,71–73]. Values >84 kJ mol−1 were
eported elsewhere [38,45,74]. The temperature dependent Ea was
eported in the majority of publications [1,8,45,71–74].

Lomakin et al. concluded that relatively low activation energies
ndicated degradation kinetics controlled by the rate of volatile
roduct diffusion [37,38]. Oxygen diffusion control of thermoox-

dation was often suggested as well [73]. However, almost no

ifference in rates of thermal degradation of polyacrylate sam-
les of different thickness was found for thicknesses from 10 �m
o 70 �m indicating that diffusion of oxygen and degradation
roducts may not be the rate-controlling process in polymer
egradation [37,75]. To verify the validity of Lomakin’s conclu-
Fig. 9. Comparison of degradation kinetics in air and in nitrogen at (a) 200 ◦C, (b)
300 ◦C and (c) 400 ◦C. The highest crosslink density was 1.7 × 104 mol m−3, while the
lowest was 1.2 × 102 mol m−3 (Table 2).

sions, we monitored the kinetics of volatile products formation
using mass-spectrometry. Mass values characteristic for carbon
dioxide radical cation, M[CO2

•+]/z = 44, and that of the acryloyl rad-
ical cation, M[CH2 CH–C = O•+]/z = 55, were most representative
since these moieties are known to form in thermal degradation
of higher polyacrylates and acrylic monomers [76,77]. Kinetics

of volatile degradation products emission from most crosslinked
(≈17,000 mol m−3) and least crosslinked (≈120 mol m−3) poly-
acrylates was monitored under temperature ramp to 450 ◦C at
10 ◦C min−1 degradation (Fig. 15) and at constant temperatures
of 200 ◦C and 300 ◦C (Fig. 16). Decarboxylation started at lower
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ig. 10. Comparison of non-isothermal heating induced weight loss in most
rosslinked and least crosslinked polyurethane acrylates in air and nitrogen flow.
emperature ramp to 450 ◦C at 10 ◦C min−1. The highest crosslink density was
.7 × 104 mol m−3, while the lowest was 1.2 × 102 mol m−3 (Table 2).

emperature for crosslink density of ≈120 mol m−3 (Fig. 15). How-
ver, the maxima of CO2 and monomer formation were observed at
he same temperature (time) for most and least crosslinked poly-

er degradation in temperature ramp regime. In other words, no
elay in CO2 or monomer emission from polymer with crosslink
ensity of ≈17,000 mol m−3 relative to that of ≈120 mol m−3 was
bserved at temperature ramp (Fig. 15). We did not detect a time lag
etween decarboxylation (detected by CO2) and depolymerization
monitored by acryloyl radical cation) reported by Haken [35] and
omakin et al. [37,38] neither at 300 ◦C (Fig. 16) nor at temperature
amp (Fig. 15) degradation. Higher mass volatile species (>80 a.u.)
ere detected at the same time as CO2 and monomer, regardless

f crosslink density.
At 200 ◦C kinetics of degradation products formation differed

or most and least crosslinked polymers (Fig. 17). The CO2 emission
uring the least crosslinked polymer degradation at 200 ◦C, passed
hrough a maximum corresponding to maximum degradation rate
imilarly to those seen at 300 ◦C and at temperature ramp (Fig. 17a
nd b). During degradation of the least crosslinked polyacrylate
t 200 ◦C the emission of CO2 and monomer occurred at approx-
mately same time (Fig. 17a and b). During the most crosslinked
olymer degradation at 200 ◦C, no emission of monomer related

ons or of higher molecular weight species were observed, and CO2
mission amount increase did not exhibit maximum (Fig. 17a). The
inetics of CO2 emission became identical as degradation of the
ost and least crosslinked polymer advanced, as expected from

egradation induced chain length averaging [1,4]. The decarboxy-
ation without monomer formation is consistent with degradation
hrough a rotational diffusion of ester group to site of a radi-
al (Schemes 4 and 5). The rotation of polymer segments is also
onsistent with low apparent activation energy of polyacrylate
egradation and with an increase in activation energy with increase

n crosslink density (Fig. 14). Change from degradation due to
otation of polymer segments at low temperature to a degrada-
ion through direct bond scission at higher temperatures may also
xplain increase in apparent activation energy with temperature.
bsence of oxygen effects in most crosslinked polymer degradation
t 200 ◦C (Fig. 9a) also indicated either restrictions of volatile prod-
cts diffusion or hindrance of rotation required for decarboxylation

mong other products (Schemes 4 and 5). A possibility oxygen
iffusion controlling faster degradation at higher temperature is
iscussed below.

