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ABSTRACT: Poly(2-hydroxyethyl methacrylate) networks are of practical interest because of their use as bio-
medical materials and of theoretical interest because their polymer chains are markedly amphiphilic in nature.
Rheo-optical studies were therefore conducted at 7 = 25° in the rubbery region on samples (concentration of
cross-linker 0.065 X 10~ 4 mol/cm?) swollen to equilibrium in tetrahydrofuran (THF), acetone, water, ethylene glycol,
0.5 M Mg(ClO,), in H;0, 50:50 mixtures of water and THF, as well as of water and acetone. These diluents yield
a range of volume degrees of swelling, ¢, from 1.6 to 7. Anisotropic light scattering in all cases reveals a certain
amount of long-range orientation correlation over thousands of 4ngstréms. Stress and birefringence relaxation
data at various elongations (A = L/L, = 1-1.6) were found to be separable in an elongation-dependent and a
time-dependent factor. The latter factor is viscoelastic in nature {changes in swelling due to the imposed strain
are minor), and is governed mainly by the value of g. In THF, acetone, and water, the time dependence of the
birefringence was found to differ from the time dependence of the stress. These differences find a logical explana-
tion if one assumes that during stress relaxation there is—in addition to the normal loss of orientation proportional
to the stress—a process of (re)formation of correlated regions proportional to the loss of stress. The extrapolated
equilibrium stress and birefringence fit a two-parameter Mooney—Rivlin equation much better than the Gaussian
one-parameter equation. The Cy*/Ci* ratio decreases to zero in high-swelling diluents, whereas the Ci* term (after
the normal correction for swelling) remains constant. The equilibrium stress—optical coefficient, An/e, which
is independent of A, depends very markedly on the refractive index of the diluent showing that form birefringence
plays an important role. A detailed analysis of all equilibrium results, as well as of the time dependencies,
supports the concept of some structural order exceeding that implied by a Gaussian network. This order is
probably imposed by inhomogeneous cross-linking as well as by specific diluent—polymer interactions dictated by

EFFECT OF DILUENTS ON POLY(2-HYDROXYETHYL METHACRYLATE) GELS 415

the amphiphilic nature of the polymer.

Copolymerization of 2-hydroxyethyl methacrylate
(HEMA) and a small amount of ethylene glycol
dimethacrylate (EGDMA) leads to cross-linked
(PHEMA) polymer networks which are of practical
interest because of their use as biomedical materials!
and of theoretical interest because the constituent
macromolecules are markedly amphiphilic in nature.
Diluent-induced aggregation phenomena may there-
fore be expected, possibly leading to some local meso-
morphic order of either nematic or smectic type.*?
The presence of cross-links and the atacticity of the
chains most likely impede the development of crystal-
linity.

It is thus of interest to investigate the influence of
the nature and amount of diluent on the structure and
properties of such networks. An advantage of the
PHEMA systems is that they can be prepared as visually
clear gels, so that in addition to the mechanical be-
havior, also the photoelasticity and light scattering can
be conveniently studied. One may hope to obtain in
this way a closer insight into the relation between
structure and mechanical behavior of polymer networks.
Such a relation is, quite generally, very much needed
in view of the fact that the behavior of virtually all
networks deviates substantially from the behavior
predicted by the commonly accepted structural model
in which only the presence of randomly cross-linked,
randomly coiled Gaussian polymer chains is postulated.
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For a Gaussian network one has the following well-
known relation* for the true equilibrium stress (i.e.,
force per unit strained cross section)

o = Go*¢7 A — AT Ugulg)) = GHA? — A7 (1)

In this equation, A = L/L, with L, the initial, swollen
but unstrained length; Gi* = Age~"/w*RT with »*
the number of moles of network chains per cubic centi-
meter of dry network; g¢o,** = (#94/(r?.., i.e., the
ratio of the dry to the unstrained average chain di-
mensions in the swollen state; ¢, and ¢ are the strained
and unstrained volume degrees of swelling, respectively.
The constant A4 is a numerical factor reflecting a minor
ambiguity in the various known derivations of eq 1.
The approximation indicated in the right-hand side of
eq 1 is justified if g4/g ~ 1, which is in fact the case
in our study. Similarly one has for the birefringence

An = Ag*q7 VAT — A7 = A¥A2 — A7 (2)

with Ag* = (G*/RT)2w(45)n2 + 2)n~'Aa,, where n
is the average refractive index of the gel and Ae, is the
optical anisotropy of a chain segment. The latter
may in principle contain an intrinsic as well as a form
anisotropy.

In practice one finds that the equilibrium elastic data
are frequenctly much better described by the two-
parameter Mooney-Rivlin equation*

g = (C* + GHFAA?— AT (3)

In this equation C,* is often, but without any theoretical
justification, identified with the constant Ga*g~'/* of the

(4) See, e.g., K. Dudek and W, Prins, Fortschr. Hochpolyni.-
Forsch., 6,1 (1969).
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Gaussian equation (1). Equation 3 has previously
been found to hold for swollen PHEMA gels.?

The strain birefringence is often describable in terms
of an analogous equation®

An = (A* + AX/A)(A?— ATY) @)

again showing a substantial deviation from the Gaussian
birefringence relation.

In the past years many attempts have been made to
interpret the deviations from Gaussian behavior on a
molecular basis. Dusek and Prins¢ have recently
reviewed the various proposals. It was concluded
that none of these proposals were as yet satisfactory
but that the pursuit of the elusive relation between
structure and elasticity would be a necessary and, hope-
fully, a rewarding enterprise. For a structure model in
which the existence is postulated of randomly disposed,
orientationally correlated (and thus anisotropic) rigid
regions imbedded in a matrix of Gaussian chains, the
following results are available®—3

Co* = 0.72v.RT &)
A* = 0.17[(7? + 2)Y"]Pandtan

In these relations v,, is the number of anisotropic
regions per unit unstrained (swollen) volume, ¢a
is the volume fraction of such regions, and (Aa)a
is their optical anisotropy (intrinsic + form) per unit
volume. The C,* result is most unlikely since experi-
mentally one finds C;*/C* = 1, in conjunction with
the tentative identification Ci* = Gg*g~'/* this would
lead to the absurd result that the number of Gaussian
chains would be of the same order of magnitude as the
number of anisotropic regions. Although the A,*
result may be more appropriate,®8 the above result may
be an indication that the anisotropic regions should not
be considered as being rigid.

