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Mechanical, and SAXS Behavior of Poly(acrylamide) Networks

M. Navsky,*"* Z. Sedldkova,* K. Bouchal,* and J. Plestil

Faculty of Mathematics and Physics, Charles University, 180 00 Prague 8, Czech Republic,
and Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
162 06 Prague 6, Czech Republic

Received February 24, 1995; Revised Manuscript Received June 20, 1995%

ABSTRACT: A series of ionic networks were prepared by copolymerization of acrylamide, methylenebis-
(acrylamide), and N-[2-(alkyldimethylammonio)ethyllacrylamide with C1, C4, C6, C8, C12, and C16
straight-chain alkyls (mole fraction of the last comonomer x; = 0—0.15). Small-angle X-ray scattering,
swelling, and mechanical behavior of the networks were investigated in water—ethanol mixtures. For
the gels with C1—-C8 alkyls collapse was found; both the volume jump and the critical ethanol concentration
at which the transition takes place, e, increase with increasing content of the ionic component, x;.
Increasing the alkyl length stabilizes the expanded state of the gel and increases the e. values, probably
due to preferential sorption of ethanol by hydrophobic regions. Different swelling behavior was found
for gels with C12 and C16 alkyls, where mostly a decrease in swelling in water at low ethanol
concentrations was observed with increasing x;. This is caused by a distinct amphiphilic character of
salts with the two longest alkyls; in networks with the C16 alkyl formation of micelles was proved by
SAXS. Mechanical behavior of the networks is predominantly determined by the degree of swelling; a
jumpwise change in the gel volume is accompanied by a similar change in the equilibrium modulus.

Introduction

A number of swollen polymer networks carrying a low
amount of charges on the chain (1—15 mol %), when
subjected to a change of the external parameters
(composition of the solvent, temperature, electric field,
and the like), undergo a first-order phase transition
(collapse), at which the change in volume may range
from 10 to 1000 times.!~5 This transition is given by a
change of the chain conformation: SANS experiments
showed that in the expanded state the chains have a
coil shape, while in the collapsed state they are in
compact globular structures.® The extent of the collapse
is affected by molecular parameters of the networks?
(cross-linking density, dilution at network formation,
charge concentration). It has been proved, both ex-
perimentally!=5 and theoretically,” that electrostatic
interactions of charges on the chain have a great
influence on the existence and extent of the transition.
Besides these, also other fundamental interactions, such
as van der Waals forces, hydrogen bonding, and hydro-
phobic interactions, determine the phase behavior and
conformation of the chains at the collapse. The jump
in volume is accompanied by a jump in other physical
characteristics of the gel, such as shear modulus,
refractive index, stress-optical coefficient, and the like.3
Due to these changes the gels showing the collapse are
being considered for use in various devices,’~12 sensors,
artificial muscles, mechanochemical actuators, etc.

Hydrophobic interactions, which are due to an ordered
structure of water molecules in the vicinity of hydro-
phobic parts of the polymer chain,’® also affect the
extent of the collapse. These interactions play an
important role in biopolymers and in the collapse caused
by the change of temperature in poly(V,N-diethylacryl-
amide)** and poly(IN-isopropylacrylamide)*15 hydrogels.
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The increasing length of alkyl in the side group of the
chains is the way to control hydrophobic interactions
in the system.

In this study we investigate the effect of concentration
of acrylamide quarternary salts with various lengths of
alkyl on the collapse and mechanical behavior of poly-
(acrylamide) (PAAm) networks prepared by the co-
polymerization of AAm with the salts and a cross-linker.
The advantage of such systems consists in that the
degree of ionization is virtually pH-independent and the
length of alkyl in salts affects the extent of hydrophobic
interactions. Due to a distinct amphiphilic character
of salts (especially with long alkyls), formation of
micelles can be expected. Therefore, also the SAXS
experiments on selected systems were carried out.