If diffusion of volatile degradation products, such as CO2, con-
rolled crosslikned polyacrylate degradation kinetics as suggested
Fig. 11. Dependence of the thermal degradation rate of photocured urethane acry-
late films on crosslink density in air: (a) at 200 ◦C, (b) at 300 ◦C, (c) at 400 ◦C. Rates
were measured by the slope of the weight-loss kinetics curves (Fig. 2) at differ-
ent stages of degradation, as �(weight)/�(time) at: (�) 0–5 min, (♦) 0–10 min, (	)
10–20 min, (©) 20–30 min.

by Lomakin et al. [37,38], degradation activation energy should be
around or higher than 84 kJ mol−1 [3] while CO2 and acryloyl release
time would differ in highly crosslinked polyacrylates degradation.
This was not observed in the present work (Figs. 15 and 16). Higher
molecular weight volatile products were also released without the
time lag relative to CO2 (Figs. 15 and 16). This again indicated that

processes other than volatile products diffusion might be respon-
sible for higher stability of highly crosslinked polymers.

Diffusion of carbon dioxide and monomer out of degrading poly-
mers with highest and lowest crosslink density occurred with the
same rate however, activation energy of the degradation is within
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Fig. 12. Dependence of the thermal degradation rate of photocured urethane acry-
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ate films on crosslink density in nitrogen flow: (a) at 200 ◦C, (b) at 300 ◦C, (c) at
00 ◦C. Rates were measured by the slope of the weight-loss kinetics curves (Fig. 2) at
ifferent stages of degradation, as �(weight)/�(time) at: (�) 0–5 min, (♦) 0–10 min,
	) 10–20 min, (©) 20–30 min.

he range corresponding to that of smaller molecules diffusion, and
hat of rotational diffusion of polymer segments in polymers above
heir glass transition temperature.
Diffusion of small molecules in polymers above their glass tran-
ition can be described by Eyring’s transition state theory of rate
rocesses [3,78,79]. The Eyring’s approach is based on the model
f liquid or polymer where holes of molecular size (free volume)
re overwhelmingly abundant [80] and diffusion is stipulated by
Fig. 13. Dependence of initial weight-loss rate (derived from the slope 0–5 min)
on the inverse temperature (K): (a) in nitrogen, (b) in air. Crosslink densities
(in mol m−3) are (�) 1.2 × 102; (�) 6.3 × 102; (�) 15.7 × 102; (�) 29.7 × 102; (©)
55.8 × 102; (	) 58.8 × 102; (♦) 93.3 × 102; (�) 169.7 × 102.

a random shift of the polymer segments to allow motion of pene-
trant [3,78–81]. Fox and Loshak derived the dependence of number
of chain segments required for gas diffusion on apparent activation
energy of this gas diffusion in polymer (Eq. (2)) [3, p. 120]:

Nfc
fg

∼= �Ed

RTg
(2)

where N is the number of polymer chain segments participating
in small molecule diffusion, �Ed (J mol−1) the diffusion thresh-
old energy, R = 8.31(J K−1 mol−1) a universal gas constant, Tg (K)
the glass transition temperature, fc the critical fractional free vol-
ume required for segment to jump or move, and fg is the free
volume fraction at glass transition temperature. If small molecule
diffusion-controlled degradation is assumed, then using the appar-
ent activation energy of degradation, measured as described above,
the number of segments that should shift to permit such diffusion
can be estimated (Eq. (2)). Thus for the highest activation energy
corresponding to a most crosslinked polymer with Tg = 65.2 ◦C,
considering that fc ≈ 0.3 [3 pp. 111, 117, 118], and maximum
theoretical fg = 0.113 [6 pp. 383, 82, 83], one obtains N ≈ 7.8.
For the least crosslinked polymer with Tg = −48.7 ◦C, one obtains

N ≈ 6.7. These values correspond to oxygen diffusion according to
Kumins and Kwei [3, p. 118]. Thus, degradation threshold ener-
gies and number of moving chain segments in our most and least
crosslinked acrylates are consistent with those of oxygen diffu-
sion into polymer. Diffusion of polymer segments also occurs with
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Fig. 14. Dependence of apparent activation energy of crosslinked polyurethane
acrylates thermal degradation on crosslink density derived from the graphs of the
degradation rate dependence on inverse temperature: (a) temperature interval from
300 ◦C to 400 ◦C, (b) temperature interval from 200 ◦C to 300 ◦C. (�) In nitrogen and
(©) in air.

