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The role of imperfections in thermal polymerization of acrylamide in the solid state was studied. The 
polymer yield and the degree of polymerization are highly dependent on the particle size and on the 
pressure to which the monomer is subjected prior to polymerization reaction. There is an enhancement 
in the rate of polymerization in air unlike in the case of radiation-induced polymerization. Thermal 
polymerization of acrylamide in pelletized form results in the formation of water-soluble linear poly- 
mer and water-insoluble cross-linked product with the evolution of ammonia. The activation energy 
Q values obtained in the present investigation reveal that basically there are two processes taking 
place, one with B = 34-36 kcahmole, corresponding to the initiation process, and the other with E = 19 
2 3 kcal/mole for the propagation process. 

Introduction 

The polymerization of numerous mono- 
mers in the crystalline state has led to a 
large number of investigations in the past 
decade with the objective of obtaining poly- 
mers with structures different from those 
obtained by liquid phase polymerizations 
(i.e., polymerization in the melt or solu- 
tion). In most studies on solid-state poly- 
merization the reaction was initiated using 
uv or high-energy radiation such as X rays, 
y rays, or fast electrons either by irradiating 
monomers at the polymerization tempera- 
ture or by introducing reactive centers at 
low temperatures and subsequently warm- 
ing the sample to give a postirradiation re- 
action. In recent years the solid-state poly- 
merization of acrylamide, acrylates and 
methacrylates initiated by y radiation has 
been studied extensively (I-II) and it has 
been shown that the resulting polymer is 
amorphous (22, 23); uv-initiated solid-state 

polymerization of acrylamide and acrylic 
and methacrylic acids, including the radical 
mechanism of initiation and termination, 
the effects of applied pressure as a function 
of temperature, and the effect of additives 
on the polymerization have also been re- 
ported (M-17). 

There are very few solid monomers 
which undergo purely thermal polymeriza- 
tion reaction. For example, p-acetamido 
styrene, p-benzamido styrene, and a few 
conjugated diacetylenes undergo spontane- 
ous thermally initiated polymerization be- 
low their melting points (18-22). In the 
present investigation acrylamide was cho- 
sen because it is typical of a class of vinyl 
monomers which has been shown to exhibit 
solid-state polymerization by y rays, uv, X 
rays, high pressure, and in the presence of 
initiators (26, 23-28). Acrylamide has a 
melting point of 84-85°C; it has been re- 
ported that below its melting point it shows 
very little or no tendency to polymerize 
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thermally (29). Many of the solid-state 
polymerization reactions proceed at lattice 
imperfections where the local mobility is 
larger. The present work describes in a sys- 
tematic manner our attempts on the study 
of thermally initiated solid-state polymer- 
ization of acrylamide crystals which have 
been pretreated to produce varying concen- 
trations of imperfections. 

Experimental 

Acrylamide was recrystallized from ace- 
tone and dried under vacuum. The melting 
point was found to be 85°C. Acrylamide of 
different particle sizes, ranging from an 
average of 82.5 to 500 p,m was prepared by 
grinding in mortar and sieving by the use of 
standard sieves (30-600 pm). 

Acrylamide of particle size 185 Frn was 
used for the application of pressure; the 
pressurization was accomplished with a hy- 
draulic press. 

Thermal polymerization was carried out 
at 70 + 1°C in an air oven. About l-2 g of 
acrylamide of different particle sizes was 
used in order to study the effect of particle 
size on the polymerization inair, nitrogen, 
and vacuum. The effect of pressure was 
studied in two ways. In one experiment ac- 
rylamide pellets obtained at different pres- 
sures were used as such, and in another the 
pressed pellets were dismantled, sieved to 
the average particle size of 185 pm, and 
used for polymerization. Since the poly- 
merization rate was slow, the samples were 
removed from the oven after 14 days, 
treated with methanol to dissolve the un- 
reacted monomer, and the polymer was 
then dried under vacuum and weighed. 
Thus the percentitge polymer yields were 
determined under different experimental 
conditions. The conversion was almost lin- 
ear with time in the region of interest 
(10-20 days) for all the particle sizes. The 
polymer was analyzed for gel content by 
treating it with water and filtering through a 

sintered crucible. Percentage yields of wa- 
ter-insoluble gel and water-soluble polymer 
(sol) were thus determined. Polymer sam- 
ples were characterized by molecular 
weight determination with an Ubbelohde 
viscometer at 3O”C, using the relationship 
(30) 

(n) = 4.07 x 10-h Mn-1.07. 

