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Phase separation during the formation of poly(acrylamide) hydrogels
S. Durma?® 0. Okay**

#Department of Chemistry, Istanbul Technical University, 80626 Maslak, Istanbul, Turkey
PDepartment of Chemistry, TUBITAK Marmara Research Center, Gebze, Kocaeli, Turkey

Received 1 March 1999; received in revised form 9 July 1999; accepted 28 October 1999

Abstract

The crosslinking polymerization of acrylamide (AAm) was investigated at a monomer concentration of 5w/v% in water with
N,N’-methylenebis(acrylamide) (BAAm) as the crosslinker. The crosslinker ratio (mole ratio of BAAm to AAm) was set to 1/82. The
fractional monomer conversionthe weight fraction of gelV, and the equilibrium weight swelling rati, of the hydrogels were measured
as a function of the reaction time. Experimental results indicate that the first gel molecule in the reaction system appears after a reaction time
t. = 4 = 1 min or after a monomer conversion xf = 0.07 = 0.02. At this critical point the homogeneous reaction system turned into a
heterogeneous one consisting of gel and separated solution phases. The network formation process took place in this heterogeneous systel
within the first 60 min of the reaction time. Experimenta¥Vy, andq,, data indicate that, during the gel growth process, the growing hydrogel
molecule cannot occupy the entire polymerization system, which is responsible for the observed phase separation. It was shown that the
volume of the separated liquid phase decreases as the polymerization and crosslinking reactions proceed and finally, the reaction system
becomes homogeneous again due to the decreasing dilution degree of the hyd2@@0. Elsevier Science Ltd. All rights reserved.

Keywords Crosslinking polymerization; Acrylamide; Poly(acrylamide)

1. Introduction directly affecting their physical properties such as swelling,
permeability, turbidity, and elasticity [17,18]. Hetero-
Acrylamide (AAm)-based hydrogels are important geneity appears as a result of a phase separation during
materials of both fundamental and technological interests.the formation of polymer gels. Phase separation may
These hydrogels are mainly obtained by FCC of AAm in the occur in the form of microsyneresis (separation of solution
presence oN,N’-methylenebis(acrylamide) (BAAm) as the droplets from the continuous gel phase) or macrosyneresis
crosslinker. Since the monomers are solid at the polymer- (deswelling of the gel phase) [19-22]. In both cases, after
ization temperature, the reactions are necessarily carried outomplete conversion of monomers to polymer hetero-
in an agueous solution of the monomers. Investigations of geneous gels consisting of gel and solution phases are
the swelling behavior of hydrogels derived from AAm have obtained. Recently, we proposed a kinetic-thermodynamic
been reported repeatedly in the last four decades. Howevermodel to predict the extent of phase separation and the
theories are still unable to predict their physical properties resulting heterogeneities during the free-radical crosslink-
from the synthesis conditions. This is due to the several non-ing copolymerization (FCC) of vinyl-divinyl monomers
idealities of the polymerization system such as the different [23]. The FCC system separates into two phases depending
and conversion-dependent reactivities of the vinyl groups on the degree of dilution of the growing gel and on its
[1,2], cyclization [2-5], multiple crosslinking [3], inhomo-  swelling capacity. We have shown that the degree of hetero-
geneities [6-9], microgel formation [10], and diffusion- geneity in the gel depends on the amounts of the crosslinker
controlled reactions [3,11]. The hydrogels formed in such and the solvent present in the reaction system as well as on
a non-ideal picture include defects, which influence their the polymer—solvent interaction parameter [23].
physical properties and lead to the observed deviations The extent of phase separation during the crosslinking
from the prediction of gelation and swelling theories [12— copolymerization of styrene—divinylbenzene as well as of
16]. 2-hydroxyethyl methacrylate—ethyleneglycol dimetha-
Heterogeneity in polymer gels is another non-ideality crylate comonomer systems have been the subject of a
large number of studies during the last four decades [24—
mponding author. Fax: 90-262-6412300. 31]. How_eve_r, in spite of the extensive works on the
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heterogeneity in these hydrogels has not been studiedtubes of 11 mm internal diameter and about 250 mm long.
previously. Bansil and Gupta showed formation of opaque Thereafter, 10 min of nitrogen bubbling was required
poly(AAm) hydrogels above 2 mol% crosslinker concen- through each solution to obtain reproducible results. The
tration [18]. Tobita and Hamielec pointed out that, during glass tubes were sealed, immersed in a thermostated water
the formation of poly(AAm) hydrogels, gel molecules start bath at 40C and the polymerization was conducted for
to form in the lower part of the polymerization reactor [3]. predetermined reaction times. Temperature measurements
No further details or experimental data were given by these showed a temperature rise inside the reaction solution less
authors. Our preliminary experiments also showed that than FC, indicating that the dilute reaction condition
during the crosslinking polymerization of AAm under the provides a nearly isothermal condition.
classical reaction condition, i.e. at 5 w/v% initial monomer  For the dilatometric studies, dilatometers consisting of a
concentration and with peroxide initiators, a solution phase blown glass bulb connected to a 30 cm length of 0.918 mm
separates out of the gel phase. precision-bore capillary tubing with a ground-glass joint
Our purpose of the present study was to investigate thewere used. The polymerization technique used was
extent of phase separation during the formation of described in detail elsewhere [32].
AAm-based hydrogels. The hydrogels were prepared by
FCC of AAm and BAAm at 4€C in the presence of potas- 2.3. Gel points
sium persulfate as the initiator. The crosslinker ratio (mole
ratio of the crosslinker BAAm to monomer AAm) and the ~ Gel point measurements were carried out using two
initial monomer concentration were set to 1/82 and different methods. First, the gravimetric technique was
0.700 M, respectively. As expected [18], under this reaction used to follow the gelation process. The gel point was deter-
condition transparent gels were obtained. However, as will Mined as the midpoint between the last time at which a
be seen below, although the polymerization system was Soluble polymer was obtained and that at which the polymer
clear, it was heterogeneous consisting of gel and separatedvas not soluble in water. For ascertaining the insoluble gel
liquid phases. Since the measurement of the volume of thecomponent of samples, the latter were treated with an
phases during FCC could not be carried out directly, we approximately 50-fold excess of water at room temperature.
measured the dilution degree of the growing gel and its The formation of insoluble polymer was detected visually
swelling capacity as a function of the reaction time. These from the appearance of gel particles in water. Second, dilat-
two quantities allowed calculation of the extent of phase Ometers containing a teflon-covered steel sphere of 5 mm