In the process of obtaining equilibrium photoelas-
ticity data, one often encounters an extended stress and
birefringence relaxation. For several rubbers Thirion
and Chasset® found that the stress can be factored in an
elongation- and a time-dependent part

o(A,1) = co(A)ox?) (6)

If a reliable extrapolation for #+(7) can be found experi-
mentally, eq 6 provides g.(A) which is the equilibrium
stress to be used in eq 1 or 3; a similar argument should
apply to the birefringence. In addition the experi-
mentally obtained time dependencies, os(r) and Ans(r)
reflect linear viscoelastic behavior because they do not
depend on A. We are, therefore, in a position to
calculate the mechanical and optical relaxation spectra
in the rubbery region, which may yield another clue
as to the structure of the networks. If only Rouse-
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(6) M. C. A, Donkersloot, J. H. Gouda, J. J. van Aartsen,
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type configurational relaxation is involved, Read?!®
has shown that both spectra should be identical, so
that the stress-optical coefficient, C = An/s is inde-
pendent of time,

Direct structural information can be obtained by
performing light scattering on the unstrained gels.
The angular dependence of the scattering can be
analyzed in terms of long-range correlation functions
or alternatively by reference to the model described
above. Gouda® has most recently given general ex-
pressions for all light-scattering components arising
from this model. For our present purpose we need
only the result for the H, component (H = horizontally
polarized scattered, v = vertically polarized incident
light; horizontal scattering plane), after extrapolation
to zero scattering angle

(Hv)ﬂ =0 = (167r4,//15A04)¢’an(Aaani)2Van (7)

In this equation A, is the vacuum wavelength of the
light; it should be noted that H, depends only on the
intrinsic anisotropy per unit volume, Aa,.!, of the
regions and as such is independent of the refractive
index of the surrounding. V., is the volume of an an-
isotropic region. Equation 7 assumes that there is no
anisotropy at all in the surrounding. If we want to
include a contribution from the amorphous matrix, we
have to add a term (16741501 — a)(Aa))2V,
where Aa,l is the intrinsic anisotropy per unit volume
of a chain segment in the matrix and V. its volume,
If desirable, one could also add a separate term for the
intrinsic anisotropy of the cross-links.

Experimental Section

Preparation of Samples. All samples were prepared by
copolymerization of 2-hydroxyethyl methacrylate and
0.065 X 10~ mol/cm? of ethylene glycol dimethacrylate
at 55°, using isopropyl percarbonate as initiator.’® After
extraction with methanol and drying at 10~* atm, their
densities were determined by weighing pieces in air and in
cyclohexane (which is a nondiluent). Samples were cut
to1 X 5 X 0.2 cm? and swollen to equilibrium in tetra-
hydrofuran (THF), acetone (A), water (W), 0.5 M Mg-
(ClOy); in water (W-Mg), a 50 vol % THF-50 vol % H,O
mixture (W-THF), a 50 vol ¢ acetone-50 vol ¥ H.O (W-A)
mixture, and ethylene glycol (G) (see Table I). Volume
and swollen density were measured by weighing in air and
in the respective diluents. For the calculation of the volume
degree of swelling, the dry density was adjusted to its liquid
state equilibrium value by reference to known volume-
temperature data of the dry polymer above and below its
glass transition®® (a1 = 4.6 X 107% deg™!, @, = 2.4 X
10~¢deg=1, T, = 90° yields p; = 1.016p; at 20°).

Photoelasticity. The swollen strips were mounted be-
tween clamps in a rectangular glass cell containing diluent
and given a certain amount of elongation. The length of
the sample was measured to 0.005 cm between three refer-
ence marks on the sample from which two rather than one
length L; was read for increased accuracy. Subsequently
the stress, o(A,r), and birefringence, An(A,r), relaxations
were measured over a period of several hours, with some
extending over 5-8 hr, using a photoelasticity setup previ-
ously described.® The force was obtained from a trans-
ducer to =1 g, and the birefringence, An, by measuring the
optical retardation 6(¢) (= 2wAnd/ho, where \o = 5461 A
and 4 is the thickness of the sample) in a de Sénarmont

(10) B.E. Read, Polymer, 3,143 (1962).
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TaBLE
MECHANICAL AND OPTICAL CHARACTERISTICS OF PHEMA GELS IN VARIOUS DILUENTS®

Diluent
THF A w W-Mg W-THF W-A G
— q _—
1.64 1.79 1.85 3.57 5.26 6.25 6.99
10~ G* (5 min) 1.53 1.38 1.35 0.61 0.62
10-5G* (1 hr) 1.38 1.26 1.20 0.59 0.60
1078G* (=) 1.13 0.98 0.92 0.357 0.59 0.50 0.37
1075C* (5 min) 0.97 0.89 0.94 0.44 0.45
10-8C* (1 hr) 0.89 0.77 0.77 0.43 0.43
1078C* (=) 0.62 0.62 0.64 0.41 0.40 0.46 0.37
10=8C2* (5 min) 0.80 0.63 0.60 0.24 0.20
10-8C* (1 hr) 0.74 0.68 0.55 0.21 0.20
1078C* (=) 0.71 0.57 0.54 0.22 0.18 0.05 0.0
C*/C1* (5 min) 0.82 0.71 0.64 0.55 0.44
Co*/Ci* (1 hr) 0.83 0.88 0.71 0.49 0.46
C*/Cr* (=) 1.14 0.92 0.84 0.54 0.453 0.11 0
104* (5 min) —1.69 0 2.40 4.88 1.52
1054* (1 hr) —1.36 0 2.16 4.51 1.50
1054* (=) —0.84 0 1.78 4.36 1.47 2.27 0.21
1054:* (5 min) —1.13 0 1.70 4.16 1.00
1054,* (1 hr) —1.11 0 1.45 3.32 0.97
105A4,% (=) —0.68 0 1.30 3.06 0.93 1.63 0.04
1054,* (5 min) —0.65 0 0.90 1.00 0.66
1054,* (1 hr) —0.33 0 0.85 1.63 0.60
10%4,* (P) —0.18 0 0.53 1.76 0.63 0.89 0.26
As*/A:* (5 min) 0.58 0.54 0.24 0.66
Ax*]A:* (1 hr) 0.30 0.59 0.49 0.62
A A* (=) 0.26 0.41 0.58 0.68 0.55 6.5
101'An/g (5 min) —1.12 0 1.76 8.00 2.45
10%'An/e (1 hr) —1.04 0 1.80 7.74 2.50
101 Anjo (=) —-0.70 0 1.95 7.75 2.51 4,70 0.58