ESR spectra was recorded with a Vatian 
E-109 Xb and ESR spectrometer at 70°C for 
an acrylamide sample (- 82.5 pm) heated 
to 10°C for 4 days. 

In order to study the effect of pressure on 
line defects, acrylamide of particle size 185 
pm was pelletized at different pressures, 
then dismantled, and sieved to the same 
particle size of 185 km. X-Ray diffraction 
patterns were recorded on a Phillips X-ray 
diffractometer with CuKcw radiation at 25 
kV, 12 mA with a scanning speed of p/min 
and a chart speed of 4 cm/min for half-width 
measurement. A high chart speed was em- 
ployed so that the half-widths of the peaks 
could be measured and compared accu- 
rately. 

A Phillips MS 10 mass spectrometer was 
used to identify the gaseous products 
formed during the polymerization of acryl- 
amide pellets . 

The kinetics of solid-state polymerization 
were followed by conducting polymeriza- 
tion experiments with 82.5-pm acrylamide 
at different temperatures from 65 to 80°C in 
air. 

Results and Dim&ion 

Acrylamide maintained at 70°C for 14 
days resulted in the formation of polyacryl- 
amide. This was confirmed qualitatively by 
the insolubility of the product in methanol 
and by ir spectra, as well as quantitatively 
later on by molecular weight determination 
(@z is of the order of 5 x 104). 

Acrylamide maintained for 4 days at 70°C 
shows an ESR signal (Fig. 1) at a micro- 
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FIG. 1. ESR spectrum of acrylamide at 70°C after 4 
days. 

wave frequency of 9.045 GHz at 3230 G, 
corresponding to a g value of 2.003. Al- 
though the polymer yield was not very sig- 
nificant after 4 days at 70°C the ESR signal 
was quite prominent. Thus one can infer 
that thermal initiation of acrylamide also 
proceeds via a free radical mechanism, in 
conformity with the results of the earlier 
investigations on solid-state polymerization 
initiated by high-energy radiation (25). Fur- 
ther X-ray diffraction study of the polymer 
reveals that it is amorphous as in earlier 
studies (12, 13) where the polymerization 
was brought about by high-energy radia- 
tion. 

Effect of Particle Size 

An analysis of the study of the effect of 
particle size on the rate of polymerization 
reveals that for the polymerization in air 
and nitrogen atmosphere, the percentage 
polymer yield is inversely proportional to 
the particle size of the monomer (Fig. 2). 
The reactions are initiated at imperfections, 
and polymerization takes place initially in 
the more imperfect regions of the monomer 
lattice. Further formation of polymer from 
a vinyl monomer involves a change in hy- 
bridization of olefinic carbon atoms of the 
monomer, requiring a change in geometri- 
cal disposition of the substituent groups 
which becomes difficult in a perfect crystal. 
It is well known that surface itself consti- 
tutes a major imperfection in a solid. As the 
particle size of the monomer decreases, its 
surface area increases. One can therefore 
infer that the percentage polymer yield is 
dependent on the defect concentration. 
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FIG. 2. Dependence of polymer yield on the mono- 
mer particle size. 

It should be pointed out at this stage that 
when the polymerization was carried out in 
vacuum, the polymer yield was found to be 
independent of the particle size. It was also 
noted that vacuum polymerization was ac- 
companied by a very high degree of subli- 
mation and, probably, by recrystallization. 

Irrespective of the atmosphere (air, nitro- 
gen, and vacuum) in which the polymeriza- 
tion was carried out, the molecular weight 
of the polymer was found to be propor- 
tional to the particle size of the monomer 
(Fig. 3). At any given particle size the mo- 
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FIG. 3. Molecular weight of polymer, &I, as a func- 
tion of monomer particle size. 
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FIG. 4. Variation of change in half-width of X-ray peaks at 28 = 11.8” (0) and 20 = 23.9” (A) with 
applied pressure. 

lecular weight of the polymer obtained in 
vacuum and in nitrogen atmosphere was 
found to be higher than that obtained in air 
(all other conditions being constant, such as 
temperature and time of polymerization). 
Baysal et al. (32) have observed that the 
degree of polymerization for polymeriza- 
tion of acrylamide initiated by uv radiation 
is decreased by the presence of oxygen, 
due to the fact that chain initiation is faster 
in air, perhaps following the formation of 
peroxides. This could therefore explain 
why polymerization in air produces lower 
molecular-weight material. 

