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Summary

lonized netwrks of copolymers oN-vinylcaprolactam with charged camomer, sodium
itaconate (mole fraction of ionic camomer x= 0-0. 1) and of a crosslinker, 3,3'-(ethane-
1,1-diyl)bis(1-vinyl-2-pyrrolidone) were prepared by iathn polymerization in
water/ethanol mixture (J&/Et =0.3/0.7 by vol.) and their ®lling; mechanical behaviour
in water was investigated asfanction of temperature. On heagi, a decrease in the
swelling degree was observed. Increasinghifts the volume transition temperature T
from the swdlen to shrinked state to higher temperatures; in all cases, this transition is
continuous. The observed decrease irlbmg with temperature is accompanied by an
increase in equilibrium modulus, so thamechanical behawur is predominantly
determined by sweltig. The swlling of hydrogels can be in the first appheation
described by the theory of pealectrolyte netwrks in which repulsion of charges on the
chain and finite chain extensibility were considered. Inoetavith this theory, as the
Flory-Huggins inteaction parametex = 0.522 for the uncharged network $\@o in
water, no jumpwise change in volume with increasing temperature was observed.

Introduction

One of the advantages of hydrogels consists in their dapadf exhibiting a firstorder
phase transition (collapse) caused by a small change in exteynditions such as
temperature, electric field, solvent compositi¢hs The presence of charges on the chain
(~ 1-10 mole %) sems to be an iportant condition for the occurrence of a jumpwise
change in gel volume (2-4). Most results werdaoted with charged apolymers of
acrylamide/ionic comnomers (solvent composition-séin@ gels), N,N-diethylacryl-
amide/ionic coronomers andN-isopropyacrylamide/ionic coranomesr (temperature-
sensitive) hydrogels (1). This phenomenon, in fawlar temperatureaduced collapse,
can be used in practical applicatidb.

Crosslinked poly{-vinylcaprolactam) (PVCL)nonionic hydrogels have shown
under leating one sharp contious shrinking region (6), wh DSC experiments have
revealed(7) that this gel undergoes two trédims on heating (the low-temperature
transition at 31.8C was associated with microsegregation due tdtarophobic dmain
formation and the lgh-temperature transition &7.5 °C was associated with the gel
volume collapse). It seems that ionic PVGYdrogels have not been studieet;yone can
expect that imbduction of charges into the chain can lead to appearance of tHuedest
phase transition in these hydrogels dependingmperature.

In this work we investigte the effect of concentration of the negatively charged
comonomer on the temperature dependence of swelling and mechanicabbelof\the
poly [N-vinylcaprolactamzo-(sodium itaconate fyydrogels in vater.
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Experimental
Materials: N-vinylcaprolactam (Fluka)

e

Hz?/ a (|30 (VCL)
o
HC—C,

was distilled in vacuum at 78C/13 Pa. Itaconic acid (Fluka) was triomened to the
sodium salt (S) by neutralization with agueous NaOH solution

CH,—COG°Na®
CHZ‘—-‘C/ 2 (S)

™ CH,—COPNSL
and was used as ionic comonomer. As a crosslinker (CR) was used 3,3-(ethane-1,1-
diyl)bis(1-vinyl-2-pyrrolidone)
O =CH CH=0r,
e o
Hzo——cH—cI;H—m—%
CH

which was synthesised according to ref. (8).

(CR)

Network preparation:lonic networks, copolymers oN-vinylcaprolactam (VCL) with

various amounts of sodiumaconate (ITNa, mole fracn, x = 0 - 0.1, Table 1) were
prepared by-radiation opolymeization with various amunts of crosslinker (CR) (mole
fraction x, = 0.01 - 0.03, Table 1) inater/ethanol mixtur¢0.3/0.7 by vol.). The volume
fraction of mixed nmonomers was v= 0.2. Glass ampoules 10 mm iiameter were used
as polymerization reactors and a required radiation gesairce C% with a dose rate of
0.8 kGy/h, Atim Prague) was used.