Fig. 15. TGA-Mass-spectrometry: kinetics of non-isothermal degradation
of crosslinked polyurethane acrylates detected by carbon dioxide release
(Mass = 44 a.u.) and by release of forming monomer (detected by acryloyl radical
cation, Mass = 55 a.u.). Nitrogen flow. Thicker lines correspond to most crosslinked
polymer.

Fig. 16. TGA-Mass-spectrometry: kinetics of 300 ◦C isothermal degradation

of crosslinked polyurethane acrylates detected by carbon dioxide release
(Mass = 44 a.u.) and by release of forming monomer (detected by acryloyl rad-
ical cation Mass = 55 a.u.). Nitrogen flow. Thicker lines correspond to the most
crosslinked polymer.

�Ed ≈ 24.3 kJ mol−1 activation energy [3]. The ≈7 chain segments
are also sufficient for cyclic decarboxylation. So oxygen diffusion
and decarboxylation control of degradation kinetics cannot be elu-
cidated. The crosslink density stipulated thermal stability increase
was observed in the absence of oxygen as well, raising a question
of oxygen diffusion control of kinetics of polymer thermal degrada-
tion. The above results did not exclude kinetics controlled by carbon
dioxide and other volatile products diffusion out of polymer matrix
[37,38].

The diffusion rate depends on molecular structure (collisional
crossections, Van der Waals potentials, etc.) of the diffusing
molecules [21,22,78] and polymer glass transition temperature
[3,78, 83 and ref. therein]. Eyring’s temperate dependence is
observed as well:

D = D0 exp
(

ED

RT

)
(3)

(�N2

�X

)2
× 10−3 ED

R
=7.5 − 2.5 × 10−4(298 − Tg)2 for Tg < 298 K

(4)

(�N2

�X

)2
× 10−3 ED

R
=7.5−2.5 ×10−4(298−Tg)3/2 for Tg > 298 K

(5)

log D0 = ED × 10−3

R
− 4.0 for Tg < 298 K (6)

log D0 = ED × 10−3

R
− 5.0 for Tg > 298 K (7)

log D(T)=log D0−435 × 10−3 ×ED

T × R
overall D approximation at any T

(8)

where ED is an apparent activation energy of diffusion, �X is colli-

sional cross-section diameter of the diffusing molecule, X, D and
D0 are diffusion coefficient and pre-exponential term in Eq. (3)
[3,83]. Following Van Krevelen [83], and Herschfelder et al. [78]
�CO2 = 39.4 Å , �O2 = 34.7 Å , �N2 = 38.0 Å . The following results
were obtained using Eqs. (6)–(11) (Table 3) [83, pp. 546–583]. The
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ig. 17. TGA-Mass-spectrometry: kinetics of 200 ◦C isothermal degradation of cros
elease of forming monomer (detected by acryloyl radical cation Mass = 55 a.u.). Nit

compensation effect” of higher D0 values reduces the influence of
igher threshold energy ED in diffusion coefficient computations.
his results at higher temperature in computed CO2 diffusivities
eing higher than computed O2 diffusivities (Table 3) [83]. The val-
es of computed activation energies are close to those measured in
his work.

Activation energy of products diffusion is close to that of
otational diffusion of polymer chain segments [84]. Computed dif-
usion coefficients can be used to estimate the rates of reactions
ontrolled by oxygen or carbon dioxide diffusion using Smolu-
howski equation [20,21,56,65,85] (Eq. (9)):

diff = 2�DAB(�A + �B)NA ≈ 4 × 1014DAB (9)

The computed rate constants range from 7 × 109 l mol−1 s−1
o 6 × 1010 l mol−1 s−1for CO2 diffusion control and from
× 1011 l mol−1 s−1 to 3 × 1012 l mol−1 s−1 for O2 diffusion control.

