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for which T, data is well fit by the form of eq 15. For PPO
blended with PS oligomers, the pure-component glass-
transition temperatures differ by >200 K, and the value
K; = 2.50 reproduces blend transition temperatures to
within 5 K.!® Equations 16 and 17 give, respectively, K,
= 2.79 and K; = 1.60. Thus, although strictly the differ-
ence between pure-component glass-transition tempera-
tures might seem rather large for the single-term expan-
sions necessary for eq 16 and 17, the former is the more
acceptable for compatible blends of PPO and PS (for
which AC,,/AC,, < 1) and, indeed, is fairly accurate.

Final Remarks

A phenomenological theory for the compositional vari-
ation of glass-transition temperatures in one-phase mix-
tures based on a model of these as regular solutions has
now been shown to account with some success for the
phenomenon in binary mixtures of high polymers and, also,
to give an acceptable description of the variation of
glass-transition temperatures with molecular mass for
homopolymers. Further, as described in the present con-
tribution, these two formal treatments can be combined
to predict glass-transition temperatures in compatible
blends of arbitrary composition and pure-component de-
gree of polymerization from component chain end and
high-polymer glass-transition temperatures and their re-
ciprocal heat-capacity increments, equivalent to the gen-
eration of a 2n-dimensional surface.
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ABSTRACT: A comparison is made between the longitudinal elastic modulus and the shear modulus in
polyacrylamide gels. The former is measured by inelastic light scattering as well as by osmotic deswelling;
the latter is measured by observation of the frequency of standing waves excited in the samples. The ratio
of these two quantities is found, within experimental error, to be equal to 2 in a poor solvent (1:3 methanol-water
at 11.5 °C), as is to be expected from the Gaussian nature of the polymer chains in 6 conditions (the Poisson
ratio o of the polymer coils is equal to zero). In a good solvent, a scaling argument based on the Flory expression
for the free energy predicts that ¢ = !/,, The experimentally measured values are significantly larger and

increase as the quality of the solvent improves.

1. Introduction

When solvent is removed from a polymer solution or a
gel, there is an accompanying increase in the osmotic
pressure, the magnitude of which defines the osmotic
elastic modulus of the medium. In the semidilute region
the elastic modulus follows a scaling law as a function of
polymer concentration ¢: it is proportional to ¢?, where
the exponent a is 2.25 in a good solvent! and equal to 3
in a © solvent.? These theoretical predictions have been
confirmed by neutron scattering measurements of the
coherence length in polymer solutions,>* by direct me-
chanical measurements on gels in a good solvent,>¢ and by
inelastic light scattering for gels in a poor solvent.”

In each of the above theoretical and experimental in-
vestigations it is assumed that there is no behavioral dis-
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tinction between the osmotic bulk modulus K and the
shear modulus u (or any combination of the two, such as
the longitudinal elastic modulus E = K + 4u/3). Although
it might seem surprising that x, which describes a defor-
mation unaccompanied by a change in solvent concen-
tration, should be related to the osmotic pressure, this must
nonetheless be so: both K and u are related in the same
way to the tension acting on the polymer chains and the
number of tie points in the network. Candau et al.® have
recently been able to demonstrate this property by showing
that the variation of E deduced from light scattering
measurements on polystyrene—benzene gels (good-solvent
conditions) follows closely variations in u.

In contrast with the above results, the present authors
have previously found that in the system polyacryl-
amide-water E and u, measured, respectively, by light
scattering and mechanical methods, apparently enjoy
different types of behavior with concentration. It was
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found that at room temperature E is proportional to
2352006 while the exponent for u is noticeably larger.?
Recently, Gelman and Nossal'® obtained an exponent for
« in this system whose value is close to 3. In an attempt
to understand this discrepancy, which appears to be real,
we decided to investigate the ratio E/u in a series of po-
lyacrylamide gels under different conditions of solvent.
Because of the relations which hold between the various
elastic moduli, this is tantamount to a measurement of the
microscopic Poisson ratio ¢ (not to be confused with the
short-time macroscopic Poisson ratio, the value of which
is approximately 1/,, in which the solvent does not have
time to escape from the polymer matrix).