Table 1. Composition, swelling and mechanical parameters of ionic poly(N-vinylcapro-
lactam) hydrogels

Hydrogel vy Xy XCR G, v 10° Ty Q20 ¢
kGy gem?  mol cm™ e
S1 2 0.000 0.01 66.8 1.65 32 134 -
S2 2 0.010 0.01 i i ) 1.41 34 20.5 0.42
S3 2 0.030 0.02 42.9 1.06 36 27.2 0.27
S4 3 0.050 0.02 95.9 2.36 39 29.5 0.19
S5 4 0.070 0.03 100.2 2.46 50 32.1 0.13
S6 5 0.100 0.03 104.0 2.56 - 353 0.10

Xs is the mole fraction of ionic salt (ITNa); xcr is the mole fraction of crosslinker (CR); vy
is the radiation dose; G; is the modulus after preparation; v4 is the concentration of
elastically active network chains relative to the dry state, T\, is the transition temperature
from the swollen to shrinked state, Qoo is the swelling degree at 20 °C and ¢ is the
correction factor.



111

After crosslinking, the samples were removed from ampoules and cugdespof
10 mm in length and extracted with redistilled water. A sample ~ *licnolume was
weighed and extracted in a large amt of waterfor evalwation of the sol fractin. After
extracton, this sample was subsequently dried in vacuum atC9@o constant weight;
from comparison of its dry weight with the dry weight tretarally expected it wakund
that in all samples, the sol fractions were less &nwt.%; thismeans that all three
comonomers were completddpund in the structure.

Swelling and mechanical measurementfter extracton, the samples were kept at a
chosen temperature (Tpr about three days after which the inversesling ratio X,
relative to the netark formation state, was calculatédm (4)

X = (D'/D)’ = VIV (1)

where D and D, respectively, are sample diameters after preparation and swelling at
temperature T, and \and V are the corresponding sample volumes. Tameters were
measured with a travelling microscope (Abbe compayafFrom X values, the volume
fraction of dry polymer in the switen state y= v' X (where Vv = v /p = 0.163 is the
volume fraction ofdry polymer at network fonation, p = 1.23 g/cmis the dry density,
v_ = 0.2) or the selling degree relative to thdry date, Q = 1/y, were determined.

The mechanical experiments at given temperature were carried out in uniaxial
compression. The spgimen(10 mm high) was compressed toaia A (A = /I, wherel
and| , respectively, are compressed and initial heights)farme f was measured after
30-s elaxation (time sfficiently long for attaining equilibrium). Usually ten values df
andf were determine(.8 <A < 1); the shear modulus G wealculatedrom (4)

G =fl[S, \*- "] (2)

where Sis the initial cross-section of the specimen.

The mechanical experiments wed®ne after prepation at roomtemperature
(modulus G, Table 1) and with samples swollen to equilibrium in water at different
temperatures (odulus G). From G the concentration of elastically active netl chains
(EANCSs) relative to thelry gatev, was determineftom

v, = G/(RVTY) 3)

where R is the gas constant ard=T298 K is the network prepaion (room)temperature
(Table 1). From moduli G and,Ghe reduced modulus

G, =GIG (4)
was also calculated.

Results and discussion

Effect of network formationonditions on their structureThe ionized netark synthesis

of the VCL had to be carried out in water/ethanol mixture as it was not possible to prepare
homogeneous aqueous VCL solutions with low initial volume fractions afomers, y

= 0.2. As follows from Figure 1, theitral modulus after prepation G increases with the
radiation dose only in the range of the lowegt Fory = 5 kGy the Gvalues are virtually
constant. From Figure 1 it can be also seen thateGreases with increasing content of
ionic comonomer x for x, = 0.1, the G1 value iglmost independent gf Similar results

were obtained9,10) for poly(1-vinyl-2-pyrrolidone) crosslinked with thanse CR by
irradiation; in this case, the, @Gidependence of (for y = 5 kGy) and a decrease in Bith
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Figure 1. An example of measured dependence of modulus G, on radiation dose y

increasing x at constanty were also observed. We believe that the ethanol present in
polymerization mixture causes a better solubilitygodwing polymermtecules in mixed
diluent. The Gindependence of suggests a negligible role of ration crosslinking for

y = 5 kGy and the decrease in ®ith increasing xmeans that th@robahlity of chain
transfer to the ionic comonomer increases with The results presented in Figure 1
allowed us to specify the netwk formation onditions used for prepation of samples
S1-S6 shown in Table 1.