Such high rate constants are encountered in radical reactions in
olution, fluorescence emission decay. Thus, approximate calcula-
ions using Eqs. (3)–(9) indicate that thermal degradation kinetics

able 3
omputed diffusivities and diffusion threshold energies.

Temperature Diffusing specie D (cm2 s−1)

200 ◦C 400 ◦

Most crosslinked
(Tg = 338.2 K)

CO2 4.12 × 10−5 5.5 ×
O2 3.5 × 10−5 2.5 ×

Least crosslinked
(Tg = 224.3 K)

CO2 3.2 × 10−4 1.7 ×
O2 2.8 × 10−4 9.4 ×
d polyurethane acrylates detected by carbon dioxide release (Mass = 44 a.u.) and by
flow. (a) Least crosslinked polymer sample; (b) most crosslinked polymer sample.

control by oxygen or carbon dioxide diffusion is unlikely. Even
if diffusing molecule cross-section would be 10-fold higher to
account for larger molecules formation, the diffusion control would
require degradation kinetics to occur with the rates corresponding
to extremely fast processes that are not known to participate in
thermal degradation.

Another approach to evaluating whether the diffusion of gasses
in or out of degrading acrylates can control weight-loss kinetics
can be used as well. Using computed diffusion coefficients one can
estimate time required for O2 and CO2 molecules to diffuse through
a film thickness during thermal degradation. A simplified time-lag
approximation to solution of diffusion equation suffices (Eq. (10))
[3]:

t = l2
(10)
6D

where t is the time required for a molecule of diffusivity, D, to diffuse
through thickness l. For l ≈ 75 �m and D ≈ 10−5 cm−2 s−1 (lowest
diffusivities at 200 ◦C, Table 3), t ≈ 0.9 s, and for D ≈ 10−3 cm2 s−1

(lowest diffusivities at 400 ◦C, Table 3), t ≈ 0.009 s. Thus, diffu-

Computed ED (kJ mol−1) Smoluchowski’s rate
constant (l mol−1 s−1)

C 200 ◦C 400 ◦C

10−3 63.6 8.2 × 109 1.1 × 1012

10−3 56.5 7.0 × 109 5.0 × 1011

10−2 52.6 6.4 × 1010 3.4 × 1012

10−3 46.4 5.6 × 1010 1.9 × 1012
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cyclic transition state, preceding the formation of these products
ig. 18. Dependence of glass transition temperature on total diacrylate moieties
oncentration in the resin formulation (a) and on derived crosslink density (b).

ion of oxygen and carbon dioxide may play role in degradation
inetics control at 200 ◦C, but diffusion rates appear too high to
ontrol observed degradation kinetics at 400 ◦C. For CO2 the above
esults diverge (at least at temperatures >200 ◦C) from Lomakin’s
onclusion that products diffusion controls thermal degradation
inetics [37,38]. However, diffusion of larger fragments and acrylic
onomer out of degrading polyacrylate can control the degrada-

ion kinetics as Lomakin suggested. The kinetic control by slower
ovement of chain segments in degrading polymer solid (diffusiv-

ties as low as 10−11 cm2 s−1 [3,5,6]) with consequent formation of
yclic intermediate may be a plausible degradation rate-controlling
tep, as discussed below.

The length of polymer fragments available for rearrange-
ent can be estimated based on glass transition and rubber

lasticity theory. However, quantitative relations between poly-
er glass transition temperature and crosslink density are not

ully established. One of the reasons is deviation of polymer
ehavior at high crosslink density from that predicted by rub-
er elasticity theory [86–93]. The theory used to derive Eq. (1)

s applicable in limited the range of elastic storage modulus,
× 106 Pa < E′ < 2 × 108 Pa [82,86–93]. Although storage modulus
f photocrosslinked polyurethane acrylates used in the current
tudy was within these limits (Table 2), and glass transition
emperature depended linearly on difunctional species concen-
ration (Fig. 18a), glass transition temperature dependence on
rosslink density computed by Eq. (1) deviated from linear-
ty (Fig. 18b). Similar crosslinked polyacrylates behavior was

eported and analyzed by Tobolsky et al. [88]. To avoid rub-
er elasticity considerations, semi-empirical equations can be
sed to derive molecular properties of the highly crosslinked
olymers.
cta 503–504 (2010) 70–84