separation during the formation of poly(AAm) hydrogels. ~ diameter was used for the gel point measurements. The
midpoint between the last time at which the sphere moves

magnetically and that at which it stops moving is taken as

2. Experimental the gel point.
2.1. Materials 2.4. Gel fraction
Acrylamide (AAm, Merck) was crystallized from Water was chosen as the extraction solvent for the crude

acetone/ethanol mixture (70/30 by volume) below@0  hydrogels and employed at room temperature. After the
N,N’-methylenebis(acrylamide) (BAAm, Merck) and potas- predetermined polymerization times, the reaction was
sium persulfate (KPS, Merck) were used as received. KPSstopped by cooling the reaction mixture in an ice—water
stock solution was prepared by dissolving 0.040 g of KPS in bath. The crude hydrogels, 11 mm in diameter, were freed
10 ml of distilled water. Distilled and deionized water was from the glass tubes and they were cut into samples of about
used for the swelling experiments. For the preparation of the 10 mm length. Each sample was placed in an excess of
hydrogels, distilled and deionized water was distilled again water containing a small amount of hydroquinone as an
prior to use and cooled under bubbling nitrogen. inhibitor, and the solvent was replaced every other day
over a period of at least one-week until no further extrac-
table polymer could be detected. The hydrogels after extrac-
tion were carefully deswollen in a series of water—acetone
mixtures with increasing acetone contents. This solvent
exchange process facilitated final drying of the hydrogel
samples. They were then washed several times with acetone
and dried at 70C under vacuum to constant weight. The
amount of soluble polymer in water solution was deter-
mined gravimetrically after evaporation and precipitation
in acetone. The weight fraction of g&ly was calculated as