e G*, C1*, Cy*,and o are all in dyn/em?,

compensator. with the analyzer at —45° to the stretch
direction (polarizer at +45°, slow direction in A/4 plate at
+45°). The transmitted intensity, measured on a photo-
multiplier, is then I(r) « sin? [6(¢)/2]. The proportionality
constant is obtained at the end of the experiment at time ¢’
by rotating the analyzer through an angle ¢ so as to obtain
minimum intensity on the detector. In this case I(¢')
« sin? [8(:')/2 + o(¢")], so that §(¢')/2 = — ¢(¢') and thus
the proportionality constant I(s')/sin? [6(¢')/2). The results
are given in the figures in terms of the extinction angle
o(t) = —8(r)/2. The accuracy in ¢(#) is about 15 min,

Small-Angle Light Scattering. The measurements were
taken on the instrument described previously,!! equipped
with a chopper and lock-in amplifier to accommodate the
low levels of scattering.® The swollen gel plus a small
amount of excess diluent were held between parallel glass
windows. The H,, Vs, and H, components were measured
at scattering angles 2° < § < 30° (the symbols v and h refer
to the state of polarization of the incident light and H and
V to that of the scattered light). The conversion of
measured intensities to absolute Rayleigh ratios required
an elaborate procedure, which has been detailed previously.8
The refractive indices of the gels and diluents were measured
on an Abbe refractometer.

Results

Force and birefringence (extinction angle) relaxation
usually did not reach equilibrium within 5-8 hr, whereas
any relaxation due to increased swelling under the

(11) A, E. M., Keyzers, J. J. van Aartsen, and W. Prins,
J. Appl. Phys., 36,2874 (1965).

imposed strain was found to be completed in about 2
hr (1-29% additional swelling at elongations 1 < A <
1.6). Upon plotting log f(A,f) vs. log ¢, series of paral-
lel lines were obtained, provided the period of creep
recovery was at least ten times the time of the relaxation
experiment. An example is given in Figures 1 and 2,
This proves that factoring f(A,7) = fo(A) - fo(r), asineq 8,
applies. For the extinction angle ¢(A,r), a similar
separability into ¢.(A) and ¢.(¢) applies.

Thirion and Chasset have shown that the time de-
pendence for rubber vulcanizates can be represented
by?

fL) =1+ (o)™ ®)
where 7o and m are constants (m =~ 0.12), or
log (—df(A,n)/d log ) = a — mlog ¢ 9

so that f(A,r) = fi(A) + 10%™/2.3m, which yields
Sfo(A) and thus also o™ = 10%2.3m-f,(A). Using this
method first for that value of A(= A*) for which the
longest relaxation experiment was performed, m, ft,,
and f,(A*) were obtained by the graphical use of eq 9.
Subsequently the other f(A,r) plots were shifted verti-
cally to the line for f(A*,f) so as to get the best fit of the
time dependencies. Next a new value for m and 7,
was obtained by a least squares fit of all the experi-
mental points using f, obtained for A*, Subsequently
fo was changed repeatedly by 1 g and m and ¢, values
were calculated until Z;(f; exo — fi,theor)? differed less
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TaBLE 11
MECHANICAL AND OPTICAL RELAXATION PARAMETERS OF PHEMA GELs IN VARIOUS DILUENTS

— Diluent —
THF A w W-Mg W-THF
1o{m) sec 3.4 1.5 0.81 1.3 X 10°2 5.0 X 10°®
m(m) 0.170 0.180 0.147 0.172 0.176
19, sec 6.1 X 10 4.8 X 10-? 1.3 X 1073 5.0 X 1079
m® 0.174 0.156 0.172 0.176
Log 4, 0 —0.45 0.65 —~3.25 —4.50
Log (fo{™z, (™) 0 —0.36 0.62 —3.42 —4.83
7o) plm) 1.63 0 0.62 1 1

than 1 % from the previous step in the iteration. Them
and 1, values thus obtained are listed in Table II.
These values were used for obtaining all f,(A) values.
The same was done for ¢(A,7). In order to distinguish
between the mechanical and optical parameters, we use
the notation m™, 1™ and m‘?, 1,{?, respectively.

For the construction of the equilibrium stress-strain
and birefringence-strain plots one needs, in addition
to f.(A) and ¢.(A), the actual cross section of the strip,
S4. and the best unstrained length, L,. For the cross
section we can put with 1-29 accuracy S, = A71S,
where S is the initial swollen cross section. To elimi-
nate experimental error in L, an iterative, nonlinear,
least squares method was used which allowed us not
only to determine G* (or 4%), Ci*, and C.* (or A*
and A.*) but also Lo, as outlined in the Appendix. Itis
also shown there that in most cases the Mooney-Rivlin
equations (2 and 4) represent the data much better
than the Gaussian equations (1 and 3). In Figure 3
some representative Mooney-Rivlin (MR) plots are
given. Using this procedure we not only determined
the equilibrium MR plots but also the 5-min and I-hr
plots, as shown in Figure 3 (see also Table I).

T T T T

150 7 T @~ g, . 1.4
ee-eéle

~~0...e

- |
0ee.g.g

— 106G f(A,¢t)
—>L0G @(A,t)

LOG t

Figure 1. Experimental values of force, fin grams (O), and
extinction angle, ¢ in degrees (@), vs. time (in seconds) for
water swollen gel. The numbers in the graph refer to the
various elongation ratios A,

The function fx(r), obtained from f(A,7)/fe(A), is in-
dependent of the elongation and thus represents the
linear viscoelastic response of the sample [Young’s
modulus E(7) « 3f()(C* + C*)]. Table I shows
that m is approximately the same for all diluents, for
£(r) as well as for ¢.(r). The differences reside in the
o values. Figure 4 shows that all log f«(#) curves vus.
log r are superimposable and closer to equilibrium
the higher the degree of swelling. Thus we can utilize
a shift factor a, = a,(q) (Table II) to construct a
master curve (Figure 5); THF with ¢, = 1.64 was
chosen as reference. The master curve is described
very accurately by eq 8, as shown by the linearity of
the plot in Figure 6, where eq 9 is plotted using #/a,.
The value m = 0.17 of the superimposed curve agrees
well with the average of the m values listed in Table I1.
The value of 7™ = 3.40 agrees with the value previ-
ously found for THF (Table II).