The polymer structure may be elucidated to some extend using
Nielsen equation that relates glass transition temperature to con-
centration of elastic chains [86]:

Tg = Tg0 + 3.9 × 104

Mc

(11)

where Tg is crosslinked polymer glass transition temperature, Tg0

is glass transition temperature of the polymer in non-crosslinked
limit, Mc is number average molecular weight of the polymer chains
between the crosslinks [86,88,93]. Glass transition in our most
crosslinked polymer occurs at ≈65.2 ◦C and in the least crosslinked
polymer at ≈−48.7 ◦C (Fig. 1b and Table 2). Linear extrapolation
to 0% concentration of difunctional species yields Tg0 ≈ −60 ◦C
(Fig. 18). Therefore, for most crosslinked polymer studied here
Mc ≈ 312 g mol−1 and for the least crosslinked, Mc ≈ 3450 g mol−1

(Eq. (3)). Eq. (11) and similar expressions [86–88] are only approx-
imate, however an order of magnitude difference in estimated
chain length should lead to noticeable difference in chain seg-
ments mobility. An average number of atoms in polymer backbone
between the crosslinks, n̄c , can be approximated (Eq. (12)) [86]:

Tg = Tg0 + 788
n̄c

(12)

Using Eq. (12) n̄c ≈ 70 atoms crosslink−1 for the least
crosslinked polyacrylate and n̄c ≈ 6.3 atoms crosslink−1 for
the most crosslinked polyacrylate was found. Comparing Mc

and n̄c (Eqs. (11) and (12)), we obtain for a molecular weight of
the repeating unit between crosslinks to be M̄rep ≈ 50 g mol−1.
This would be a reasonably close number for acrlylic derivatives
(Schemes 2–5).

Segmental mobility in network with 6 atoms in polymer back-
bone between the crosslink should be lower than in one with 70
atoms. However the number of atoms in the backbone, n̄c ≈ 6, is
sufficiently large to allow oxygen and carbon dioxide diffusion to
be comparable at both levels of crosslinking, as indicated by Eyring
diffusion theory and Eq. (2).

Rotational degrees of freedom that control decarboxylation and
degradation rates (Schemes 4 and 5), can be found using approach
of Bicerano, who related glass transition temperature to chain seg-
ments mobility (Eq. (5)) [89]:

Tg = Tg0 + Tg0 × const

n × Nrot
(13)

where n = Mc/M̄rep, M̄rep is the molecular weight per repeat unit
and Nrot is the rotational degrees of freedom parameter quantifying
chain flexibility [89]. Product n × Nrot corresponds to average num-
ber of rotational degrees of freedom between crosslinks. Bicerano’s
interpretation shows that the number of rotational degrees of free-
dom in chains between crosslinks is >10 times lower in the most
crosslinked polyurethane acrylate than in the least crosslinked
polyurethane acrylate studied here (Eq. (13), Table 2). Although
the results of the above computations do not exclude reduction
of diffusion rate of CO2 and other volatile products with increase
in crosslink density, the considerations of activation energy and
segment mobility change presented above indicated rotational
diffusion-controlled decarboxylation and monomer formation may
control the kinetics of studied polyurethane acrylates degradation.
In other words, diffusion of CO2 and other volatile products out of
degrading crosslinked acrylates would occur faster than rotational
diffusion of the polymer chain segments required for formation of
(Schemes 4 and 5).
The cyclization (loop closure) time, �c, in polymers can also

be deduced using the Kargin–Slonimskii–Rouse-type approach for
non-interacting chain segments motion, derived for polymer solu-
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ion but applicable to motion in matrix [5,94–97].

c ≈ b3

D0
N˛ (13′)

here b is monomer segment length, D0 is monomer segment dif-
usivity, N is the chain fragment length and ˛ is 3/2 or 2 depending
n the polymer model used [94–97]. In other words, the rate con-
tant for decarboxylation intermediate cycle formation, k = 1/� [79]
s proportional to monomer diffusion rate [97,98]. The number of
hain segments required for cyclization, N, remains constant. The
onomer segment diffusivity, D0, decrease with crosslink density

ncrease ensures that cyclization and consequent degradation will
e slower in polymers with higher crosslink density. The problem
f differentiating kinetics control stipulated by forming products
scape rate from that of cyclization remains in the absence of
etailed numerical analysis. It is however informative that no dif-
erence in the rate of emission of monomer and carbon dioxide was
etected by TG-MS and no sample thickness effects on polyacrylate
egradation rate were detected.

