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Abstract—The thermodynamics of swelling of copolymers of acrylic acid B-vinyloxyethylamide with aezyla-
mide and N-vinylpyrrolidone of various compositions in water and ethanol is investigated. It i§ established that
the swelling of the copolymers in water is characterized by high negative enthalpy valuesqand that the'swelling
in ethanol is an endothermic process. It is found experimentally that the hydrogels obtaided experienee contrac-

tion at elevated temperatures.
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In recent years, polymer gels, which represent
crosslinked polymers swollen in a solvent, have come
to the attention of researchers. The interest is due to
their unique properties, the most important of which is
the sorption of large volumes of solvents, which can be
tens and even hundreds of times larger than the volume
of the polymer. Moreover, gel samples exhibit revers-
ible jump-type changes in dimensions in response to
small changes in the surrounding medium (pH, temper-
ature, presence of low-molecular compounds, gfc.):
These properties of gels offer great promise for their
use in medicine, industry, plant growing, theiome, and
in other fields. Their use can be substantially extended
after the development of a general theotypof swelling,
which is necessary to control microgandimacroscopic
properties of gels [1-3].

We investigated gels based on copelymers of a new
divinyl monomer, acrylic agid B-vinyloxyethylamide
(AAVOEA) [4, 5]. Previogisly [637];71t was established
that the swelling ratio of copolymers of AAVOEA with
acrylamide (AA) and Nsvinydpyrrolidone (VP) essen-
tially depends on €xternalifactors: pH of the medium,
the presence of.an organic solvent or an electrolyte, etc.
The investigdtionsof, the thermodynamics of collapse
and swelling'‘ofspolymers [8] provides data on the ther-
modynamie¢ affinity of solvents to polymers and insight
into)the energy nature of polymer—solvent interactions.
Such'ifivestigations also provide a means of estimating
the thermedynamic stability of polymer—solvent binary
systems and its temperature dependence, predicting
their collapse on cooling or heating, and, finally, relat-
ing thermodynamic parameters of swelling to the struc-
ture of base units of polymers.

In this connection, we studied the swelling of copol-
ymers of AAVOEA with AA and VP in water and etha-
nol at 278 K by thermochemical methods.

EXPERIMENTAL

The enthalpygof swelling or the integral heat of
swelling was \measured on a DAK I-IA differential
automatie, calorimeter. Experimental error and the
horegeneity, of set of variances in the determination of
heat effects were calculated using the Student criterion
and‘the Bartlett test [9].

AAVOEA was synthesized by condensation of
monoethanolamine monovinyl ether and acryloyl chlo-
ride'[5] by the reaction

CH2:C|:H
0O-CH,—CH,—NH,

+ CH,=CH-COCl

- CH2 = (le (|:H= CH2
O-CHy—CHy—NH~C
O

in a yield of 82% (T, = 363 K at p = 2 mm Hg, d;’ =

1.0824, and n,, = 1.4786). The product was identified
using IR spectroscopy and chemical analysis.

Copolymers of AAVOEA with AA and VP were
synthesized by copolymerization of the monomers in
the presence of a radical initiator, azobis(isobutyroni-
trile). The comonomers were mixed in the molar ratios
10:90, 15 : 85, and 25 : 75 (mol %). The conversion of
comonomers varied over the range 67.3-86.9 wt %
according to their nature and proportion in the initial
mixture. Volumes of gel samples were measured after
their synthesis (V) and after the attainment of the equi-
librium swelling value (V) using a KI-8 cathetometer.
Initial samples had the shape of a sphere with an aver-
age diameter of 0.2 cm.
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Table 1. Enthalpies of swelling of copolymers in water at polymer weight fractions of (I) 0.0018, (II) 0.0014, and (IIT) 0.0010

m, g —AHyey1, J/g m, g —AHgyey1, J/g m, g —AH ey, I/g
AAVOEA-AA copolymer of composition 28 : 72 (mol %)
I II I
0.0090 32.44 0.0068 28.23 0.0048 26.66
0.0090 32.44 0.0068 28.08 0.0048 26.66
0.0091 3242 0.0069 28.26 0.0047 27.23
0.0090 33.00 0.0066 28.33 0.0046 26.30
0.0091 3341 0.0068 28.23 0.0048 26.45
(32.74 £ 0.5) (28.22+0.1) (26.66 £ 0.4)
AAVOEA-VP copolymer of composition 6 : 94 (mol %)
I II 111
0.0091 79.78 0.0069 75.22 0.0046 73.91
0.0090 79.78 0.0068 76.03 0.0046 74.56
0.0091 79.36 0.0068 76.03 0.0047 74.04
0.0092 79.33 0.0067 76.86 0.0045 72.00
0.0090 78.88 0.0070 75.29 0:0045 74.66
(79.43+£0.4) (75.88 £0.8) (73.83 £1.3)
AAVOEA-VP copolymer of composition'§3 :147 (mol %)
I II m
0.0094 100.85 0.0069 88.26 0.0045 82.87
0.0092 101.08 0.0068 89.00 0.0046 84.13
0.0092 101.08 0.0067 88.66 0.0047 84.04
0.0093 100.64 0.0068 88.38 0.0045 81.55
0.0091 101.00 040069 88.26 0.0047 83.19
(100.93 £0.2) (88.51 £0.4) (83.16 £ 1.3)

Note: Average values are parenthesized.