Swellingand mechanical behavioulhe dependence of the inverse swelling ratio X on
temperatureT is shown in Figure 2. Onelatng, only continuous trai®n from the
expanded to shrinked gel stdte all gels can be seen. One can see that increasing ionic
comonomer concentration _ xshifts the transition temperature interval to higher
temperatures. For the highest=x0.10, there only angall increase in log X values appears
up to 70°C. As usually a jumpwise change in the volume of charged gels is obgéjyed
the continuous trargn found for charged PVCL hydrogels is unegped and will be
discussed later.

From the dependences of log X dnthe transition temperaturds were determined
(Table 1) as temperaturesroesponding to half increases in log X values going from the
swollen to shrinked state. From Table 1, it can be seen that increasing charge
concentration shifts thg, to higher temperatures quite efficiently (~ 2D for x, = 0.07).

The samples are transparent at the beginning of the transition, then be@esean and

finally turbid at highestemperatures. Theutbidity indcates the coexistence of a stable
two-phase structure with the dense and dilute phase. Such structure was obsdiered ear
for PDEAAmM (11) and PNRAAmM (12) hydrogels. Wite the transparent structure is
homogeneous, the turbid one is duenticrosegregatesormed inside the gel. These
microsegregate domains are due to a temperature change in inter- and intramolecular
interactiong13) such as: (1) hydrophobic inéetions associated with the change in water
structure in the vicinity of chain(2) non-polar inteactions ofhydrocarbon parts of side
chains; (3) hydrogen bond ingations between caonyl groups and ater molecules.
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Figure 2. Dependence of the inverse swelling ratio X on temperature in water for gels with
indicated ionic comonomer mole fractions x,

The dependence of the reduced modulus, lpgorilog X measured at various
temperatures is plotted indtire 3. For comparison, the pretegd rubberelasticity slope
(s = 0.33) is also shown. It can be seen that thejatdfvom the thecoetical slope s = 1/3
in the range of low (log X > 0.5) and high (log X < -0.5)eflimgs. We believe that
departures at low swellings are due to vitrification (increase, idu@ to the influence of
the main transian) whle those at high swellings are due to finite extensibility of the
chain (4).
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Figure 3. Dependence of the reduced modulus G, = G/G, on the inverse swelling ratio X
for variously ionized gels (the slope s = 0.33 is predicted by the rubber elasticity theory)
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Comparison of swelling data with the theory of polyelectrolyte netw&dgeral models
have been suggested for describing thellwg degree of charged gel4,3,4). For
comparison of our sglling results with thery, we will use the generalized model in
which the effects of repulsion of charges on the chain and finite chain extensibility were
included (3); in this modelall molecular parameters are independently accessible. This
theory €miquantitatively described the collapse phenoomein water/acetone mixtures
and in aqueous NaCl solutions of various charged gels (4). The theorngtprédee
swelling pressure P as a sunfadr terms (3)

P=WV,=F +F,+F.+F, (5)

where Qis the chemical potential of the solvent,i¥the molar volume of the solvent, P
is the mixing term given by the mixing of solvent molecules with chain segmeoty-(Fl
Huggins eqgation with interaction parametg), P, is the elastic term given by the change
in elastic enggy with swelling in which finite chain extensibility was included, B the
osmotic term given by mixing nebsk ions with the solvent and Hs the electrostatic
term determined by the interaction (repaigi of bound charges on the chain. The
individual terms P of eq.(5) were expressed in network lecular parameterg3):
concentration of elastically active nek chainsv, (Table 1), density of polymer
p = 1.23 g cm, degree of ionization = 2x, average molecular weight ofamomer unit
M,, molar volume of water V= 18.1, dilution at network famation v = 0.163 and the
permittivity of watere = 80. Using eq.(5), the dependence of the augon parameteg
on the volume fraction ofiry polymer in the swien state, y = V'X = 1/Q, can be
calculatedfrom expeimental equilibrium X(or Q) valuesmeasured in water (as the data
were collectedfor free svelling, P = 0 in eq.(5)) by employing th@rnse procedure
described in detail earli€B,4).