Experimental Section

Sample Preparation. Five acrylamide quarternary am-
monium salts I with various lengths of the alkyl substituent

CHp,=CH g- CHo
CONHCH,CH, —T*(CHg)MCHa
CHs

I,n=4,6,8,12,and 16

were synthesized. The salts were prepared by quaternization
of [2-(acrylamido)ethylldimethylamine with alkyl bromides
(C4, Cs, C8, C12, and C16 straight-chain alkyls) in acetonitrile.
The quaternization reaction proceeded 72 h at 25 °C; the salts
C4 and C6 precipitated during the reaction; the other salts
were precipitated by dry ether. Characterization of quarter-
nary salts I (Cn, mp, analysis % Br(exp)% Br(theor), yield
(%)): C4, 170 °C, 28.6/28.7, 95; C6, 74 °C, 25.8/26, 92; C8, 93
°C, 23.7/23.9, 75; C12, 81 °C, 20.5/20.4, 70; C16, 80 °C, 18/
17.9, 62,

Five series of ionic networks, copolymers of acrylamide
(AAm), cross-linker N,N"-methylenebis(acrylamide) MBAAm),
and salt I (n = 4, 6, 8, 12, and 16) with mole fraction of I, xj,
ranging from 0 to 0.15, were prepared. The samples were
polymerized from 100 mL of an aqueous solution which
contained 0.135 g of MBAAm (0.88 mmol), 0.02 g of ammonium
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Table 1. Network Characteristics and Collapse

Parameters
G 105v4 ec
z1 (gem™?) (molem™3) AlogX AlogG (vol%) Qw ¢
Series C4
0 32.8 2.6 34
0.005 320 2.54 35 0.2
0.01 344 2.73 43.5 0.17
0.02 28.0 2.22 0.76 0.25 50 71 0.13
0.05 39.4 3.12 1.20 0.46 656 418 0.22
0.10 34.8 2,76 1.65 0.51 75 500 0.17
0.15 35.0 3.56 1.80 0.69 80 556 0.18
Series C6
0.005 33.0 2.61 36 0.12
0.01 37.1 2.93 39 0.13
0.02 41.0 3.25 76 0.17

0.05 37.1 2.93 1.12 0.32 71 378 0.18
0.10 29.1 2.30 1.58 0.57 79 518 0.15
0.15 36.2 2.85 1.80 0.62 83 500 0.13

Series C8
0.005 84.0 2.69 36 0.10
0.01 32.5 2.58 37 0.05
0.02 38.1 3.02 60 0.10

0.05 38.7 3.07 1.04 0.40 72 267 0.10
0.10 42.7 3.38 144 0.53 80 385 0.18

0.15 36.4 2.88 1.62 0.60 85 425 0.13
Series C12
0.005 26 2.06 50 0.2
0.01 28 2.22 41 0.03
0.02 36 2.85 31
0.05 28 2.22 32
0.10 25 1.98 60 0.02
0.15 29 2.30 62 0.01
Series C16
0.005 29 2.31 75 045
0.01 32 2.54 42  0.03
0.02 35 2.77 40 0.01
0.05 70 5.58 14
0.10 78 6.22 13
0.15 73 5.78 31
Series C1¢
0.012 34 3.66 0.9 0.35 45 56 0.25
0.024 38 4.10 1.25 0.45 50 159 0.35
0.0560 32 3.44 1.60 0.60 55 417 0.23
0.090 33 3.56 1.90 0.60 60 522 0.18
0.164 31 3.34 1.95 0.60 65 632 0.18

@ Data taken from ref 16.

peroxodisulfate, 150 uL of N,N'-tetramethylethylenediamine
(TEMED), and 7 mmol of a mixture of AAm and I to obtain
the mole fraction of I in the copolymers x1 = 0.005, 0.01, 0.02,
0.05, 0.10, and 0.15 (Table 1). All ingredients, with the
exception of TEMED, were dissolved in water, and the solu-
tions were flushed with nitrogen for 10 min, after which
TEMED was added. The polymerization proceeded at room
temperature for 24 h in ampules of diameter D* = 10 mm.
After the polymerization, the samples were extracted in
redistilled water for 7 days.

