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Thermal polymerization of acrylamide during the formation 
of the structures of acrylamide complexes with metal nitrates 

D. A. Kritskaya,* E S. Savost'yanov, and A. N. Ponomarev 

The Branch of Institute of Energetic Problems of Chemical Physics, Russian Academy of Sciences, 
142432 Chernogolovka, Moscow region, Russian Federation 

The effects of the composition of Mn II, C o  II o r  Ni II nitrate hydrate --  acrylamide 
(AAM) mixtures and of the duration of their aging at ambient temperature on the 
structurization of acrylamide complexes and on the character of their thermal polymerization 
have been studied by scanning and isothermic differential calorimetry. Stmctudzation is a 
rather prolonged step in the synthesis of acrylamide complexes. The peculiarities and rate of 
this step are determined by the composition of the mixture and by the nature of the complex- 
forming compound; it yields several structural modifications of the AAM complexes. The 
thermal polymerization of those structural forms of acrylamide complexes that polymerize at 
low temperatures may be formally described as polymerization in an acrylamide--nitrate-- 
water mixture. The effective activation energy of the polymerization of acrylamide mixed 
with Mn II nitrate hydrate is 45 kJ mo1-1. 
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In previous works we have found that  the  kinetics of  
thermal  polymer iza t ion  (TP) of  acrylamide (AAM) bound 
in a complex  with Co n ni t rate  changes essential ly as the  
condi t ions  under  which the spec imen is synthesized 
va ry ) ,  2 Based on the data  obta ined we concluded  that  
depending on the condi t ions  of  the  synthesis and the 
prepara t ion  of  specimens ,  several different hydrate  forms 
of  A A M  complexes  are formed,  whose structures and 
composi t ions  have a substantial  effect on the course of  
TP. 

It was also found that  when the synthesis of  AAM 
complexes  of  Co lI ni t rate  consists of  the t r i tura t ion of  
the  starting A A M - - m e t a l  ni trate hydrate  mixture  to its 
m ax imum "liquefaction",  the  TP  in these l iquid- l ike  
mixtures is recorded  at a t empera tu re  30--50 ~ lower 
than that  for the  solid complexes.  2 When  the "liquefied" 
mixture is kept  at ambien t  tempera ture ,  it hardens with 
t ime (apparent ly ,  involving no po lymer iza t ion  of  the 
monomer ) ,  which  indicates  the  format ion  of  crystal 
solvate structures incorpora t ing  A A M  molecules ,  the 
metal  ni trate ,  and,  possibly, water.  In the  present  paper ,  
this p h e n o m e n o n  is referred to as s tructurizat ion.  

The purpose  o f  this work has been to  e lucidate  the 
effect of  s t ructur iza t ion occurr ing during the synthesis of  
A A M  complexes  o f  M n  II, Co  II, and Ni  II nitrates on the 
kinetic  character is t ics  of  TP  of  complex -bonded  A A M  
by investigating the effects of  the  compos i t ion  o f  the 
starting mixture  and the dura t ion of  s t ructur izat ion on 
the charac ter  of  heat  evolut ion during heat ing of  the 
starting complexes:  the  number  of  peaks on the heat  
evolut ion curve, the  integral  thermal  effect, the  rate of  

TP,  and the posi t ions of  regions where efficient  poly-  
mer iza t ion  occurs. 

Experimental 

The kinetics of thermal polymerization was studied by 
differential scanning and isothermic calorimetry. The measure- 
ments were carried out on a DSM-3 microcalorimeter 
("Biopribor" special design office). 

The samples for the study were prepared as follows. Fine 
powders of AAM and the corresponding hydrate of metal 
nitrate in a desired molar ratio x (x = [AAM]:[nitrate hydrate], 
mol mo1-1) were placed in a porcelain bowl and triturated for 
1--2 min till its maximum "liquefaction"; then the resulting 
mass was stored in a closed vessel, and samples of weight 5--10 
mg were withdrawn at intervals and placed into the aluminum 
cells of a calorimeter and sealed by a hand-operated press. 