The birefringence time dependencies, although always
describable in terms of m and fo, are sometimes slower
or faster than the corresponding force time dependen-
cies or identical with them. Figure 7 illustrates the
above conclusions by showing the time dependencies

—L0G (A, t)
—L0G @ (A t)

Figure 2. Experimental values of force f in grams (O) and
extinction angle ¢ in degrees (®) vs. time (seconds) for THF
swollen gel. The numbers in the graphs refer to the elonga-
tion ratios A. In this case the birefringence is negative.
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Figure 3.  Mooney-Rivlin plots for stress and birefringence:

A, water swollen sample; B, THF swollen sample (1, upper
slopes) 5-min values, (2, middle slopes) 1-hr values, (3, lower
slopes) extrapolated equilibrium values. Each MR plot is
double because two different length readings were taken.

of the stress—optical coefficient, C = An/o, in the case
of water and THF. The equilibrium values (C.) are
given in Figure 8. The C, values do not depend very
much on the deformation, which indicates that roughly
Co*/C* = A% A

The small-angle light-scattering results in all cases
yielded large angular dependencies for H., V., and
H,. Figure 9 shows an example for water and ethylene
glycol, including the extrapolation procedure for ob-
taining the zero scattering angle intensity (eq 6) by
decomposing the angular dependence in three linear
ranges. Table III lists the extrapolated intensities.
The slopes of the straight lines, together with the
associated intensities, yielded correlation distances for
all gels of about 4000, 12,000, and 25,000 A, with
contributions to the total scattering of 80, 15, and 5%,
respectively.

Mechanical and Optical Relaxation in the Rubbery

Region. Mechanical Relaxation Spectra. The linear
T T ;
THE. ‘
03 e, -03
-~ o ),
R e ~
S | THF) o ~’_: §
» 02 ~ b =02 ~
8] Al )
= -«H\l§ 3
W Tl
Ol — =01
o S
‘\I\
THE e ey i
wane e -:L;:::l:::':‘,____
25 25 30 35 40
LOG t
Figure 4. Time-dependent part of the stress, £, = f/f. (drawn

lines) and extinction angle, ¢» = ¢/¢e (dashed lines) ¢s. time
(seconds) for all gels.
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TasLE III

EXTRAPOLATED SMALL-ANGLE LIGHT SCATTERING
ofF PHEMA GEtLs IN VARIOUS DILUENTS

(Hp)p=0 = (Hv)s =0,
Diluent m ne (Vy)s=0, cn™1 cm~!
THF 1.404 1.468 5.0 X 10 9.0 X 107!
A 1.356 1.451 1.5X 10 2.5
w 1.332  1.432 54X 10 2.0
W-Mg 1.341 1.368 6.0 X 10 4.0 X 10t
W-THF 1.370 1.383 2.5X 10 1.5 X 1071
W-A 1.356 1.367 3.0X 10 9.0 X 102
G 1.428 1.432 3.0 9.0 X 1072
D« 1.515 7.0 4.0 X 107!

@ Dry gel measured in toluene (n; = 1.497).
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LOG {t/aq)

Figure 5. Superimposed time dependence of the force, f/fe,
vs. reduced time #7/a,. As reference the THF swollen sample
has been chosen.

i)

LOG (-4 t,/dLOG (t/gg))or LOG b

LOG {t/dq) or LOG T

Figure 6. First approximation mechanical relaxation
spectrum or test of eq 8 (O) and exact spectrum (@) vs. reduced
time t/a, = 7.
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Figure 7. Stress—optical coefficients, An/a, vs. the elongation
A, for the water swollen (A) and THF swollen (B) samples:
1, experimental 5-min values; 2, experimental 1-hr values;
and 3, extrapolated equilibrium values.




420 M. ILavsKky AND W. PrINS

10" ce (cm?dyn”)
(9,
g I
£
>

[ | ! |
112 13 14 15 16
A

Figure 8. Extrapolated equilibrium values of the stress-
optical coefficient ¢s. the elongation, for all gels.

viscoelasticity of cross-linked networks can phenom-
enologically be represented by

T E(r)e”!r

£ = é = E(N/E. =1+ j;) T dr =

+o
1+ f A (log e~ "d logr (10)

where E(r) and E. are the time dependent and equilib-
rium (Young’s) modulus, respectively, and E(7) is the
spectrum of relaxation times 7; ™) is the reduced,
logarithmic, mechanical relaxation spectrum. It is

Vy (sH ) IN WATER

Hy IN WATER

10° sin(6/2)

Figure 9. Rayleigh ratios (cm~?!) of water- and glycol-
swollen gels vs. scattering angle.
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known that the position of E(r) is very sensitive to the
degree of swelling and a theory based on the additivity
of the free volumes of diluent and polymer is avail-
able.'? Application of this theory leads to a slightly
negative free volume of our polymer. Since we are
working here in a series of diluents of different chemical
nature, one cannot expect this theory for the shift
factor a, to be adequate. Still the construction of the
master curve (Figure 5) shows that the shift is predom-
inantly governed by the degree of swelling and not
by the narure of the diluent. Because the m values
for the various diluents are essentially the same, the
experimental shift factor log a, is roughly equal to log
1o'™ /1™ where 16,(™ refers to the THF reference
sample (TableII).

The master curve of Figure 5 describes the ap-
proach to equilibrium over about ten logarithmic
decades of time. Since eq 8 was found to hold, a
comparison with eq 10 shows that the relaxation
spectrum in this (rubbery) range of time is given by

(t/rpt™ym = f h'™(log r)e " " dlogr (11)

or after forming the inverse Laplace transform

2.303(rs™y"
=, ~ T

(m) -
'™ (log 1) TG

m (lla)
where T'(m) is the gamma function. It may be worth-
while to point out that if we apply the so-called first

approximation method of Schwarzl and Staverman??
to eq 8 we find from our results

A™(log 7) = 2.303m(1{™)mr="

which for our values of m is identical with eq 1la
within the experimental error. Thus in this range of
long relaxation times the first approximation method
yields the exact spectrum.