In the following section an account is presented of the
behavior expected for the Poisson ratio on deswelling for
two cases of interest, namely, - and good-solvent condi-
tions. In the third section the experimental arrangements
are described, and in the last are contained the results and
discussion.

I1. Theory

As indicated in the previous section, for the longitudinal
elastic modulus E one is interested in a relative motion
between the polymer and the solvent: as the gel under
consideration is squeezed by a uniaxial stress, the solvent
contained in the matrix is forced out. As this process is
extremely slow for samples of macroscopic size due to the
large frictional forces involved, it is convenient to visualize
the process occurring in a single monomer coil. The di-
mensions of the coil are taken as R, parallel to the applied
stress and R, perpendicular to the applied stress.

O Solvent. In 0 conditions the equilibrium radius of
the coil in the absence of stress is

R“=RJ_ ~N1/2b (1)

where N is the degree of polymerization and b is the length
of the independent chain unit. The chain obeys Gaussian
statistics, so that the projections of the coil along three
orthogonal directions are independent. In other words,
when the chain is compressed along the parallel axis, R |
is unaltered. The Poisson ratio is therefore

0=“dRJ_/dR”=0 (2)

This assumption was made explicitly by Tanaka et al.l!
for polyacrylamide gels.

Good Solvent. In a good solvent the presence of the
excluded volume couples the three radii of gyration with
each other. To calculate ¢, we recall the Flory formalism
for the free energy of the polymer coil.

In a good solvent in three dimensions an unhindered
polymer coil expands from its radius of gyration in ©
conditions R, to a larger value R. At temperature T and
polymer concentration ¢ = N/R?, the Flory free energy of
the coil can be expressed in terms of the excluded vol-
ume!? v

F = TR2/Rg + vTcR? 3

where constant proportionality factors have been omitted.
Now the mean radius of gyration is given by

3R2 = R"2 + 2RL2 (4)
and the volume of the coil is
R = RLZR" (5)

where R and R have the same meaning as above and Ry,
is imposed by tLe external constraint on the coil. Ex-
pression 3 must therefore be minimized with respectto R |,
giving

RJ_4R|| = 3N3vb2/2 (6)
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It follows therefore that the Poisson ratio
o =-9R, /ORy
=R, /4R
=7, (M

for small deformations of the coil.

It should be pointed out that eq 6 is not a new result.
It was obtained by Daoud and de Gennes,!® who used a
scaling argument to investigate the behavior of a polymer
coil in a good solvent forced into a narrow slit of width R,
Their result can be expressed in the form

R_L = RF5/4R"_1/4 (8)

which is identical with eq 6 and hence leads to the same
conclusion that ¢ = !/,. Rp in eq 8 refers to the unper-
turbed Flory radius in three dimensions.

On substituting the value ¢ = !/, into the relation!’

E/u=201-0d)/1-20) 9)

one obtains E/u equal to 3. In the polymer phase diagram
of Daoud and Jannink,? in semidilute solutions the good-
solvent region occurs at low polymer concentrations; in-
creasing the concentration at the same temperature shifts
the solution into the poor-solvent region. It follows that
the transition from the good-solvent condition, where u =
E/3, to the poor-solvent condition, where p = E/2, must
cross an intermediate region (the “crossover” region) in
which u will have a steeper slope than E as a function of
concentration.

In the next section are described the experimental
techniques used to measure E and u.

ITI. Experimental Techniques

For the sequence of poor-solvent gels, polyacrylamide in a
solvent containing 75% water with 25% methanol (by volume)
was used. The samples were prepared as described in ref 7, and
the experiments were conducted at 11.5 °C. This temperature
has previously been found to be the © temperature for the
equivalent polymer solution.’

To obtain good-solvent conditions, on the other hand, the
polyacrylamide-water system was used. Although the © tem-
perature for this system is not known with precision, it can be
concluded from the observations of Tanaka et al.,'* who detected
a spinodal point at =17 °C in a 2.5% sample, that the O tem-
perature is in the neighborhood of -20 °C. Thus a 3% sample
at 27 °C should lie well within the good-solvent region defined
by Daoud and Jannink: if ¢ is the polymer concentration and
7 the reduced temperature (with respect to the © temperature),
then ¢/7 is about 0.16 and is comfortably smaller than the
crossover value of unity. However, at concentrations close to 3%
a catastrophic drop in shear modulus has been observed, which
was attributed to the increasing proportion of pendent chains.?
Although this interpretation is possibly incorrect, this complication
was avoided by using samples of 6% and the experiments were
carried out at 27 °C as well as 73 °C (¢/r values approximately
0.32 and 0.16, respectively). It should be mentioned in support
of these approximate figures that the measurements of E reported
in ref 9 indicate that the good-solvent region extends, at 21 °C,
to 17% in concentration (¢/r ~ 1.05).