Swelling and Mechanical Measurements. After extrac-
tion the samples were immersed in water—ethanol mixtures.
Swelling proceeded for ~28 days, after which the inverse
swelling ratio X relative to the state at network formation was
determined from!?

X = (D*D)’ = V*/V (1)

where D* and D respectively are the sample diameters after
the preparation and swelling and V* and V respectively are
the corresponding sample volumes. The diameters were
measured with an Abbé comparator (Zeiss Jena, accuracy
+0.02 mm). From the X values it is easy to calculate the
volume fraction of the polymer in the swollen state, ve (v2 =
v°X, where v° is the fraction of the polymer at network
formation, v° = 0.04), and the swelling degree relative to the
dry state, @ (Q = 1/vs = 25/X).
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The deformational measurements were carried out on
cylindrical specimens in a uniaxial compression in an earlier
described apparatus.” The specimen, ~10—20 mm high, was
compressed to a ratio A (A = [/lo, where ! and [, respectively
are the deformed and the initial height of the specimen) and
the force f was measured after 30 s of relaxation. Usually 10
A; and f; values were determined in the range 0.8 < A; < 1.
From these values the equilibrium shear modulus G was
determined from the relation

G=fIS(A* =AY (2)

in which Sy is the initial cross section of the specimen. The
measurements were carried out with both samples just after
preparation (modulus G,) and samples swollen to equilibrium
in water—ethanol mixtures (modulus G). Using the modulus
G, the concentration of elastically active network chains
related to the dry state v4 was calculated from

vy = G/RTv° 3)

where R is the gas constant and 7T is the temperature (T' =
298 K). In Table 1 the basic network characteristics and
parameters of collapse found earlier'® for the copolymer
containing I, n = 1, are shown (denoted as series C1). In series
C1 swelling and mechanical measurements were carried out
in water—acetone mixtures.'¢

Small-Angle X-ray Scattering Measurements. SAXS
experiments were done by using a Kratky camera (Anton Paar
KG, Graz, Austria) with a linear position-sensitive detector!?
(Joint Institute for Nuclear Research, Dubna, Russia). Scat-
tering curves were converted to the absolute scale by means
of Lupolen standards, using the formula!®

E )= —2—Tg) (4)
QY 1 k14 7

where I(g) is the measured scattering intensity, a is the
sample—detector distance, T is the sample transmission, d is
the sample thickness, K1, is a calibration constant, I is the
intensity of radiation scattered by the standard at g = (2a/
150 A), ¢ = (47/4) sin 6 is the magnitude of the scattering
vector, A is the wavelength of radiation, and 26 is the scattering
angle. The differential scattering cross section d(q)/dQ in
reciprocal centimeters can then be obtained by means of the
desmearing programs ITP or ITR.%

Development of the network structure during the polymer-
ization reaction was studied in time-resolved SAXS experi-
ments. The minimum time for one frame was 100 s. This time
was chosen to be comparable to that elasped between the
addition of the TEMED into the polymerization mixture and
the start of data acqusition.