Therrnograms (TG) obtained on a calorimeter operating in 
the scanning mode recorded the rate of heat evolution R in the 
samples as they were heated from 30 to 130 ~ The calorimet- 
ric procedure used allows one to go from the scanning mode to 
the isotherrnic mode and to record R over the course of time at 
a constant temperature. The time required to change the 
operation mode is no more than 0.5 rain. 

Results and Discussion 

Moni tor ing  the synthesis of  the  A A M  complexes  of  
M n  II, Co I1, and Ni  II ni trates showed tha t  the  t r i tu ra t ion  
of  dry powders  o f  A A M  and the corresponding crystal 
hydrates (x = 4 : 1) ini t ial ly yields a ra ther  l iquid mass, 
which gradual ly  solidifies when  s tored in a bowl with a 
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glass cover (or when further triturated). Since this stor- 
age does not completely rule out the possibility of 
evaporation of water, check weighings were carded out, 
which showed that the decrease in the weight during 
storage was no more than 3--5 %. This value converted 
to the possible evaporation of water corresponds to 
about 20 % of its initial content in the mixture. There- 
fore, we may consider that the hardening of the mixture 
observed during the storage is due to structurization. We 
may assume that a relatively substantial portion of the 
water evolved in the initial stage of trituration is again 
incorporated in the complexes, thus building them and 
creating various structural forms. 

The change in the consistency of the samples ob- 
served as the starting composition of the mixture, x, 
varied was unexpected. I f  one assumes that the consis- 
tency of the product resulting from the trituration of a 
mixture is determined by the amount of water that is 
liberated when it is replaced by AAM molecules in the 
crystal hydrate, then the products obtained by the re- 
placement of 4--6 water molecules, i.e., at x = 5 : I, 
should be the most "liquid". In the case of an excess (x = 
8 : 1) or a deficiency (x = 1 : 1) of AAM, one might 
expect that the product would be more "sticky". Practi- 
cally the opposite picture is observed in the experiments. 
In fact, the mixtures of compositions 1 : 1 and 2 : 1 
obtained are quite liquid, and their consistency practi- 
cally does not change over a period of several hours. 
Mixtures with a composition of 8 : 1 are rather liquid, 
but they gradually solidify on storage. Mixtures of com- 
position 4 : 1 are the thickest, but they solidify on 
storage rather rapidly. 

In our opinion, the phenomena observed could be 
explained by assuming that "liquefaction" of a mixture is 
due to the amorphization of the crystal hydrate struc- 
tures of  nitrate salts resulting from their contact with 
even small quantities of  AAM ( I - -2  AAM molecules per 
mol of the hydrate salt), rather than to the chemical 
liberation of water from these structures. The interaction 
of the remaining AAM molecules with water molecules 
and metal ions (complex formation) most likely occurs 
in the already amorphized mixture. In the absence of 
active stirring, these processes may proceed rather slowly. 

The considerable acceleration of the structurization 
when x increases to 4 : 1 apparently indicates that the 
formation of new crystal structures from the resulting 
amorphized liquid-like mixture requires that at least 4--  
6 AAM molecules be present near the metal ion. The 
mixtures containing 1--3 AAM molecules per metal ion 
remain  amorphized.  The decrease in the rate of  
structurization in 8 : 1 mixtures may be explained by the 
formation of structures that differ noticeably from those 
formed at x = 4 : 1. 

In view of the explanation suggested one may assume 
that the solid structures formed from the mixture that 
amorphized during synthesis, probably contain no less 
than 4 AAM molecules, and the liquid phase probably 
includes complexes with 1--2 molecules of  AAM. When 

the liquid-like mixture is kept at ambient temperature, 
the composition of the complexes and also the composi- 
tions of the liquid and solid phases may substantially 
change. 