The sample preparation for the good-solvent gels was carried
out as described in ref 9. The ratio of acrylamide to bisacrylamide
used in these samples was 37.5:1.

Shear Modulus. Two methods were used to determine the
shear moduli of the gels: observation of the deformation induced
in a sample of known cross section under a given strain® and
detection of the normal modes of vibration in the sample enclosed
in an optical cell.!®!® The first was used only for measurements
at room temperature, while the second was used at all other
temperatures. The measurements described here were based on
the observation of the fundamental vibrational mode!® excited
in a gel housed in a rectangular glass optical cell of dimensions
a X b X ¢. An external stimulus, provided by contact of the sample



1278 Geissler and Hecht

L d
b e
a
C— ¢
f
a b €

Figure 1. Experimental arrangement used for the observation
of standing waves in the gels: (a) copper sheath with heavy base
for holding the glass sample cell; (b) miniature loudspeakers
attached to the base of the sample holder; (c) ball-bearing
mounting allowing free rotation about the vertical axis; (d) re-
taining screws to fix the cell in the holder; (e) rigid lucite rod
connecting the loudspeaker diaphragm to the fixed outer thermal
shield (not shown) (the loudspeaker membranes are thus sta-
tionary, the movement being imparted to the heavy casing and
the sample holder); (f) thermoelectric temperature regulator.

holder with a miniature loudspeaker, excites the gel, Irradiation
by a low-power laser beam permits the response of the gel to be
detected by a photomultiplier, the output current of which is
analyzed by an autocorrelator. The observed frequencies were
found to be reproducible to within the precision of the 128-channel
correlator. A step-function waveform, generated by a manual
reversing switch and 4.5-V battery, was used as the exciting signal
to the loudspeakers. Acceptable autocorrelation functions could
be generated after ten or so switch reversals, separated by intervals
oflor2s.

To identify the fundamental frequency it is essential to define
accurately the prevailing boundary conditions. To this end the
sample cell was locked tightly into a loosely mounted heavy copper
holder, weighing about 30 times more than the sample; this copper
holder, which was also the thermal sheath for the temperature
regulation, was the coupling element between the loudspeakers
and a rigid support (see Figure 1). The second consideration is
that for small stresses polyacrylamide gels adhere to the walls
of the glass cells.’® These two conditions guarantee that the
displacement u of the gel at the boundary of the cell is vanishingly
small.

The equation of motion of the gel in the cell is!’

Fu _ s 2 2

E = ¢*V2u + (¢ - 2¢,)VV-u (10)
where the damping terms have been neglected and ¢, and ¢, are,
respectively, the transverse and longitudinal velocities. Equation
10 has been solved by Nossal'® for gels in a rectangular cell with
two sets of boundary conditions: freely slipping surfaces and
surfaces which can move freely perpendicular to the cell walls.
For polyacrylamide gels formed in the cuvette, the boundary
conditions are probably given by u = 0 at the glass walls: although
the solutions for this case are not simple, it has been observed'®
that there is good agreement between the values of the elastic
modulus g obtained by mechanical compression and those ob-
tained from the relation

w = k(u/p)/? (11)

where w is the angular frequency of the fundamental mode of wave
vector k.

In order to determine the wave vector of the fundamental mode,
a series of five gels of differing composition and solvent (water
and methanol-water) were measured by the light scattering
technique at room temperature and then extracted from their glass
cell for the shear modulus to be measured by deformation under
uniaxial strain. It was found that

Macromolecules

Enin = (2.24 £ 0.13)7 /a (12)

In all cases the depth of the gel was close to 3 cm, witha = 1 cm.

Longitudinal Elastic Modulus. The present authors have
made measurements of E in polyacrylamide gels by inelastic light
scattering.”® Since the values deduced are the product of several
factors each of which is imprecisely known, it is reasonable to
object to their use here in the absence of independent confir-
mation.