Effect of Pressure 

An effective way of increasing the defect 
concentration in a solid is to subject the 
solid to a uniaxial pressure as is done dur- 
ing pelletization. If the pellet is now dis- 
mantled and a proper particle size is chosen 
for polymerization, one would then be 
studying the effect of the imperfections pro- 
duced as a result of prepelletization on the 
subsequent polymerization. A measure of 
the concentration of imperfections pro- 
duced in this fashion can be obtained by 
measuring the half-width of the X-ray dif- 
fraction peaks (32-35). Figure 4 shows the 
effect of pressure on the change in half- 

width of the X-ray diffraction peaks ob- 
tained (for acrylamide monomer subjected 
to different pressures, dismantled, and then 
sieved to the particle size of 185 pm) at 28 
= 11.8” and 28 = 23.9”, the half-widths of 
other 20 peaks remaining unchanged. There 
is a significant increase in half-width with 
pressure, indicating clearly that the imper- 
fections increase with the pressure. 

When the pretreated a&amide (pellet- 
ized, dismantled, and sieved to 185 km) is 
kept for polymerization in air under identi- 
cal conditions of temperature and time, the 
polymer yield was found to increase with 
the pressure to which the acrylamide was 
subjected prior to polymerization (Fig. 5). 
Together with the results obtained from the 
correlation between change in width of the 
X-ray diffraction peaks and pressures (Fig. 
4), this shows that the polymer yield is de- 
pendent on concentration of imperfections 
of monomer crystals. It is appropriate to 
recall that the experiments seeking correla- 
tion between particle size and yield (Fig. 2) 
also lead to the same inference. As was ob- 
served in the study on the particle size, the 
polymer yield from the pretreated mono- 
mer was independent of pressure when the 
polymerization was carried out in vacuum. 

In conformity with the studies on the par- 
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FIG. 5. Polymer yield as a function of applied pressure (pellet dismantled). 

IO 

title size the studies of the effect of pres- 
sure on the polymerization reveal that (a) 
the molecular weight of the polymer is inde- 
pendent of the applied pressure when the 
polymerization was carried out in air and 
(b) when polymerized in vacuum the molec- 
ular weight increases with the increase in 
the pelletized pressure (Fig. 6). Nicholson 
and Norrish (36) studied the effect of pres- 
sure on the radical polymerization of 
styrene in vacuum and found that an in- 
crease in pressure and a decrease in cata- 
lyst concentration led to an increase in the 
average degree of polymerization. Similar 
results have been found on the radical poly- 

merization of methyl methacrylate by 
Vereshchagin et al. (37). 

Polymerization of acrylamide pelletized 
at different pressures and left in the form of 
pellets (not dismantled) reveals that the 
polymer yield increases with an increase in 
applied pressure. As already mentioned in 
the earlier experiments, larger pressure in- 
troduces more imperfections, which in turn 
leads to an increase in the polymer yield. It 
is appropriate to point out that Bamford et 
al. (14) report that for the case of acrylic 
and methacrylic acids the polymer yield de- 
creases with an increase in the pressure. 
Apart from the fact that the monomer under 
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FIG. 6. Variation of molecular weight, %z, as a function of pressure (pellet dismantled). 
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investigation was different (acrylic and meth- 
acrylic acids by Bamford and acrylamide 
in the present work) there are two other 
differences in the experimental procedures. 
Whereas (i) Bamford used low pressures, 
such as 5 atm, in the present investigation 
we used pressures on the order of lo3 kg/ 
cm*; and (ii) in Bamford’s case polymeriza- 
tion was done in situ, i.e., polymerization 
was carried out with pressure on, whereas 
in the present investigation the pressure 
was eliminated before polymerization. 
Bamford points out that during the applica- 
tion of pressure imperfections such as dis- 
locations move away from the propagating 
chains, and that this is the reason for the 
decreased yield. A detailed analysis of the 
plot of yield versus pressure (Fig. 7) reveals 
that the polymer yield from an acrylamide 
pelletized at a pressure of 1100 kg/cm* is 
substantially lower than that using unpel- 
letized acrylamide with particle size 185 
pm. This result could have been under- 
stood in terms of Bamford’s interpretation, 
except that the later part of the plot shows 
that the polymer yield increases with pres- 
sure, i.e., the concentration of imperfec- 
tions increases with pressure (Fig. 4). The 
understanding of the change in polymer 
yield as one changes from pellets to a pow- 
der of 185qm particle size can be facili- 