Results and Discussion

Swelling and Mechanical Characteristics. A
continuous or jumpwise decrease in the macroscopic
volume of the gel (increase in the inverse swelling ratio
X) with increasing volume fraction of ethanol, ¢, in the
water—ethanol mixtures is observed for all the series,
C4—-C16 (Figures 1—5). While for series C4, C6, and
C8 the first-order phase transition (jumpwise change
in X) can be found, for series C12 and C16 only a
continuous increase in X with increasing e is detected
for all the I concentrations, x;. Table 1 and Figures 1-3
show that the critical salt concentration x1° at which the
networks undergo phase transition slightly increases
with increasing length of the alkyl (xi* = 0.012, 0.02,
0.05, and 0.05 for series Cl, C4, C6, and C8, respec-
tively). As expected, a jumpwise change in the volume
of the gel is reflected also in a jumpwise change in the
shear modulus G (Figures 1—3). For network series C12
and C18 a continuous dependence of X on e is ac-
companied by a continuous dependence of the shear
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Figure 1. Dependence of the swelling ratio, X, and modulus,
G (g cm™2), on the concentration of ethanol, e (vol %), in
network series C4: (O) X; (@) G. The numbers correspond to
the mole fraction of I, x1.
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Figure 2. Dependence of the swelling ratio, X, and modulus,
G (g em™2), on the concentration of ethanol, e (vol %), in
network series C6: (O) X; (®) G. The numbers correspond to
the mole fraction of I, x;.

modulus G on e for all salt concentrations (Figures 4
and 5).

The dependences of the modulus G on the swelling
ratio X are shown in Figure 6 for gel series C4, C8, and
C16. Qualitatively similar results were obtained for
network series C6 and C12. As the constant amount of
cross-linker was used in all series the modulus data lie
roughly on the same log G vs log X dependence regard-
less of I concentrations for individual series. Despite
large scatter, in the middle range of swelling the log G
values increase with log X with the predicted rubber
elasticity?! slope s = 0.38 for all the series. Departures
from the straight line in the range of high swelling (log
X < —1) are probably due to the finite extensibility of
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Figure 3. Dependence of the swelling ratio, X, and modulus,
G (g cm™2), on the concentration of ethanol, e (vol %), in
network series C8: (O) X; (®) G. The numbers correspond to
the mole fraction of I, xi.
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Figure 4. Dependence of the swelling ratio, X, and modulus,
G (g ecm~2), on the concentration of ethanol, e (vol %), in
network series C12: (O) X; (®) G. The numbers correspond
to the mole fraction of I, x;.

the chains, while those in the range of low swelling (log
X > 0.75) are due to the influence of the main transition
region (vitrification) at high ethanol concentrations.!”

The value of the slope s = 0.33 differs from the slope
s = 0.65 found earlier for ionic PAAm networks prepared
by the copolymerization of AAm with sodium methacry-
late!” (MNa) and ionic poly(N,N-diethylacrylamide)
(PDEAAm) networks prepared!4 from DEAAm and
MNa. On the other hand, for variously aged PAAm
networks the value of s = 0.45 was found.?2 A high
value of s = 0.7 was also found?? for positively charged
PAAm networks if the positive charge of the quaternary
ammonium group was attached to the main chain
through the ester group. From the results presented
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Figure 5. Dependence of the swelling ratio, X, and modulus,
G (g cm™2), on the concentration of ethanol, e (vol %), in
network series C16: (O) X; (®) G. The numbers correspond
to the mole fraction of I, x;.
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Figure 6. Dependence of the modulus G on the swelling ratio,

X, for variously ionized gel series C4, C8, and C16.

in Figure 6 it follows that the attachment of the positive
charge to the main chain through the amide group
decreases the s value (see also the resultsi® obtained
for series C1).

The jump in the volume of the gel may be character-
ized by the extent of the collapse A log X (=log X” — log
X', where X’ is the swelling ratio of the expanded state
of the gel and X" is the ratio after the collapse; Figure
1). According to Figure 7, the jumpwise change in the
moduli A log G in series C1, C4, C6, and C8 adequately
correlates with the jump in the swelling ratio (and,
hence, in volume) of the gel A log X (A log G = 0.33A
log X) with earlier found slope s = 0.33. Thus, from
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Figure 7. Dependence of the jumpwise change in the modu-
lus, A log G, on the change in the swelling ratio, A log X, at
the collapse for gel series C1-C8.
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Figure 8. Dependence of the extent of the collapse, A log X,
and of the critical ethanol, e. (series C4, C6, and C8), or
acetone, a. (series C1), concentrations on the molar concentra-
tion of I, x1.