Calorimetric experiments consistédyin the measure-  in water (17860 £ 283 J/mol) agrees satisfactorily with
ment of the heat evolved upomerushing ampoules with  the value recommended in [10] (17577 + 34 J/mol).
polymer samples in excess of the solvent. Enthalpies of
swelling of copolymers, AAYOEA with AA and VP in

water and ethanol were measured in the regime of auto- RESULTS AND DISCUSSION
matic compensationof heatat polymer weight fractions . . . .
from 0.00028¢6" MO0\ With greater weight fractions, From the experimental data listed in Table 1, it is

seen that the swelling of the copolymers in water is
characterized by great negative enthalpies of swelling.
The exothermic effect of swelling of the copolymers in
water is due probably to the formation of polymer—
water solvation complexes. The enthalpy of swelling of

the timesof thermal r€sponse increases, which decreases
the #€lhability ofiresttlts. Registration was performed by
a KSP-4 secording potentiometer and, in parallel, by an
IP-4 précision integrator. Prior to testing, samples were

allowed to stand ‘in a th;rmostat .for 2 h. Before Pro- A AVOEA-AA copolymer varies with the polymer con-
ceeding to experimentation, the instrument was cali-  cengration in the system (Fig. 1): the specific enthalpy
brated against the power evolved by the built-in heater  of the process increases with the polymer concentra-
at a calibration voltage. Performance of the calorimeter  tjon. In the swelling of copolymers of AAVOEA with
was checked by measuring the hgat O.f dissolutionof tri- N -vinylpyrrolidone, the heat evolution is higher than
ply recrystallized KCl at the dilutions (salt-to-water  that for its copolymers with acrylamide, which corre-
molar ratios) 1 : 1600, 1 : 2400, and 1 : 3200. The lates with the data [6, 7] on swelling values of these
obtained average value of the heat of dissolution of KCl  copolymers in water.
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Fig. 1. Dependences of the enthalpy of swelling (AH g1 of
copolymers in (/, 3, 5) water and (2, 4) ethanol on the poly-
mer weight fraction in the system (w): (/, 2) AAVOEA-AA
copolymer of composition 28 : 72 mol %; AAVOEA-VP
copolymers of compositions (3, 4) 6 : 94 and (5) 53 : 47 mol %.

It is remarkable that the exothermic effect of syell=
ing of AAVOEA-VP copolymers increase with the
number of AAVOEA links responsible #forythe
crosslinking of the copolymer. As thef extent of
crosslinking of the polymer is increasedgthe ac¢ess of
solvating molecules to links of polymer ‘€hains must
seemingly become more and more limited, and, conse-
quently, the enthalpy of swellingfust decrease. How-
ever, the experimentally observed¢dependence of the
heat evolved in swelling ongtheextent of crosslinking is
quite the reverse. This sgggestshthat the solvation of
AAVOEA links withy, water molecules provides a
greater gain in energy asycompared to the solvation of
VP links: AAVOEA, linksteontaining more functional
groups must serbymore,water molecules.

Forgthe inveStigated polymers, the enthalpies of
swelling ate severdl times higher than those for the
majerity of known polymers [8], even though the mea-
suremefits of heats of swelling were carried out in
highly dilute systems. High enthalpies of swelling are
indicative of high affinity of water to the investigated
polymers.

High exothermic effects of swelling of copolymers
of AAVOEA in water suggest that, owing to the
enthalpy component of the total Gibbs energy, an
increase of the temperature will favor the displacement
of equilibrium in the direction reverse to the process of
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Fig. 2. Effect of the'temperatuteron the swelling of hydro-
gels of AAVOEA-VP copolymers of compositions (/) 6 : 94
and (2) 23 : 77 mol % and AAVOEA-AA copolymers of
compésitions (8) 12 : 88 and (4) 17 : 83 mol %.

swelling'of hydrogels. Temperature dependences of the
voliime| lof thydrogels experimentally determined for
copolymers of AAVOEA with VP and AA are presented
in Fig. 271t is seen that, as the temperature is increased
from 20 to 45°C, gels of AAVOEA-VP copolymers
exhibit contraction. In this case, the character of varia-
tionief the volume is indicative of an abrupt phase tran-
sition: swelling values of the copolymers remain virtu-
ally constant to some critical temperature, and, in a cer-
tain temperature range, the sorption capacity of the
hydrogels changes by jump. The magnitude of the jump
occurring in this temperature range depends on the
composition of the polymer. An increase of the propor-
tion of VP links in the copolymer (or a decrease of the
number of AAVOEA links) is accompanied by the dis-
placement of the transition toward the region of higher
temperatures. In this case, the hydrogels show changes
in volume more than 40%.