2.2. Synthesis of hydrogels

AAm crosslinking polymerization was carried out in
water, as the polymerization solvent, at@0n the presence
of 0.474 mM KPS as the initiator. Both the crosslinker ratio
(mole ratio of the crosslinker BAAmM to the monomer AAm)
and the initial monomer concentration were fixed at 1/82
and 0.700 M, respectively. To illustrate the synthetic pro-
cedure, we give details for the preparation of the hydrogels:
AAm (4.97g) and KPS stock solution (3.2 ml) were
dissolved in 96.8 ml of distilled water. After bubbling nitro- ,, _ Myel
gen for 20 min, the solution was poured into several glass = ° Myel + Mg
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1.0 measured by both gravimetric and dilatometric techniques.
eennen In Fig. 1, the symbols represent the results of the gravimetric
B ) measurements. Each symbol in the figure is an average of
four to seven separate experiments; standard deviations are
smaller than the symbols themselves. The dotted curve in
Fig. 1 was obtained by the dilatometric technique. It is seen
that the dilatometric technique gives lower reaction rates
than the gravimetric technique; this is due to the formation
of gel particles in the reaction system (after about 4 min)
which limits the contraction of the reaction solution in the
capillary. The solid curve in Fig. 1 that is a polynomial best

fit to all experimental data yields:

X=19x10 2%t —14x10 %?+35x10 2min  (3)

for t < 120 min For longer reaction times up to 3 h the
monomer conversiox remained at the limiting value of

00l : : : : : ! about 0.9. According to Eq. (3), the initial rate of polymer-
0 60 120 180 ization is 19x 10 2 min%, about five times higher than
Time / min that of linear AAm polymerization under the same reaction

, o o o condition [11,33,34]. This is due to the higher reactivity of
Fig. 1.‘ Vgnatlon of the monomer convergommﬂh the reaction time in BAAmM compared to AAm, which increases the polymeriz-
crosslinking polymerization of AAm. The filled circles are the results of the fi i in th |ati iod 3.4
gravimetric measurements. The solid curve is a polynomial best fit to the ation ra e ev?n In the pregela |on_ period [3, ]
experimental data points. The dotted curve was obtained by the dilatometric ~ 1he first insoluble polymer in the reaction system
technique. appeared after a reaction timg= 4+ 1 min or after a

monomer conversion of, = 0.07 = 0.02. Thus, this reac-
wheremy, andm, are the weights of extracted dry hydrogel tion time or monomer conversion is a critical point at which

and of the soluble polymer, respectively. an infinite cluster starts to appear in the reaction system.
_ However, by use of the dilatometric technique, we observed
2.5. Swelling measurements that this critical point does not correspond to the classical

_ . ) gel point, at which the system changes from liquid to solid-
The swelling measfegnems were carried out in water at e siate. It rather corresponds to a point at which gel par-
room temperaturg19 = 1°C). In order to reach the equi-  cjes start to form in the reaction mixture. At this critical

librium degree of swelling, th.e hydrogel_s were !r_nmersed n point, the microsphere inside the dilatometer stopped
water for at I_ea§t two weeks; the swellmg equilibrium was moving only in the lower part of the solution. Repeated
tested by weighing the samples. To achieve good precision, e\ rements indicated formation of gel regions distributed

three measurements were carried out on samples of different,qiqe the solution phase. This means that the volume of the
weight taken from the same gel. The networks were then g« formed gel is not equal to the reaction volume so that

weighed in 'the swollen state ar_1d dried, after a solvent the reaction mixture separates into two phasés Because
exchange with .acetone as dgscrlbed aF’OVe' uno!er VaCulNihe refractive indices of both phases did not differ much
to constant weight. The equilibrium weight swelling ratio - t.5m each other, the reaction mixture remained transparent
was characterized by, which was calculated as during the polymerization. As reported earlier [18], at
Gy = my ) higher BAAmM concentrations, the reaction system becomes
Yy turbid due to the increase in the concentration difference
between the phases.

wherem, and my and the weights of the hydrogels in the . .
) The weight fraction of the poly(AAm) hydrogel8y,
swollen state and the dry state, respectively. RpthndW, (mass of dry gelimass of total polymer) is shown in Fig. 2

cejiéa:er:re;]peor:sd in this work are average of seven separateas a function of the reaction time t and the monomer con-

versionx. The error bars indicate standard deviations of the
results of seven separate experimeWgwhich is zero at;

3. Results and discussion or x. rapidly increases with increasing reaction time or
monomer conversion, reaches a value of 0.8 after 60 min