Figures 6 and 7 it follows that mechanical behavior is
predominantly determined by the degree of swelling of
the gel.

The dependence of the extent of the collapse A log X
and of the critical ethanol, e, or acetone, a., concentra-
tions on the I concentration, x1, can be seen in Figure
8. As expected, A log X and e, or a. values increase with
x1. An increasing length of alkyl decreases A log X
values at constant x1, while the e, values in C4, C6, and
C8 series slightly increase with n. This means that
hydrophobic interactions stabilize the expanded state
of the gel and that an enhanced ethanol content in the
water—ethanol mixture is needed to bring about the
collapse. It may be assumed that e; increases as a result
of preferential sorption of ethanol by hydrophobic
regions. It isinteresting to note that a. values of series
C1 are considerably lower than e, values.

Different swelling and mechanical behavior can be
seen in Figures 4 and 5 for series C12 and C16. In this
case the dependences of log X and log G on the ethanol
content are continuous for all I concentrations x;. An
unexpected slight increase in log X values (decrease in
swelling) with increasing salt concentration is observed
for both series at low ethanol concentrations in the
mixture. This finding means that the effect of ion on
swelling is overcompensated by the effect of hydrophobic
interactions from long alkyls.

Wtih exemption of three networks of series C16 with
the highest x; values, the moduli G; measured after
network formation prior to swelling in water—ethanol
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Figure 10. Dependence of the swelling degree in water, Qy,
on the number of alkyl groups in the side chain, n, of I for
various concentrations xi.

mixtures are virtually independent of the salt concen-
trations x1 and of the alkyl length (Figure 9). The
concentrations of elastically active chains related to the
dry state v4 are low (Table 1) and indicate a low
efficiency of the cross-linking reaction, which is a
consequence of large cyclization caused by high dilution.
Table 1 shows that the cross-linking efficiency is roughly
independent of the alkyl length and I concentration.
Similar v4 values (vg ~ 3.5 x 1075 mol em~3) were found
earlier® for various PAAm systems. Due to the distinct
amphiphilic character of I, n = 16, for C16 networks
with x1 = 0.05 the formation of micelles, which can
increase the modulus G; (or vg), is probable. It is
interesting to mention that an increase in G; has no
specific effect on the log G vs log X dependence of C16
networks swollen in water—ethanol mixtures (Figure 6).

As expected for gel series C1, C4, C6, and C8, the
swelling degree in water @y increases with increasing
I concentrations x1 (Table 1 and Figure 9). Generally,
with increasing length of alkyl at constant xj, the value
of Qw slightly decreases probably due to the increasing
strength of hydrophobic interactions which can be
proportional to the number of alkyl groups in salt. On
the other hand, for series C12 and C16 the swelling
degree @y is roughly independent of x; which means
that the polyelectrolyte effect of I is compensated by the

hydrophobic interactions of the alkyls, which can form -

micellelike aggregates in the network. The same con-
clusion can be made from the dependence of @, on the
number of carbon—-atoms in the alkyl of I shown in
Figure 10. As expected, @ decreases with n and for n
= 12 @ reaches roughly constant minimum values for
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all x;, in some cases even lower than @ found for an
uncharged PAAm network (Table 1).

Comparison between the Theory of Swelling
Equilibria of Polyelectrolyte Networks and Ex-
periment. About 20 years ago a modification of the
theory of polymer network swelling equilibrium for the
polyelectrolyte effect was suggested.?* In this theory
not only the mixing term, P, given by the mixing of
network ions with the solvent in swelling (which is
generally used in the literature!2) but also the electro-
static term, Pe, determined by the change of the
electrostatic interactions (repulsion) of charges on the
chain with swelling were considered in the swelling
pressure P. This theory has predicted swelling pressure
in the form37.2¢