The significant decrease in volume of hydrogels
observed at elevated temperatures can be due not only
to the exothermic effect of swelling of the copolymers
but also to an enhancement of the hydrophobic attrac-
tion. According to present views [11], the basic reason
for hydrophobic interactions is the gain in entropy due
to the disruption of the water structure in the vicinity of
hydrophobic groups. As the temperature is increased,
the entropy component of the total free energy
increases, and, consequently, the role of hydrophobic
interactions increases too. Thus, the abrupt transition of
hydrogels of copolymers of AAVOEA with VP from
the swollen to collapsed state at elevated temperatures
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Table 2. Enthalpies of swelling of copolymers in ethanol at polymer weight fractions of (I) 0.00028, (II) 0.00037, and (III)

0.0017
m, g AH e J/g m, g AH e, J/g m, g AH e, J/g
AAVOEA-AA copolymer of composition 28 : 72 mol %
I 111
0.0029 30.00 0.0019 21.05 0.0014 19.29
0.0030 30.00 0.0019 21.58 0.0015 18.66
0.0029 30.34 0.0017 21.18 0.0014 18.57
0.0029 30.69 0.0018 21.11 0.0014 18.57
0.0029 30.34 0.0019 22.10 0.0014 19.28
(30.28 £ 0.3) (21.40+0.5) (18.88 £ 0.4)
AAVOEA-VP copolymer of composition 6 : 94 mol %
I HI
0.0030 130.66 0.0019 95.79 0.0013 66.15
0.0029 133.10 0.0019 96.31 0.0013 68.46
0.0029 131.38 0.0019 95.79 0:0014 68.57
0.0028 131.43 0.0018 97.78 0.0014 68.57
0.0028 132.14 0.0018 97.22 0:0014 68.57
(131.74+1.1) (96.58 1¢1.2) (68.06 +0.9)

Note: Average values are parenthesized.

is caused by the enthalpy and entropy components of
the total free energy of the process.

In analogous conditions, hydrogels of copolyfmers
of AAVOEA with AA behave somewhat differently.
From the experimental data (Fig. 2), it is seenfthat tem-
perature dependences of the swelling valueyof the
hydrogels behave in an extreme fashion. @As the temper-
ature is increased, the hydrogels exhibit conteaction and
then, at a certain temperature, continuejto swell. It may
be suggested that, above somg criticall temperature,
hydrolysis of acrylamide links becomes the determin-
ing factor in swelling of theSethydregéls. The presence
of charged groups of like sign formed by hydrolysis
leads to mutual repulgion“ef macromolecules and the
transition of subchains from the compact globular con-
formation to the looser coilleonformation.

Swelling of copolymiers essentially depends on the
naturegofythe 'Solvent | 1-3]. To gain a better insight into
thesnodynamicaffinity of ethanol to polymers, we deter-
mined enthalpies of swelling of copolymers of AAVOEA
with AA (28 : 72 mol %) and VP (6 : 94 mol %) in
ethanol®

Previously [4, 5, 12], it was shown that hydrogels of
copolymers of AAVOEA with AA and VP substantially
decrease in size on the addition of an organic solvent to
the polymer—water system. A probable reason for this
behavior is the deterioration of the thermodynamic sol-
vent quality. Indeed, the swelling of the copolymers in
ethanol is attended by significant endothermic effects
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(Table 2). Consequently, the formation of polymer—eth-
anol|solvation complexes is energetically unfavorable.
Maereover, ethanol is less polar than water and, as the
solyent, less favorable to the dissociation and the for-
mation of charged fragments in macromolecular
chains. Both the factors adversely affect the swelling of
the investigated hydrogels. For the AAVOEA-AA sys-
tem, the endothermic effect of swelling is less than that
for the AAVOEA-VP system. In the swelling the copol-
ymers in ethanol, AH,,; also depends on the ratio
between components in the polymer—solvent system
(Fig. 1).

Thus, the obtained thermodynamic characteristics
of swelling show that the thermodynamic affinity of
water to copolymers of AAVOEA with AA and VP is
higher than that for ethanol. The enthalpies of swelling
of the copolymers correlate with the published values
and provide better insights into how the temperature
and the nature of the solvent influence the stability of
polymer—solvent binary systems.
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