tated by recalling the results on the effect of 
particle size on the polymer yield (Fig. 2). If 
the acrylamide pellet is assumed to be a 
large particle with a size of 5000 Frn (the 
size of the pellet used in this investigation 
for polymerization), then there is a signifi- 
cant decrease in surface area as one pro- 
ceeds from 185 pm at zero pressure to a 
pellet at 1000 kg/cm* pressure. The depen- 
dence of polymer yield on particle size is 
exponential (Fig. 2), and when this is ex- 
trapolated to the particle size of -5000 p,rn 
it is evident that it corresponds roughly to 
the minimum observed in Fig. 7. 

The results of the study on the polymer 
yield as a function of the applied pressure 
clearly show that the polymer yield is de- 
pendent on the pressure, viz., concentra- 
tion of imperfections if the particle size is 
kept constant. This is independent of 
whether acrylamide pellet is polymerized 
as such or whether the polymerization is 
carried out by dismantling the pellet. A ma- 
jor difference, however, is observed, de- 
pending on the state of a&amide during 
polymerization; i.e., whether the pellet is 
used as such or whether it is dismantled. 
Whereas polymerization of dismantled pel- 
let of acrylamide yields a linear water-solu- 
ble polymer, the polymerization of acryl- 
amide in pelletized form results in both 
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FIG. 7. Polymer yield as a function of pressure (acrylamide in pellet form). 
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water-soluble linear polymer (sol) and wa- 
ter-insoluble gel. A possible reason for the 
gel formation is the crosslinking of the lin- 
ear polyacrylamide molecules through the 
pendant-CONHz group, with the loss of 
ammonia, as per the equation 

-KHz-TH], j -(CH2-CH),- 

c=o J =o 

NH2 NH 

A =o 
I 

-(CH2--CH),- 

+NH3 

Mass spectrometric analysis of the gaseous 
product of acrylamide pellet polymerized at 
70°C for 14 days in fact reveals the presence 
of ammonia, confirming the crosslinking 
process that occurs in the pressed pellets 
during the polymerization. 

The absence of gel formation in the case 
of acrylamide pellet dismantled shows that 
the proximity of the molecules in the 
pressed pellet is important in giving rise to 
the crosslinked products. This is clearly 
shown in Fig. 8, where the percentage gel 
and sol are plotted versus pressure. In air 
atmosphere percentage gel increases with 

the applied pressure, while that of soluble 
polymer increases first, and then decreases, 
suggesting that more soluble linear mole- 
cules are getting crosslinked to produce gel 
at high pressures. When the experiment 
is done in vacuum, gel formation is still 
observed. However, the polymer yield 
(whether gel or sol) is practically indepen- 
dent of the applied pressure, probably due 
to sublimation and recrystallization, as ex- 
plained earlier. 

Kinetics of Polymerization 

The kinetics of solid-state polymeriza- 
tions have been investigated both during ir- 
radiation and after irradiation (3, 25). In 
various sources polymerizations are often 
characterized by sigmoidal conversion- 
time curves with an induction period, an 
acceleratory region, and finally a decelera- 
tory region. The thermal polymerization re- 
action of acrylamide also follows a sigmoi- 
dal type of curve with an induction period 
followed by an acceleratory region (Fig. 9). 
Due to the slowness of the reaction, the 
final deceleratory region is not recognized 
in the plot. 

Activation energy (~5’) studies can throw 
light on the mechanism of the polymeriza- 
tion reaction. Generally this is achieved by 
fitting the kinetic data to different equa- 
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FIG. 8. Influence of pressure on the yield of soluble and gel fractions. 
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FIG. 9. Thermal polymerization of acrylamide at diierent temperature. 

tions. In the present investigation the ther- 
mal polymerization rate is extremely slow 
and, therefore, the kinetic plots have not 
been taken to completion. It has been 
shown in solid-state chemistry that the Ja- 
cobs-Kureishy technique (38) can be fruit- 
fully utilized to determine E in cases where 
one is not certain about the topochemical 
equation to be used or where, due to exper- 
imental difficulties, the reaction cannot be 
taken to completion. Thus the activation 
energy E was calculated by plotting log l/t 
versus inverse temperature, where t is the 

time taken for the polymer conversion from 
some finite degree to another. (Details of 
the method of calculation are discussed by 
Jacobs and Kureishy (38)) 