P=/"1/V1=Pm+Pel+Pos+Pelst, (5)

where u; is the chemical potential of the solvent, V; is
the molar volume of the solvent, P, is the elastic term
given by a change in the free elastic energy of the chain
with swelling and Py, is the mixing term given by the
mixing of chain segments with solvent in swelling
described by the Flory—Huggins interaction parameter
x- This theory was used for the theoretical description
of a collapse phenomenon,?” and it was shown that in
the first approximation it describes data obtained poly-
(acrylamide-co-sodium methacrylate) ionic networks.317

In the theory published earlier’?* the individual
terms P; of eq 5 were expressed in molecular parameters
characterizing the network structure (concentration of
chains v4, density of dry polymer g, degree of ionization
o, molecular weight of a monomeric unit My, molar
volume of the water—ethanol mixture V;, dilution at
network formation v?, dielectric constant ¢) and in
experimental values of the volume fraction of the
swollen network ve = 1/Q. Using eq 5, the dependence
of the interaction parameter ¥ on ve was calculated from
experimental vy values (as the data were obtained for
the free swelling P = 0 in eq 5) by employing the same
procedure described in detail earlier.317

The use of eq 5 for the PAAm network without I
(series C4, x; = 0) swollen in pure water (vs = 1/Q.;
Table 1) led to the expected value of the interaction
parameter y = 0.48. Similarly as before,®17 for water-
swollen network series C1, C4, C6, and C8 with x1 > 0,
eq 5 gave high unrealistic values of the y parameters.
Since yx is a measure of the polymer—water interaction
when all charges are screened (the effect of charges in
eq 5 is considered in P, and Pgs; contributions), y =
0.48 may be, in the first approximation, required also
for ionic water-swollen networks. This requirement can
be met by assuming that the effective degree of ioniza-
tion a is lower than the I concentration xj, i.e., a = x19,
where ¢ is the empirical correlation factor (Table 1). The
¢ values thus calculated lie in the range 0.10—0.35 and
are lower than those found for PLGAAm/MNa) networks!?
(¢ = 1-0.95) and variously aged PAAm networks?2 (¢
= 0.99—0.51). [The correction parameter ¢ is related
to the activity coefficient of counterions and may involve
effects connected with a certain heterogeneity of diluted
networks or with other effects not considered in the
theory. Inthe case of variously aged PAAm and P(AAm/
MNa) networks the value of y = 0.48 can be expected
because one cannot expect that low content (1—5 mol
%), nonionized acrylic or methacrylic acid will affect y
to any marked extent. In the case of measured ionic
networks, especially with C8 salt, it is more realistic to
assume that y could increase in uncharged copolymer
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Figure 11. Time-resolved experimental (smeared) SAXS curves taken during network formation in C16 system at indicated
values of I concentrations, x;. Reaction time (s): 100—200 (O), 200—300 (), 300—400 (a), 400—500 (x), 1400—1600 (@), 1600~
2100 (m), 2100—2600 (a), 26003100 (©), final state (*) (+, solution without TEMED). (a) Solution flushed with nitrogen for 60

min. (b—d) Regularly prepared solutions.

networks with increasing salt content. On the other
hand, no systematic decrease of ¢ with increasing salt
content is seen for C1, C4, C6, and C8 salts in Table 1.]

If average values of ¢ are calculated for individual
series of networks, then the values ¢ = 0.24, 0.18, 0.15,
and 0.12 for series C1, C4, C6, and C8, respectively, are
found. Thus increasing the length of alkyl, which
decreases the effect of the charge on swelling due to the
increasing strength of hydrophobic interactions, lowers
the ¢ values. For series C12 and C16 with the longest
alkyls eq 5 cannot be successfully applied because, due
to the presence of micelles, in many cases the @y values
of water-swollen ionic networks are lower than the @,
of an uncharged PAAm network. For network series
C12 and C16 where the swelling degree showed a small
increase in @y with ionization, very low ¢ values are
obtained with the exception of two samples with the
lowest salt concentration x; = 0.005 (Table 1). An
assumption that concentration x; = 0.005 is below the
critical salt concentration for micelle formation can
explain the high degree of swelling of these samples (see
SAXS experiments).