3.1. Hydrogel properties versus reaction time or after 70% monomer conversion and then levels off. The
growing gel isolated at various reaction times was immersed
The fractional monomer conversior versus timet in an excess of water and subjected to swelling measure-

history in crosslinking polymerization of AAm was ments. Fig. 3 illustrates how the equilibrium weight
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w Fig. 3. Variation of the equilibrium swelling ratio of the gel in watgrwith
9 08t ﬁ ; the reaction time in crosslinking polymerization of AAm. The error bars
; * indicate standard deviations of the results of seven separate experiments.
Standard deviations are smaller than the symbols themselves for those
+% % without an error bar.
0.6 -
swelling capacity of the gel is less than the amount of
% solution present in the system [23].
0.4 - Let g, be the equilibrium volume swelling ratio of the
network formed at timé, andq\‘it be its degree of dilution in
the reaction system, i.e. the volume of the reaction mixture
02+ § available to 1 ml of dry hydrogel. I8y,; > q\?’t, only one
phase exists because the growing gel absorbs all the reaction
X solution available. A phase separation during FCC requires
oL@t v the condition:
0.0 0.2 0.4 0.6 0.8 1.0
Ot = Oy 4

Fig. 2. Variation of the gel fractioW, with the reaction time and the
monomer conversior in crosslinking polymerization of AAm. The error The degree of dilution of the network at a reaction time

bars indicate standard deviations of the results of seven separate experi-
ments P PEIYY,. can be calculated as

10
swelling ratioq, varies with the reaction time. The equi- qei = ﬁ ®)
librium swelling ratio g, decreases abruptly in the first
60 min of the reaction time, and they, begins to drop to  wherep is the polymer density, andis the initial monomer
an equilibrium value. From Figs. 2 and 3, it is seen that the concentration in w/v%. Using the experimentandW, data
structure formation process of poly(AAm) hydrogels takes (Figs. 1 and 2) together with the valups= 1.35 p/cm?®
place in the first hour of the reaction time. [35] and c = 4.97 g100 m|, we estimated the degree of
dilution of the networkqs,t using Eg. (5) as a function of
3.2. Extent of phase separation during the crosslinking the reaction time. The resglts are shown in Fig. 4 as fiII_ed
polymerization symbols plotted as a function of the monomer conversion
and the reaction time. It is seen that the poly(AAm) hydro-
As pointed out in Section 3.1, the onset of gelation in gel formed just beyond the gel point is highly diluted in the
crosslinking polymerization of AAm simultaneously reaction system. After 1 min of the gel poilqﬂt is equal to
resulted in a phase separation of the reaction system. VisuaR000, indicating that 2000 ml reaction solution are available
observation showed separation of a liquid phase out of thefor 1 ml of dry hydrogel. This value decreases rapidly in the
gel phase and formation of gel particles in the reaction first 60 min of the reaction due to the increasing amount of
mixture. This occurs because the gel formed cannot absorbthe network xW,).
all the available reaction solution; in other words, the  The equilibrium volume-swelling ratio of the network
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Fig. 4. The degree of dilution of the netwoclgt (@), its equilibrium volume swelling ratiay,; (O) and the volume fraction of the separated solution
phasev; (- -) shown as a function of the monomer conversioand the reaction time in crosslinking polymerization of AAm.

formed at time (volume of swollen hydrogel/volume of dry  re-homogenization of the reaction system. Note that in the
hydrogel) can be calculated from its corresponding weight above calculations the swelling capacity of the network in

swelling ratioq,, as: the reaction solution at 43 was assumed to be equal to that
in pure water at room temperature. Our previous work showed

Ge=1+ @ —Dp (6) that the swelling ratio of poly(AAm) hydrogels does not
' dy depend much on the swelling temperature [36]. However,

the swelling ratio of the hydrogel in the reaction solution
must be lower than in pure water due to the existence of soluble
chains (sol) in the solution, which creates an osmotic pressure
compressing the hydrogel [37]. Thus, the valueygfin the
reaction solution must be lower than that measured in pure
water so that the extent of phase separation is expected to be
higher than that shown in Fig. 4.