The activation energy for polymerization 
of acrylamide induced by y rays has been 
attempted by several workers. Their values 
are listed in Table I. Before applying the 
Jacobs-Kureishy technique to the poly- 
merization of acrylamide it is worthwhile to 
test the equation on the data listed in Table 
I, which also lists the values of E obtained 
by the Jacobs-Kureishy technique. The 

TABLE I 

Activation energy 
(kcal/mole) 

Source Method Reported Calculated Author 

1. YraY Gravimetry 3.0 521 Baysal et al. (39) 
in-source 

2. YraY Gravimetry 10.0 18.4 Baysal et al. (39) 
postirradiation 

3. YraY NMR 19 r 1 19 2 1 Chachaty et al. (25) 

postpolymerization 

4. -YI=Y Gravimetry 25 24.9 Fadner and Morawetz (40) 
chain propagation 

5. Thermal Gravimetry 3.52 1; Present work 
19 2 3 
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TABLE II 

Percentage Activation energy 
conversion (kcal/mole) 

0 (intercept on X axis) 35.8 
1 36.2 
2 36.8 
4 35.1 
5 34.1 
6 23.5 
7 23.4 
8 22.9 

10 21.6 
15 19.7 
20 17.7 
25 15.8 

values thus obtained are in good agreement 
with those calculated by Chachaty and Fad- 
ner, irrespective of the percentage conver- 
sion. Recalculation of E based on the data 
of Baysal et al. using the Jacobs-Kureishy 
technique shows that whereas they report a 
value of 10 k&mole for postirradiation re- 
action, our calculation yields a value of 18.4 
kcal. It can thus be concluded that the E for 
the propagation reaction is approximately 
19-25 k&mole. 

The E values obtained in the present in- 
vestigation (Table II) reveal that basically 
there are two processes taking place, one 
with E = 34-36 kcal, and the other with E 
= 19 + 3 kcal, depending on the extent of 
conversion. The lower value, 19 + 3 kcal, is 
in good agreement with values of the earlier 
workers (Table I); by analogy it seems to 
refer to the mechanism of propagation of 
the chain. This is also apparent by examin- 
ing the shape of the curve, where the propa- 
gation refers to the acceleratory part of the 
sigmoidal portion. The higher value of 35 
k&/mole would then refer to the initiation 
process. In a sigmoid curve the induction 
period is generally related to the initiation 
process. The induction period could be ar- 
bitrarily calculated by equating it with the 
time required to reach a finite conversion, 

say, 1%. Alternatively, one can extrapolate 
the straight-line portion of the sigmoid 
curve to the X axis; the intercept represents 
the induction period in this method. The E 
values using the above two techniques are 
in good agreement (Table II). The gradual 
decrease of the activation energy with an 
increase in percentage conversion suggests 
that the actual values obtained represent 
the resultant of the initiation and propaga- 
tion. 

It is worthwhile to discuss the acti- 
vation energy obtained by Baysal et al. for 
polymerization of acrylamide by y rays in 
source. Although the activation energy for 
initiation should be high, the energy pro- 
vided by the y rays is much higher; there- 
fore, in principle, the initiation should be 
independent of temperature. The value of 
3-5 kcal/mole which is obtained experi- 
mentally is an indication in that direction. 

Conclusions 

1. The thermal polymerization of acryl- 
amide in solid state takes place via a free 
radical mechanism as shown by ESR exper- 
iments (Fig. 1). 

2. The polymer yield and molecular 
weight are highly dependent on the particle 
size and pressure to which the monomer 
was subjected prior to polymerization reac- 
tion. The atmosphere also plays an impor- 
tant role in the thermal polymerization of 
acrylamide in the solid state. 

3. Thermal polymerization of acrylamide 
in pelletized form results in the formation of 
water-soluble linear polymer and water-in- 
soluble crosslinked product, with the evo- 
lution of ammonia. 

4. It was shown (39) that y radiation-ini- 
tiated solid-state polymerization of acryl- 
amide was not influenced by the presence 
of oxygen, and that oxygen cannot pene- 
trate into the lattice of acrylamide (4Z). In 
the present work on thermally initiated 
solid-state polymerization of acrylamide an 
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air atmosphere is shown to enhance the rate 
of polymerization, presumably due to the 
formation of peroxides. 

5. The activation energy obtained in the 
present investigation is found to change 
from an initial value of 34-36 kcal/mole to a 
value of 19 + 3 kcal/mole at a later stage, as 
the percentage conversion is increased. 
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