As expected, the swelling degree in water Q at°@Oincreases with increasing
content of charged groups in the chain(kable 1, Fig. 4). The use of eq.(5) for the
uncharged casax(= 2x = 0, P, = P_ = 0) gives the value of interaction parameter

' Tog! els

0.522; from X étafor the uncharged networkeasured at various temperatures (Fig. 2),

05k
¢ VCL/ITNa 140
0.4} Q.
— 130
0.3}
s {20
01k 110

0.00 0.03 0.06 0.09

X
s

Figure 4. Dependence of swelling degree Q measured in water at 20 °C and of correction
factor ¢ on the mole fraction of ionic comonomer X,
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Figure 5. Dependence of interaction parameter ¥ on the volume fraction of the dry
network in the swollen state v, measured in water at various temperatures for gels with
indicated ionic comonomer mole fractions X,

the dependence qfon v, was obtained (Figh). Smilarly to the previous casg@,10), for
water swollen ionic netarks with the degree of i@mation a = 2x > 0, eq.(5) gives
unrealistic highy values calculatetfom X measured at 20C (for x, = 0.01, 0.03, 0.05,
0.07 and 0.10, the valugs= 0.560, 0.650, 0.820, 1.150, and 2.850 were found). Since, as
it was introduced in the used theogyls a measure of polymer-water interactions when all
charges are screened (the effect of charges is included amdP P, terms),x = 0.522
may be, in the first appraxation, required also faall ionic hydrogels switen in water at

20 °C. With this requirement, the Q data shown in Fig. 4 can be described.(®) e
assuming that the effective degree of ionizatioms lower than the salt concentiatj i.e.

a = a@ = 2px, where@ is the correction faot. This factor is related to the activity
coefficient of @unter-ions, especiallfpr the highest xvalues, or to clustering of counter-
ions due to possible heteroggty of highly diluted netwrks. Theg values thus calculated
lie in the range ©.1-0.45 (Fig. 4).

Using known méecular parameters and the degree of ionizatior= 2px_, the
dependence of on v, was calculatedrom swelling in water, X, at various temperatures
(Fig. 5) for all the ionized samples. As followsom Fig. 5, a continuous universal
dependencg on v, was found. As was discussed previously (1,3), the vami@eals loop
in the dependence ¢f on v, is a necessary condition for the appearance of a jumpwise
change in the gel volume (1st-order phase tti@ang. Such dependences were found for
many ionized netark sysems swollen in mixed solvents or in water at various
temperature$l,3,4,9). 2tailed examination ofge(5) has regaled(3) that the mBcessary
condition for the van deWaals bop appearance is thatater is agood solvent for
uncharged polymerx(< 0.5). Asx = 0.522 was found for uncharged network at’@0 no
1st-order trarifon was found for ioized PVCL gels

The phase state of PVCL gel in water is determined by interactions of polar and
nonpolar groups in the chain ancter molecules. Asor a poly(1-vinyl-2-pyrrolidone)
network in water, x = 0.495 was found (9), increasing length of the side group of
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N-vinylcaprolactam has decreased the ovehgiiiration of PVCL chain as number of
hydrophobic groups in side chain of monomer increased. In aqueous solutions of linear
PVCL, macromolecules dapt more or less dense confation with hydrophobic
micelles-like structure near LCSL3,14). Such structure can be promoted bgnaical
junctions in network. High-seitve DSC measurements of uncharged PVCL gel revealed
two coopeative transitions in watgi7). Only one continuous traitisn at ~ 32°C can be

seen in Figure 2, which was found in the previously published (&)lisy curve of
uncharged PVCL gel.
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