Optical Relaxation Spectra. Although the »1 values
for the optical relaxation are the same as for the me-
chanical relaxation, there are differences in the r!®
values leading to forward as well as backward shifts
of the optical compared to the mechanical spectra
(Table II). The reduced, logarithmic optical relaxation
spectra follow from

(12)
which in our case yields

+w
(1/16()" = f h9e=t"dlogr  (13)

—

The differences between #(® and h™ cause the stress—
optical coeflicients to be time dependent.

Differences between mechanical and optical spectra
in the main transition have in the past'* been attributed
to an overlapping of distortional relaxations (of impor-

(12) H. Fujita and A. Kishimoto, J. Chem. Phys., 34, 393
(1961),

(13) F. Schwarzl and A. J. Staverman, Appl. Sci. Res., A4,
127 (1953).

(14) B. E. Read, Polymer,5,1(1964).
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tance near the glassy region) and configurational relaxa-
tion processes (e.g., Rouse-type spectrum with slope
— 1/, beyond the glassy region). Since we are operating
in the rubbery region far beyond the glassy region
and even beyond the Rouse single molecule region of
slope —1/,, this approach is unlikely to be of help in
explaining our results. Stein!® has developed a general
phenomenological theory in terms of two distributions
of relaxation times, appropriate to crystalline polymers.
A connection between these distributions and the
mechanical spectrum is, however, lacking.

For an explanation of the differences in spectra in
the rubbery region, we recapitulate our findings once
again: in water the positive birefringence decreases
slower than the stress, in THF the negative birefrin-
gence decreases faster than the stress, in acetone there
is no birefringence. If we postulate that concurrent
with the stress relaxation we not only lose a certain
amount of chain orientation (with positive or negative
birefringence) but also creare some new birefringence
proportional to the amount of stress lost at any time,
due to a restructuring or recreation of orientational
correlation. the spectral differences find a straight-
forward explanation. Since we know from the light-
scattering results (Figure 9) that in the unstressed net-
works such a structure exists, its re-formation after its
partial or complete destruction upon initially straining
the material is not such a far-fetched idea.

In order to formulate this idea in as general a way
as possible we write

An(f) = An'(D) + AnO() = C9%9() +
CI()(a(0) — (1) + An2O0) (14)

where An'“(1) is the birefringence relaxation due to the
normal configurational relaxation of the chains (‘**Rouse-
type” relaxation) and An"?(r) simply denotes the non-
configurational (possibly structural) part. The second
line of eq 14 introduces the configurational and non-
configurational stress—optical coefficients of which it is
known that the first is not time dependent; since at
zero time the birefringence is not solely dictated by the
configurational part but also by distortional or any
further structural contributions, a term for An™%(0)
at zero time has to appear ineq 14. Next, we introduce

o) = o. + Aaf‘ He t"dlogr (15

where Ag = o(0) — 0., 0. is the equilibrium stress, and
H. is the normalized logarithmic relaxation spectrum.
By comparison with eq 10, the latter is defined by

+ e +
f H.d log 7 = (c./A0) f A dlogr =1

—x

(16)
Equation 14 now transforms to
An() = C'%¢ + C™I() Ao + An™OQ) +
+
(COAr — CI(HAr) He Y"dlogr (7

or introducing the equilibrium birefringence, An,
An, = C'9, + C."9A¢ + An®I(Q)  (18)

(15) R. S. Stein, S. Onogi, and D. A. Keedy, J. Polym. Scl.,
57.801(1962).
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where C.("¥ is the equilibrium value of the nonconfigura-
tional stress—optical coefficient, we have

A C9g, + An90) | C()"Ag
) = An, An, Ane
Ag[C© — o)y © ,
ol ()]f He V" dlogr (19)
An, Cw

The birefringence relaxation ¢(r) can thus be quite
generally written in terms of a constant and two func-
tions of time. This is similar to Stein’s phenomenologi-
cal formulation in terms of two optical spectra. Equa-
tion 19 offers the advantage, however, of being directly
related to the mechanical spectrum H.. In principle
any time dependence of ¢(¢r) can thus be analyzed in
conjunction with f3(r) data, so as to yield optical spectra
for which molecular explanations may then be sought.

The experimental results show that in our case 4®
« #™ (eq 11 and 13). Upon inserting this result in
eq 19 and utilizing eq 16, one has to conclude that
C™(y) must be a constant, independent of time, which
is thus a special case of the more general formulation.
It is at this moment that we can write C*(;) = C'V in
order to reflect its relation to a certain restructuring of
the network proportional to the amount of stress lost
ata giventime. Equation 19 reduces to

o) = 1 + KfH,e_” dlog 7 20)
with
K = Ag(C® — C™)/An,
and
An, = C9q, + [CPAs + An(0)] =
AntY + A9 (21)

For the stress—optical coefficient we will get

=+ =
—t'r
An(r) {] -+ Kf_w H.e d log T:l
C([) = 0'([) = Ce + = ‘
l:l -+ Aa/ae H,e‘“dlogf]
(22)

where C. = An./o.. Equation 22 shows that the stress—
optical coefficient will be independent of time only if

Agio, = K = Ac(CY — C')/An, 23)

which will be fulfilled if €™ = 0, i.e., if only configura-
tional relaxation occurs (C. = C@), but also if €
fortuitously equals —An™(0)/5(0).1

(16) It is worthwhile mentioning that cross-linked networks
according to eq 22 will show a time-dependent stress—optical
coefficient even if the mechanical (h{™) and optical spectra
(h®) are proportional to each other (as is true in our case)
whereas for noncross-linked systems such a proportionality
leads to a time independent stress-optical coefficient. Again
considering the case that C®e)(¢) is equal to a time-independent
constant C™, we have

An(H) = An»3(0) + C@o(r) + CO(e(0) — a(n)
Since Ane and ¢. are both zero in the noncross-linked case
Ane(0) = — C@¢(0) must always be valid,  As aresult

An(D) = o(0)C® — C)f Hye=t'r d log

which shows that C = An(#)/e(r) will be time independent but
the optical spectrum will be shifted by a factor A®'/A(m) = Ct©
— C(r\,_
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Figure 10. Reduced Ci* and C* constants vs. the degree of
swelling g. Drawn line in Cy* graph represents the depen-
dence of the reduced Cu* vs. the degree of swelling in ethylene
glycol, 10