Small-Angle X-ray Scattering. Figure 11 shows
the SAXS curves recorded during polymerization of
three networks of series C16 and x; = 0, 0.02, and 0.10,
respectively. To characterize the course of the polym-
erization, we plotted also sums of the smeared scattering
intensities taken over interval ¢ = 0.02—0.2 A-! as a
function of reaction time (Figure 12).

20

Loaaaa

w
1

intensities

Sum of

]
p p
0+ rrrr

0 2000 4000 6000
Reaction time, seconds

Figure 12. Sum of the SAXS intensities taken over interval
m = 0.1—1 cm in dependence on the reaction time for the C16
system. x5 0 (O, bubbled with nitrogen), 0 (00), 0.02 (&), 0.10
().

Scattering experiments started with solutions con-
taining all the reaction components except TEMED. As
expected, the scattering intensities for the solutions with
x1 = 0 are very low and do not depend on scattering
angle. Higher intensities and a broad maximum are
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observed for both samples containing quaternary salt
I. While the intensity increases with increasing xi, the
shape of the scattering curve is roughly the same for
both samples with x1 > 0. This behavior indicates that
I with long alkyl chain forms micelles in the reaction
mixture.

Addition of TEMED did not lead to any observable
changes in the scattering curves within an initial time
peried. This period is very short for the sample with x;
= 0 bubbled with nitrogen for 60 min (<100 s). It can
be seen from Figure 12 that the presence of oxygen
lengthens the initial period. The presence of I also
significantly increases the initial period, and for the
samples with I (x1 = 0.02 and 0.10) the onset of
polymerization is observed after approximately 30 min.
The scattering intensities cease to vary with time after
about 1.5 h. Therefore, the reaction time used (24 h) is
sufficient for full conversion.

Scattering patterns obtained for the samples with x1
= 0 (Figure 1la,b) have a form typical of swollen
networks after the initial time period. The scattering
curves corrected for collimation errors (not shown here)
can be approximated by a Lorentzian-type scattering
function

I(q) = K0Y(1 + ¢%&%) (6)

where £ is the correlation length. At the early stages
of polymerization (¢ = 100 s for part a and ¢ = 200 s for
part b) we determined & = 60 A. With proceeding
polymerization the correlation length decreases to its
final value & = 35 A. This behavior is a consequence of
the increase in polymer concentration.

For the sample with higher I content (x1 = 0.10)
scattering curves reveal the existence of micelles both
in the polymerization mixture and at the onset of
polymerization, and these micelles are clearly preserved
also in the gel (Figure 11d). Scattering curves for the
sample with x1 = 0.02 (Figure 11c) also suggest the
existence of micellar structures after polymerization
although the micellar contribution is less pronounced
due to the large network contribution to scattering
intensity. Formation of micelles in the cationic surfac-
tant N-alkylpyridinium chloride with alkyl chains n >
12 was found earlier?® by SAXS experiments.

The core—shell spherical model is frequently used as
the first approximation of micellar structure. In our
case, alkyl chains are assumed to form a dense core
(radius R.), while the shell of radius R, contains polar
heads including counterions and water. Assuming,
furthermore, uniform distribution of the scattering
length density inside both the core and shell and
neglecting interparticle interferences, the scattering
intensity of such particles can be expressed by the
relation (e.g., ref 26)

I(q) = I(0) {yF(gR) + (1 — y)[R °*F(qR,) —
R’FQR)VRSE - RHY (7)

where

F(x) = 3(sin x — x cos x)/x° (8)

Ab = b — Ugy is the excess scattering amplitude, b and
U are respectively the scattering amplitude and partial
specific volume of the dissolved compound, go is the
scattering density of the solvent, y = Abaw/(Abew. +
Abqw,) is the ratio of the excess scattering amplitude of
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Figure 13. Comparison between the theoretical scattering
curve of the core—shell model (solid line) and the experimental
desmeared SAXS data (O) of the reaction mixture for the C16
system without TEMED (x; = 0.10). (See text for the values
of the micellar structure parameters.)

the core to that of the whole micelle, and w. and w, are
the weight fractions of the alkyl chain (core) and polar
heads, respectively. The extrapolated intensity can be
expressed as

I(0) = (c(AbYIN )M 9

where c is the particle concentration and N, is Avogadro’s
number. The last relation, valid if the interparticle
interactions can be neglected, is a basis for the deter-
mination of molar mass.