Figure 1 presents therrnograms (TG) of a mixture of 
AAM and Ni u nitrate hydrate (x = 4 : 1) 2 min (1), 
20 min (2), 60 min (3), and 50 h (4) after stirring of the 
mixture was stopped. The exothermic effects observed 
on the TG indicate that in the samples studied, poly- 
merization of AAM occurs. TP of the AAM complexes 
exhibits several peaks of  heat evolution. This indicates 
that the specimens contain several forms of the AAM 
complexes of Ni II nitrate have different temperature 
ranges in which polymerization of each of them is the 
most efficient. At least three regions can be distin- 
guished: the region where the maximum rate of heat 
evolution is at 60 ~ (region I), the region where the 
maximum rate is at 75 ~ (region II), and the region 
where the maximum rate is at 105 ~ (region III) .  The 
modifications of  the AAM complex that polymerize in 
these temperature ranges have been denoted as modifi- 
cation I, II, and III ,  respectively. 

The overall thermal effects measured in the thermo- 
grams (see Fig. 1, curves 1--4) and the heats of poly- 
merization calculated from them practically coincide 
with one another and correspond to a degree of poly- 
merization of AAM of 80--90 %. This suggests that the 
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Fig. 1. Thermograms of heating for specimens of a mixture of 
AAM with the hydrate of Ni n nitrate recorded after 2 (1), 20 
(2), and 60 (3) min and 50 h (4) of aging of the mixture after 
its preparation. The rate of scanning was 4 deg rain -1. 
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ratios between the heat evolution in the three above- 
mentioned temperature regions observed on TG 1--4 
correspond to the relative proportions of  the I, II, and 
III  forms of the AAM complexes of  Ni H nitrate in each 
of the specimens studied. As one can see, the propor- 
tions of these complexes in the starting specimens no- 
ticeably change with time after stirring is stopped. 

In the initial minutes after the completion of stirring 
form I predominates (1); when the specimen is kept at 
ambient temperature for 20 min, the proportion of form 
I appreciably decreases (2), and after 1 h, form II 
becomes the prevailing form. After the mixture is aged 
at ambient temperature for 50 h, it polymerizes effi- 
ciently in the region attributed to modification III  (4). 
This specimen mostly consisting of modification III  
undergoes an endothermic transformation at 80--85 ~ 
which should apparently be assigned to the melting of 
the completely formed solid AAM complex of Ni u 
nitrate (see Refs. 1 and 5). 

From the data presented, one may conclude that 
structural forms I and II  that arise during TP are un- 
stable at ambient temperature and are gradually trans- 
formed into III ,  which remains practically unchanged 
after a period of several months. (Obviously it was 
modification III  of  the AAM complex of NiII nitrate 
that we have studied previouslyfl, 3) The synthesis of the 
AAM complexes of Ni II nitrate involves the formation 
of structural form III  from the liquid-like mixture; it 
forms rather slowly, probably passing through forms I 
and II. The structural organization of the mixture and of 
the hydrated AAM complexes of Ni u nitrate is an 
important factor in the TP, similarly to the TP of the 
previously studied 2 AAM complexes of Co n nitrate. The 
displacement of the temperature region of the active 
polymerization of AAM in different forms of this mix- 
ture is 30--50 ~ Since during the first minutes after 
stirring is terminated (see Fig. 1, curve 1), intense 
polymerization of the specimen that has a more liquid 
consistency occurs at the lowest temperature, the in- 
crease in the temperature of the polymerization of AAM 
in modifications II and I I I  may be due to either "bond- 
ing" of AAM molecules into complexes, which persists 
after the termination of stirring, or structurization of the 
amorphized part of the mixture. 