Equations 10 and 12, together with the analysis
resulting in eq 20, allow us to make the connection
between the optical and mechanical spectra

/1(0)//1(m) — Ue(C(C) — C('>)/Ane — (,0(0)/[0(m>)o.17 (24)

taking the value of m = 0.17 for both the optical and
mechanical case., H, remains inaccessible because
A = (Ac/o)H. and Ac is not experimentally available
(the measurements do not extend to zero time). We
now have the following three experimental results
(Table H): in water, /94 < 1, An, > 0; in THF,
2R > 1 An, < 0; inacetone, A9 JA™ = 0,An. = 0
and C“ = €', Fromeq24and 21, it then follows that

C¥ > —(@An. — C9)jo. = —An")0)/a(0) (25)

indicating that the constant C*”, which is indicative for
the restructuring during stress relaxation, is subject to
the same condition in all three cases. This might be
taken as an indication that the same type of restructur-
ingoccurs.  Since Ane — C%¢, = An.™ is unknown in
magnitude as well as sign, we cannot determine whether
¢ will be positive or negative. For the other four
diluents no time dependencies were found in either the
stress or the birefringence so that in these cases we are
unable to say whether only configurational relaxation
takes place or not. Measurements at shorter time
scales (dynamic measurements) would perhaps reveal
the existence of nonconfigurational relaxation. !’

Finally, some comments should be made regarding
the time dependence of the parameters in eq 1-4.
Table I shows the value of these constants calculated
at 5 min, 1 hr, and after extrapolation to infinite time.
We note that C,* seems to be more time dependent
than C.*. This is contradictory to the experimentally
found separability of ¢(A,z) into oo(A)-ox(#); insertion
of this result in the MR equation shows that C*(z)
and C*(¢) should have the same time dependence.
We have to keep in mind that the data are forced to fit
the phenomenological MR equation and moreover that

(17) Such measurements are planned in this laboratory.
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the accuracy in C.* is not very high. A similar state-
ment applies to the optical constants 4, * and 4»*.

Although it is likely that Cy*/C.* and A4.*/4* are
related to the deviations from Gaussian behavior, we
have as yet been unable to find a straightforward con-
nection with the restructuring process outlined earlier.

Mechanical and Optical Equilibrium Behavior. There
is no doubt that the equilibrium stress in most diluents
is described much better by the Mooney-Rivlin equa-
tion (3) than by the Gaussian equation (1) (compare
Figure 3 and Table I). Figure 10 shows that C,*—
if corrected for swelling by the Gaussian factor ¢'”
(see eq 2)—is essentially constant for all diluents,
whereas C»*, similarly plotted, decreases to zero in the
high swelling diluents. The light-scattering intensities,
collected in Table III as Rayleigh ratios, similarly
decrease with increased swelling. The decrease in
H, far exceeds what we would calculate from eq 7
assuming just a decrease in the volume fraction of
anisotropic regions, ¢.., but keeping the intrinsic an-
isotropy per region unchanged. This suggests that the
anisotropic regions themselves change with the diluent,
although the range of the orientation correlation is not
critically affected by the swelling, presumably because
of the presence of cross-links. It thus seems logical to
connect Co* or the ratio C.*/Ci* with deviations from
the Gaussian network structure. The model of rigid
anisotropic regions embedded in a Gaussian matrix
(eq 5), however, leads to physically impossible values
for the volume fraction of such regions. One way of
getting around this difficulty is stipulating that only a
very minor fraction of the stress is borne by these
regions. This concept is in agreement with the explana-
tion of the time-dependent behavior which necessitated
the introduction of a restructuring during stress relaxa-
tion (see above). Such restructuring implies the break-
ing up of anisotropic regions and their re-formation
under stress. In other words, the regions are not rigid
but rather loosely held, and cannot carry much of the
load.

The optical behavior can shed some further light on
the nature of the gel structure. Contrary to C,* and
C,*, the A:* and A:* constants of eq 4 are not governed
by the degree of swelling, so that not even A4,* or
A*-¢"" is relatable to the Gaussian result of eq 2.
Instead, both constants decrease markedly with the
refractive index of the gels, and become negative above
n, = 1.45 (dry gel n, = 1.515). In principle this might
be taken as an indication that there are specific diluent
effects leading to widely different intrinsic anisotropies
of either the chain segments or correlated anisotropic
regions. A comparison with the H. light-scattering
component which measures exclusively the intrinsic
anisotropy shows that this cannot be so: there is no
correlation between 4,*, 4»*, and H,. The conclusion
must therefore be that in the A;*,4,* behavior the form
birefringence plays an important role,

Because of this finding it is not permissible to compute
Van @nd Vanda,, fromeq 5 and 7, as has in fact been done
in recent contributions from this laboratory.®!* On
the other hand, the existence of large form effects sup-

(18) R. Blokland and W. Prins, J. Polym. Sci., Part 4-2, 7,
1595 (1969).
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ports the contention that PHEMA gels are structured in
some fashion. This can be seen as follows. In all gels
investigated by us the polymer concentration is suffi-
ciently high to eliminate the macroform anisotropy of
Gaussian chains because this form effect only exists if
there are unequal segment densities in the gel. Fur-
thermore, the microform anisotropy of the individual
chain segments as discussed by Tsvetkov and Grish-
chenko?!® cannot adequately explain our results. This
can be seen by plotting the equilibrium stress—optical
coefficient C, (see Table I) vs. the refractive index of the
gels (see Table III). In view of the discussion below,
we have plotted in Figure 11 the values of the segmen-
tal anisotropy which one calculates from C., assuming
the validity of eq 1 and 2

Aa, = @rkr2m)(02 + 2) An.fo. (26)

It is seen that Aa. in water is four times larger than in
ethylene glycol, whereas the swelling in the latter dilu-
ent is 3.5 times larger than in water. The refractive
indices of both gels being the same, one would expect
the microform anisotropy to be much larger at the
higher degree of swelling.’? An analogous case is
provided by the segmental anisotropies of the samples in
aqueous Mg(ClO,): solution and in the acetone—water
mixture. One is thus forced to conclude that the net-
works do not at all behave optically as Gaussian net-
works would.