Generalized kinetic modeling of polymer degradation in solu-
ion also indicated that polymer stability increase with increase of
rosslink density is to be expected [99–101]. Results and numerical
stimation presented above indicated that straightforward control
f thermal degradation kinetics by the rate of oxygen uptake and
arbon dioxide and other volatile products diffusion rates in poly-
er matrix [52,93] does not explain all the observations. It is likely

hat the degradation kinetics is controlled by the rate of polymer
egment rotation leading to decarboxylation and formation of low
olecular weight species.
Chain initiation often defines degradation rate (Scheme 1)

1,7,24,46–48,85]. Radical pair formation upon thermal activation
s reversible and radical pair must move out of the cage and be
tabilized to initiate chain degradation [85]. The separation of rad-
cals is diffusion controlled and probability of escape from the cage
fter radical pair formation decreases with radicals and chain seg-
ents diffusivity decrease [85]. The radical recombination in cage

s collision-controlled (k ∼ 1013 s−1). Although sterric restrictions
ower radicals recombination rate to allow radicals escape from
he cage [85,56,102], diffusion coefficients decrease with crosslink
ensity (Table 3) will also be consistent with lower degradation
ate at higher polymer crosslinking. The activation energy of radi-
al escape from the cage is close to that found in the present work.
n case of chain scission leading to two high molecular weight frag-

ents, the radical-bearing chain ends must separate by rotational
iffusion of polymer segments in matrix (Eq. (13)). Obviously, lower
otational diffusivity will result in lower probability of cage escape.
ore quantitative approaches may be sought. Detailed numerical
odeling [56,65,99–102] of the degradation kinetics lies outside

he scope of this work, however a semi-quantitative use of the avail-
ble segments mobility models indicated degradation kinetics may
e controlled by the rate of rotational diffusion of polymer chain
egments.

. Conclusion

A series of photocrosslinked poly(urethane acrylates) with
ncreasing crosslink densities and glass transition temperatures
anging from −48.7 ◦C and +65.2 ◦C was designed and formulated
o analyze the effects of crosslink density on thermal stability of
olymers. Crosslink density and glass transition temperatures were
erived using dynamic mechanical analysis. The kinetics of pho-

ocrosslinked poly(urethane acrylates) thermal degradation was

onitored by the loss of volatile products detected by TGA and
GA-Mass-spectrometry at temperatures 100–450 ◦C. The rate of
arly stages of degradation, <5 min from the beginning, decreased
ith the increase of crosslink density. No time lag between elution
cta 503–504 (2010) 70–84 83

of carbon dioxide and that of acrylate monomers was observed by
TG-MS. At 400 ◦C and above, the rate of volatiles loss increased with
crosslink density at longer times (10–15 min after the beginning of
degradation). This may explain, why decreased stability at higher
crosslinking was sometimes reported [9,11].

Degradation onset temperatures and apparent activation ener-
gies of volatiles loss increased with increased crosslink density. The
values of apparent activation energies ranged from ≈13 kJ mol−1

to ≈63 kJ mol−1. Such activation energies were computed to cor-
respond to motion of 7–8 polymer chain segments, under small
molecule diffusion assumption. This number of chain segments
was sufficient for oxygen diffusion, but was less than what is
required for CO2 and monomer molecules diffusion. Diffusion coef-
ficient computations also yielded diffusivities too high to control
the rate of observed degradation kinetics. The observed data, how-
ever are consistent with degradation rate controlled by rotational
diffusion of chain segments required for cyclic decarboxylation
(Schemes 4 and 5) and stabilization of polymeric radicals.

Although complete separation of processes controlled by small
molecules diffusion and those controlled by chain segment mobility
is rather problematic, all the data on increase of polymer stability
with increase of crosslink density could be explained in a straight-
forward way by reduction in the chain segment mobility, since the
motion of segments is required for small molecules diffusion as
well as for formation of cyclic transition state. Further experimental
and computational investigations are necessary to get unequiv-
ocal answer on correlation of degradation kinetics with polymer
structure.

Use of classic methods of thermogravimetric analysis allowed
direct monitoring of polyacrylate degradation processes and
straightforward data interpretation.
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