Figure 2 shows the TG of mixtures of AAM with 
hydrates of Ni rI nitrates (1--3) or Mn u nitrates (4--7) 
1 h after they are prepared at compositions of  the 
mixture of 1 : 1 (1, 4), 2 : 1 (2, 5), 4 : 1 (6), and 8 : 1 
(3, 7). The most important conclusion from the data 
presented in Fig. 2 is that the thermal polymerization of 
AAM occurs efficiently in mixtures of  various composi- 
tions at substantially different consistencies of the 
samples. Calculations of the thermal effects show that 
the degree of polymerization of AAM at 50--120 ~ is 
~80--90 % in all of  the systems studied. This means that 
in the presence of nitrates, the AAM molecule is effi- 
ciently involved in polymerization, irrespective of the 
composition of the complex incorporating it. However, 

the temperatures at which TP is observed and the shapes 
and numbers of  the heat evolution peaks on the TG 
corresponding to the mixtures differing in compositions 
and complex-forming compounds are substantially dif- 
ferent. Polymerization of AAM mixed with NiII nitrates 
in liquid samples with a composition of 2 : 1 is efficient 
at 50 ~ (see Fig. 2, curve 2), while that in mixtures 
with Mn II nitrate is efficient at 70 ~ (see Fig. 2, curve 
5); in samples with a composition of 8 : 1, polymeriza- 
tion of AAM mixed with Ni TI nitrate occurs at 60 ~ 
and that for Mn II nitrate is observed at 100 ~ In 4 : I 
mixtures of AAM with Mn u nitrate (see Fig. 2, curve 6), 
relatively rigid structures, which apparently melt in the 
75--80 ~ region, are formed after 1 h. In AAM mix- 
tures with NiII nitrate of the same composition (see Fig. 
1, curve 3) structurization is not completed in the same 
period. 

Despite the diversity of the structural forms pro- 
duced and their essential effect on TP, we could eluci- 
date the following general tendency: the more liquid the 
consistency of the specimen under study, the lower the 
temperature at which its polymerization occurs; higher 
temperature regions of polymerization are characteristic 
of  more structurized specimens. It is reasonable to as- 
sume that a decrease in the viscosity of  the reaction 
medium is a significant condition for the occurrence of 
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Fig. 2. Thermograms of heating for mixtures of AAM with 
hydrates of Ni n nitrate (1--3) and Mn II nitrate (4--7) 1 h after 
their preparation. Compositions of the mixtures: 1 : 1 (I, 4), 
2 : 1 (2, 5), 4 : 1 (6), 8 : 1 (3, 7). The rate of scanning was 4 
deg min -1. 
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TP; the fact that no polymerization of structurized 
specimens is observed at low temperatures is probably 
due to the fact that their viscosities noticeably decrease 
only at elevated temperatures. The temperature of the 
amorphization of structurized specimens is obviously 
determined by the nature of  the metal and the chemical 
and phase composition of the mixture. The presence of 
several structural modifications of AAM complexes in a 
specimen can manifest itself as their successive softening 
at different temperatures. 

The above-stated suggestion that the specimens must 
be softened before their TP occurs is also supported by 
the following. When the cells were opened after TP, the 
polymeric products always looked like transparent uni- 
formly colored films irrespective of the initial concistency 
of the corresponding monomeric specimens, which indi- 
cates that the TP occurs in a homogeneous and, possi- 
bly, relatively liquid mass. The data presented allow one 
to formally regard the thermal polymerization of AAM 
complexes as polymerization of AAM in solutions. In 
this case, polymerization of AAM is most likely initiated 
by nitrogen dioxide resulting from the hydrolysis of 
metal nitrates in aqueous solutions, as has been shown 4 
for the spontaneous polymerization of AAM mixed with 
Ca II nitrate. This assumption makes it possible to com- 
pare the polymerization properties of AAM in mixtures 
with different complex-forming compounds having vari- 
ous compositions and consistencies by comparing the 
measured rates of polymerization normalized to the 
concentrations of  the nitrate and AAM, Rre a- 

Figure 3 shows the correlation between the values of 
Rre d for mixtures of  AAM with hydrates of Mn II, Co lI, 
and Ni II nitrates of  various compositions (1 : 1 to 8 : 1) 
and the temperature in the coordinates of the Arrhenius 
equation. The maximum rates observed in the isothermic 
operation mode of the calorimeter are taken as Rre d. The 
temperatures at which the Rre d values given in Fig. 3 
were determined correspond to the initial section of the 
lowest temperature region of polymerization for each of 
the mixtures studied. 