The light-scattering results in water and ethylene
glycol are in agreement with the above conclusion.
Table III shows that the H, scattering (and thus the
intrinsic anisotropy, see eq 7) is much larger in water
than in ethylene glycol. In a previous communication?®
this large difference has been connected with the
presence and absence, respectively, of local mesomor-
phic ordering.?°

The same reasoning can be applied to the Mg(ClO,):
and acetone-water case in Table IIT and Figure 11.

The segmental anisotropy, Aa., plotted in Figure 11
¢s. the refractive index of the gels, ranges from 21 X
1072 to —2 X 107% cm? Data of Gent?!' on cis-
and rrans-polyisoprene networks gave Aq, values
ranging from 4 to 6 and 6 to 10 X 1072* cm?, respec-
tively, over degrees of swelling very similar to ours.
Gent ascribes his optical anomaly in terms of geometric
packing of the diluent around the chain segments.
The magnitude of our optical anomalies are such as to
make this explanation for our case not very likely.
Since microform anisotropy has already been excluded
earlier, we feel justified in interpreting our results once
again in terms of structuring, leading to sizable cor-
related regions exhibiting intrinsic as well as form
anisotropy.

Conclusions

The detailed analysis of all rheo-optical results as
presented above show that the PHEMA gels cannot be

(19) V. N. Tsvetkov and A. E. Grishchenko, J. Polrm. Sci.,
Part C, 16,3195 (1967).

(20) Previously the light-scattering intensities in water have
been found to be about ten times lower®8 than our values.
This discrepancy is most likely due to a higher level of interface
scattering in our case due to the preparation of the samples in
Teflon rather than glass molds.

(21) A.N. Gent, Macromolecules, 2,262 (1969).
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Figure 11. Segmental anisotropy, Aae, vs. the refractive
index ng for all gels.

regarded as cross-linked collections of randomly coiling
Gaussian chains. The light scattering shows that in
all diluents orientational correlation between chains or
portions of chains extends over long distances of the
order of 5000 A. These correlated regions should,
however, not be considered as rigid rods in an amor-
phous Gaussian matrix. Such an assumption leads
to a contradiction for the Co* Mooney-Rivlin constant,
and runs counter to the observed differences in me-
chanical and optical relaxation spectra. The spectral
differences can be described by two processes, viz.,
a normal Rouse-type configurational relaxation of the
chains proportional to the stress ¢(r) and an inter-
molecular structural reorganization proportional to
the loss of stress ¢(0) — (7). This composite time-
dependent behavior suggests that the original inter-
chain correlation, which exists in the unstressed state,
is (partially) destroyed upon imposing a deformation
and is replaced during stress relaxation by oriented
regions of interchain correlation. The very strong
dependence of the equilibrium stress—optical coefficient
on the refractive index of the diluent again supports the
contention that there are oriented regions of correlated
chains in addition to normal Gaussian chains. The
observed large form birefringence effects show that
these regions—at least in the stressed state—are non-
spherical.

The reasons for these pronounced structural, me-
chanical, and optical deviations from the predictions
of the common Gaussian theory, in the case of water,
THF, and acetone, may well reside in specific diluent-
polymer interactions. These interactions could be
specific solvation of the side groups and/or withdrawal
of the hydrocarbon polymer backbone from diluent
contact. Thus it appears that the amphiphilic nature
of the polymer chains could be responsible for the
observed behavior. In a previous communication on
the behavior in water, the regions of interchain correla-
tion were thought to be regions of mesomorphic order.
The data in acetone and THF point to a similar explana-
tion.

In three diluents (509 acetone-50% water, 509
THF-50% water, 0.5 M Mg(ClO,),-water), the swelling
is much higher and there are no observable differences
in optical and mechanical relaxation spectra. This
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does not indicate that any structure is absent in these
diluents, but rather that the gels very rapidly approach
their equilibrium state. A strong refractive index de-
pendence of the stress—optical coefficient as well as a
Mooney-Rivlin C,* term remain in evidence. Only
in ethylene glycol with a degree of swelling of 7 are
the deviations from Gaussian behavior essentially zero.
Even in this case, however, an angular dependence of
the light scattering is observed. It seems likely that
inhomogeneous cross-linking is responsible for this.
The gels were all prepared by copolymerization in
water, which is a semiincompatible diluent for the
polymer, so that the conditions for inhomogeneous
cross-linking* are very favorable.

It seems justified, therefore, to conclude finally that
inhomogeneous cross-linking imposes some deviations
from Gaussian behavior, and that—depending on the
diluent medium—such deviations can be reinforced
by a certain amount of mesomorphic ordering due to
the amphiphilic nature of the polymer chain.

The structural information revealed by the optical
behavior is not clearly reflected in the mechanical
behavior. Both the time dependent and the equilib-
rium mechanical response seem to be mainly governed
by the degree of swelling.
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Appendix

The parameters C *, Co*, and L, in eq 3 and A4,*,
A-*, Ly in eq 4 are determined by a nonlinear least
squares method because L, is difficult to obtain experi-
mentally (especially in swollen gels) and because the
various force, angle, and length values should be
properly weighted in eq 3 and 4.

We require, quite generally for n observations of
x; and y; with experimental random errors of ==n,
and =m,;, that a functional dependence F; holds such
that??

Fy=F(A, B, C,x; + vz, Vi + ty) = 0 (A-1)

where i = 1, 2, .... Expanding around A4, B,, Co,
retaining only the first-order terms

Fy = FfAo, By, Co, x4, y1) + QF,0A)dA4 +
(QFOB)YAB + QF,2C)AC + (OF o)t +
QFdy)ry: = & + a,dAd + hdB + ¢,dC +

(Fratze + Fyaty) = 0 (A-2)

Introducing —v; = (Fritz1 + Fyvy:) we have

vy = a{dA + bde + (‘de + ¢’1 (A'3)
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Figure 12. Computer-generated Mooney-Rivlin plots: 1,
last iteration with Ly = 2.351 cm; 2. first step with L, = 2.328
cm (evaluated from the first four fi. L, values); 3. forced fit of
the Gaussian equation (A-7) with Ly = 2.285 obtained by
plotting ;L2 vs. L%,

The statistical weights p, for the deviations t; are
determined by 2?

py = (Fpmy® + FyPmy 9! (A-4)

in which it is assumed that the experimental errors are
randomly distributed. Values for d4, dB, and dC
follow from

T
‘Zl pitity = [pvv] = min (A-5)

=

The standard error of the estimate mq is |[pvv]/(n —
k)}l f, where k is the number of constants to be de-
termined.