For the system studied we could not determine the
micellar mass and size directly because we had not
succeeded in obtaining reliable desmeared data in the
relevant part of the scattering curve, Glatter’s methods
for collimation corrections (ITR, ITP) lead to almost
identical results for ¢ > 0.15 A~%, but at lower angles
the desmeared intensities were strongly dependent on
the parameters of the correction process.

The micellar structure parameters could be estimated
by fitting eq 7 to the experimental data corrected for
collimation errors. Using the partial specific volumes
of the quaternary salt, Dsax = 0.946 cm?/g (ref 27), and
of the alkyl chain, 0. = 1.242 cm¥g (ref 28), we
calculated the excess scattering amplitudes of the core,
shell, and whole micelle, respectively (in 10!° em/g): Ab,.
= —1.98, Abs = 2.64, Ab = 0.31.

The excess amplitude fraction of the core, ¥, was then
estimated to be —3.2. This parameter was kept constant
during the fitting process. There are three adjustable
parameters related to the micellar structure: 1(0), R.,
and R;., We also adjusted a constant background
reflecting the scattering contribution of the acrylamide
monomer which was present in the reaction mixture.
We used only the desmeared data for ¢ > 0.15 A1,
which are believed not to be affected by uncertainty in
collimation corrections and by intermicellar interactions.

The fitting (see Figure 13) resulted in the following
values of the parameters: the micelle core radius R, =
17 A, the micelle shell radius R = 29 A, the extrapo-
lated intensity I(0) = 9.0 x 1078 cm~!. Using eq 9, the
micelle molar mass of 2.7 x 10* g/mol was estimated.
The corresponding aggregation number is 60.
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In order to check, to a certain extent at least, the
consistency of the above given results, we calculated the
radius of the micelle core on the assumption that it
contains 60 C16 alkyl chains. Such calculation results
in R. = 19 A, in a reasonable agreement with the value
obtained by the scattering curve fitting.

Conclusions

From the swelling, mechanical, and SAXS measure-
ments carried out on the ionic networks of copolymers
of acrylamide with quaternary ammonium salts of
different alkyl lengths swollen in water—ethanol mix-
tures, the following conclusions can be made:

(a) Gels from the salts I with number of carbon atoms
n = 1—-8 undergo a first-order phase transition; an
increase in n stabilizes the expanded state and increases
the critical ethanol concentration e, at which the transi-
tion takes place. Increasing the strength of hydrophobic
interactions (increasing alkyl length) slightly decreases
the degree of swelling in water @, and the extent of
the collapse A log X at constant concentration of the salt
in gel x1.

(b) For gels from the salts I with n = 12 and 16 the
swelling degree in water is roughly independent of the
concentration of the salt, which means that the poly-
electrolyte effect is compensated by hydrophobic inter-
actions of the salts. Scattering curves of gels from I, n
= 16, reveal the existence of micelles for xy = 0.02. The
micelles contain about 60 molecules. Their structure
can be described by the core—shell model with the radii
R.=17Aand R, =29 A

(c) As the constant amount of cross-linker was used
in all networks, the modulus data lie roughly on the
same log G vs log X dependence regardless of the
concentration of the salt I. The jump in the modulus
at the collapse A log G adequately correlates with the
jump in the swelling ratio A log X (A log G = 0.33A log
X). This means that mechanical behavior is predomi-
nantly determined by the swelling degree for all gels.
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