As the data presented imply, the Rre d values deter- 
mined by this method obey the Arrhenius dependence. 
The greatest interval of  the variation of temperature can 
be observed for mixtures of AAM with Mn II nitrate 
hydrate (see Fig. 3, curve 1). Thermal polymerization of 
AAM in these mixtures, whose composition varies from 
1 : 1 to 8 : 1, can be described by the Arrhenius equation 
(the straight line in Fig. 3) with an effective activation 
energy of ~45 kJ tool - l .  

The Eel f values for AAM mixtures with Ni n hydrates 
(see Fig. 3, curve 3) and Co II hydrates (see Fig. 3, curve 
2) determined in a similar way were 28 and 21 kJ mol - l ,  
respectively. The accuracy of the determination of these 
values, especially in the case of Co lI hydrate, is substan- 
tially lower, and the resulting values are only approxi- 
mate estimates. It should be noted that in these systems, 
the points shown in Fig. 3 are characteristic of the TP of 
mixtures whose composition varies over wide limits. The 
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Fig. 3 The temperature dependence of the reduced rates of the 
TP of AAM (Rred) for modifications of AAM complexes of 
Mn II (1), Co II (2), and NiII (3) nitrate polymerizing at low 
temperatures. The composition of the initial mixtures varied 
f roml  : 1 t o 8 :  1. 

TP of AAM observed in the lowest temperature region 
for all of the systems studied exhibits virtually no selec- 
tivity with respect to any particular optimal composition 
of the mixtures. This fact, together with the data pre- 
sented previously, confirms that within the above-speci- 
fied limits, polymerization of the AAM incorporated in 
complexes with metal nitrates may be regarded as poly- 
merization in a solution. 

Considering the data shown in Fig. 3, we should note 
that in this case, we compare the rates of polymerization 
of AAM in the structural forms that polymerize at the 
lowest temperatures, and the Eef r values obtained char- 
acterize the TP in all of  the systems (with different 
compositions and different concentrations of compo- 
nents) at low degrees of conversion. The other regions of 
polymerization observed at higher scanning tempera- 
tures may be characterized by different activation ener- 
gies. The mechanism of the initiation and growth of the 
polymer chain in higher temperature regions may differ 
essentially from that discussed in the present paper. In 
fact, the value of Eef f calculated by us previously 1 for the 
TP of AAM bound in complexes with NiII nitrate having 
structural modification III  amounted to 151 ld tool - l ,  
which is much larger than the value determined in this 
work for the structural form that polymerizes at lower 
temperatures. 

We introduced the concept of  structural forms or 
modifications of AAM complexesl, 2 in order to account 
for the existence of several temperature regions of  the 
polymerization of complex-bonded AAM on heating. 
The data presented in Figs. 1 and 2 indicate that even 
after prolonged aging at ambient temperature the speci- 
mens synthesized are mixtures of modifications that 
behave rather independently during TP. The differences 
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may result from dissimilar chemical compositions of the 
complexes. However, the results of this work make it 
possible to suggest that the effect of the structural modi- 
fications of  the complexes on the polymerization prop- 
erties of  systems can be practically reduced to the differ- 
ence in the temperature at which the viscosity necessary 
for the efficient polymerization of AAM in amorphized 
mixtures is achieved. This can be said with confidence 
for, at least, the lowest temperature region of polymer- 
ization of AAM in the formation of the structures of the 
AAM complexes with Mn n, Co II, and Ni n nitrates. 

This work was carried out with financial support 
from the Russian Foundation for Basic Research, Project 
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