For the specific case of eq 3, we have 4 = C,*, B =
Co*, C = Lo, x; = f1, ¥y = Ly, and § as initial swollen
cross-section (S, = SA™ 1)

Fy = fiLPLo/[L® — Lo®l§ — CG* — C*Lo/L; (A-6)
and
by = FLC*, C*, Lo, f, Ly)

with experimental random errors of m,; = m, = 2 g
and my; = my = 0.005cm.

By plotting the first three measured points at low
elongation, and assuming the validity of eq 1, initial
values for L,* and G*° were obtained. Using this
Ly°, we obtain C,** and C.*° by the general procedure
with weight factors p; appropriate to the case that
C* = G* and C.* = 0. Subsequently corrections
dC*, dC.*%, and dL,® as well as the value of mg®
are calculated. The new values C/** + dC.*°, etc,
were then introduced in eq A-6 and the whole procedure
was iterated until me® =" — m™ < 0.01m,"~V. The
same procedure was used for fitting the data to eq 1
(A=G*B=Lo,,C=0,x;=f,y; =Ly

(22) W. E. Deming, “Statistical Adjustment of Data,” Wiley,
New York, N. Y., 1943,
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Fy = fil*Lo/s — G*L;* + G*L¢y?

(A-7)
¢1 = F‘L'(G*oy L003 .fh Li)

For the birefringence data, procedures exactly
analogous to A-6 and A-7 were followed, based on eq 4
and 2

F, = >\0L13 Lo rev‘ix"’(lgo d(L;* — L¢%) —

A* — Ag*Lo/’Li =0 (A'6a)
and
Fi = ML Lo ¢ (180 d) — A*L3 4+ A*Le® (A-Ta)

with m,, = m, = 15 min, m,; = my = 0.005 cm.

In all cases the iteration converges in about two to
three steps for eq A-7 and four to five steps for eq A-6.
In most cases (except in ethylene glycol as diluent),
the two-parameter Mooney—-Rivlin-type equations (A-6)
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describe the results better than the Gaussian-type equa-
tions (A-7), as can be seen from Figure 12. It should
be noted that the best values for L, according to (A-7)
and (A-6) do not differ more than the experimental
error in L;. The value of C,* is, however, very sensi-
tive to the value of L, used. For A < 1.5 typical
uncertainties in the final constants are G* =+59,
C* =10%,and Co* =207,

The procedure outlined in this Appendix represents
the best possible way of treating the data; by means
of eq A-4 the various measured quantities are given
proper statistical weight, i.e., f;L; values close to Lo
are weighted less than those far away from Lo, in the
case of fitting to eq A-6 (for 1 < A < 1.5, p; varies
thousandfold). For eq A-7 the statistical weights do
not vary very much (for 1 < A < 1.5, p; varies less than
twofold in opposite directions).

Rheo-Optics of Poly(2-hydroxyethyl methacrylate) Gels.
II. Effect of Cross-Linking Density and Stage of Dilution
during Network Formation
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ABSTRACT: In order to study the structure of poly(2-hydroxyethyl methacrylate) networks in water, a series

of hydrogels was prepared in which the stage of dilution during copolymerization was varied (concentration of
cross-linker ¢ 0.065 X 10=* mol/cm?, 0, 20, 40, 46.5, and 479, H,O) as well as a series in which the cross-linker
concentration was varied (0% water, ¢ 0.086-2,06 10~¢ mol/cm?). Rheo-optical studies were conducted on
samples swollen to equilibrium in water at 7 = 25° in the rubbery region. The anisotropic light scattering in-
creases with ¢ and decreases with the per cent H:O during network formation; in all cases a certain amount of
long-range orientation correlation exists over thousands of angstroms, Stress and birefringence relaxation data
at various elongations (A = 1-1.6) were found to be separable in an elongation- and time-dependent factor. The
viscoelastic nature of the stress-time dependence allowed the construction of a superposed curve using an apparent
molecular weight between cross-links as reduction variable (M., = RTg~Y%p,(Cy* + C,*) where p, = density of
the dry network). The time dependence of the birefringence was found to be slower than that of the stress, with
the difference between them vanishing at M,,, <10,000 g/mol. The extrapolated equilibrium stress and bire-
fringence fit a Mooney-Rivlin representation better than a Gaussian. The C,*/C,* ratio (even after Gaussian cor-
rection to the dry state) increases with the per cent H.O during network formation (C* is about constant), but de-
creases rapidly with increasing ¢ and vanishes at M., <10,000. The equilibrium stress—optical coefficient, which
is essentially independent of A, rapidly decreases about ninefold with decreasing M.,,. Upon analysis, all the
above results fit the picture of a structured network as outlined in a previous paper. Because of the amphiphilic
nature of the polymer, specific interaction with water may well lead to a certain type of mesomorphic ordering in

the network.

oly(2-hydroxyethyl methacrylate) networks swol-

len in aqueous media are currently in use as bio-
medical materials.! The structure of such PHEMA
hydrogels depends very markedly on the stage of dilu-
tion during cross-linking. Visually clear gels are ob-
tained if the water content during network formation
is less than about 45 wt ¥.  Above this critical dilution
turbid gels and eventually white spongy materials are
formed. The turbidity above the critical dilution is
caused by the poor compatibility of the polymer with
water, Cross-linked gels prepared by copolymerization
below the critical dilution ail swell to about 459

(1) O. Wichterle and D. Lim, Nature (London), 185, 117 (1960).

water—virtually independent of the cross-linking
density—when they are submerged in pure water. A
normal dependence of the swelling upon the cross-
linking density is found? when one employs a good
diluent as, for example, ethylene glycol.

It has been argued in previous communications®*
that especially in water, but also in other hydrogen-
bonding diluents,* a certain amount of diluent-induced
ordering may exist. It seems quite conceivable that

(2) J. Hasa and M, lIlavsky, Collect. Czech. Chem. Commun.,
34,2189 (1969).

(3) J. H. Gouda, K. Povodator, T. C. Warren, and W, Prins,
Polym, Lett., in press.

(4) M. Ilavsky and W. Prins, Macromolecules, 3,415 (1970).