From the equilibrium swelling ratio of hydrogels isolated
at various reaction times, their crosslink densities were eval-
uated using the Flory—Rehner (FR) theory of swelling equi-
librium for tetrafunctional networks [38]:

whered; is the density of water (1 g/cth The valuesgy
calculated from the experimental weight swelling ratips
of hydrogels (Fig. 3) and using Eq. (6) are also shown in Fig.
4 as empty symbols. The degree of dilution of the network
qe,t is larger than its equilibrium swelling ratwg,, in the first
75 min of the reaction time or, up to about 80% monomer
conversion. This indicates that during the formation process
of poly(AAm) hydrogels, the infinite network cannot
occupy the whole available volume. As a resuﬁ,I -
gyt Ml of solution will separate out of,; ml of swollen
gel. The volume fraction of the separated solution phase,
Vs caloulated as IN(L—vp) + v, + 3 + N2 —v/2)=0  (8)
Vs =10/ Q3,t (N . : ; ;
wherev, is the volume fraction of the network in the equi-
are also shown in Fig. 4 as the dotted curves. An interestinglibrium swollen gel, i.e.v, = 1/q,;, x is the polymer—
aspect ofvs versus time curve in Fig. 4 is thag is close to solvent interaction paramete is the average number of
unity at the early stage of the gel growth process, indicating segments in the network chain avitiis the volume fraction
that this critical point corresponds to microgelation rather of polymer network at preparation. Theparameter value
than the macrogelation poinig is a decreasing function of  for poly(AAm)—water system has been evaluated from the
the monomer conversion or the reaction time due to the fact swelling data for uncharged poly(AAm) hydrogels swollen
that, the degree of dilution of the network decreases muchin water [39]. A best-fit value foiy of 0.48 was obtained
more rapidly than its equilibrium degree of swelling; after [15]. In the following calculationsy was held constant at
about 75 ming,; becomes equal tqs,t, which indicates this value. The solution of Eq. (8) for the crosslink density
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linking reactions are also important in AAm—BAAmM system
[3]; these reactions are responsible for the formation of
highly crosslinked regions in the final hydrogel, acting as
single crosslink points and contributing to the number of
P ineffective BAAm units in the hydrogels [2].

103 |- [ PS °
[ *%e0qe ¢ ,° 4. Conclusions
The crosslinking polymerization of AAm was inves-
tigated at a monomer concentration of 5w/v% in water
with  BAAm as the crosslinker. Experimental results
indicate that the first gel molecule in the reaction system
102 - appears after a reaction time =4 = 1 min or after a
- monomer conversion af. = 0.07 = 0.02. At this critical
N point the homogeneous reaction system turned into a hetero-
.............................. geneous one consisting of gel and separated solution phases.
! . L« The network formation process took place in this hetero-
0 60 120 1250 1500 geneous system within the first 60 min of the reaction time.
Time / min Experimentalx, W;, and q, data indicate that the gel
molecule cannot occupy the entire polymerization system,
Fig. 5. Variation of crosslink density of poly(AAm) hydrogels, in terms of  \yhjch is responsible for the observed phase separation. The
the average number of segments in the network cNainith the reaction volume of the separated liquid phase decreased as the poly-

time t in crosslinking polymerization of AAm. The dashed horizontal line L L. . .
represents the chemical valueNfNy,om = 41), expected from the cross- ~ Merization and crosslinking reactions proceed and finally,

linker ratio 1/82 used in the hydrogel synthesis. the reaction system became homogeneous again due to the
decreasing dilution degree of the hydrogels.
of hydrogelsN requires the value oS during the cross- In light of the findings of this study, the crosslinking

linking copolymerization. For a homogeneous reaction polymerization of AAm is seen to be heterogeneous even
system,V5 remains equal to/mf,),t throughout the reaction  in the presence of a small quantity of the crosslinker BAAmM
since all the reaction system is absorbed by the gel. (82 mol AAm per mol BAAm in the initial monomer

However, for the present heterogeneous gelling system,mixture). However, kinetic gelation theories previously

the following relations hold: proposed all assume that the entire reaction system is
occupied by the gel molecule uniformly [40—42]. A realistic

Vo=, forgy < of 9 model for hydrogel formation must account for the poly-
merization and crosslinking reactions occurring simul-

WV = qu,t for g, > q&t (10) taneously both in the gel and separated solution phases.

This requires the concentration of the reacting species in

Calculated values dfl using Eq. (8) are shown in Fig. 5 both phases, which can be obtained from the thermo-
as a function of the reaction time of AAm polymerization. dynamic treatment of the gel formation system [23].
The dashed horizontal line in the figure represents the
chemical value ofN, expected from the crosslinker ratio
1/82 used in the hydrogel synthesis. It is seen tNat Acknowledgements
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