Recently, a new method has been developed to measure E by
osmotic deswelling of gels in a good solvent.'® Briefly the method
is as follows. A sample of gel at uniform concentration c., is pushed
into contact with a semipermeable membrane (a large-pore
Millipore filter is used) under a hydrostatic pressure P. At the
instant of contact, that part of the sample touching the filter
immediately adjusts its concentration, by ejection of solvent
through the filter, to a new value ¢,, the osmotic pressure of which
just compensates the applied pressure P. The resulting movement
can be visualized as the collapse of the gel to form a porous plug
of concentration ¢y and of thickness g. If the rate of advance of
the low-concentration end of the gel is denoted by v, then the
thickness of the plug is the time integral of the rate of accretion
of polymer onto the plug

g= c”c fudt (13)

€y~ Co

The volume flow of the solvent through the plug is given by
the pressure gradient divided by the friction coefficient f, P/gf,
diminished by a counterflow due to the collective diffusion
coefficient!! D, (=E/f) in the collapsing gel. Clearly, the restoring
elastic modulus E is that of the gel at concentration c.. as it
impinges on the plug, while the friction coefficient limiting the
counterflow is that of the plug. Hence

v=(P-E)/qf (14)

Algebraic manipulation of eq 13 and 14 leads to the following
expression for v:

v =[(P-E)cy - ) /2c.ft]"2 (15)

Two limiting cases of the above expression are of interest. The
first is where there is a strong affinity between the polymer of
the gel and the material of the membrane. The concentration
¢y is then much larger than c.. and independent of the applied
pressure. This is the case for polyacrylamide-water in contact
with the Millipore filters used (identical results are obtained with
ordinary large-pore laboratory filter paper). The friction coef-
ficient is proportional to ¢y, and v? is observed to be inversely
proportional to the elapsed time and the applied pressure P. The
agreement found between the value of E obtained by light
scattering and those obtained in this fashion!® is very satisfactory.
This technique was used to measure E for the polyacrylamide—
water samples described here.

The second case of interest is where the polymer interacts
weakly with the filter material, and therefore ¢, is a function of
the applied pressure. This is the case for polyacrylamide—
methanol-water. Although v is still inversely proportional to £1/2,
the pressure dependence of the deswelling process now depends
on the relation between the osmotic pressure and the gel con-
centration and is complicated in this instance by the binary nature
of the solvent. These considerations make it difficult to extract
an unambiguous value of E from the deswelling measurements
for the case of the poor solvent.

The agreement obtained between the two techniques for the
good-solvent condition, 1owever, lends support to the validity of
the light scattering method in general and is thus an encour-
agement to its use in the case of poor solvent. The light scattering
measurements for the poor-solvent regime have already been
reported’ and so were not repeated here. The samples for the
shear modulus measurements, however, were prepared in exactly
the same way as in ref 7. The ratio of acrylamide to bisacrylamide
used was 75:1.

IV. Results and Discussion

Poor Solvent. Figure 2 shows on a double-logarithmic
plot the results of the shear modulus measurements ob-
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Figure 2. Values of shear elastic modulus x of polyacryl-
amide-methanol-water gels at 11.5 °C as a function of polymer
concentration on a log-log plot. The least-squares straight line
a is obtained from those points with concentration ranging be-

tween ¢ = 0.06 and ¢ = 0.13 g cm™® and is given by log . = 7.843.

+ 3.116 log ¢. The straight line denoted b is obtained by inelastic
light scattering from ref 7 and represents the variation of the
longitudinal elastic modulus E at the same temperature and over
the same concentration range. The equation describing b is log
E =8.090 + 3.102 log ¢. The fact that for concentrations less than
6% the experimental values of u fall below the extrapolated scaling
relation suggests that pendent chains are present.

tained from the polyacrylamide-methanol-water samples
at 11.5 °C using relation 11. In the region between ¢ =
0.06 and ¢ = 0.13 g cm™ (i.e., the same region as investi-
gated by light scattering) a linear relation holds, described
by

g =6.97 X 107c*!2 dyn cm™2 (18)

The equivalent relation for the longitudinal elastic mo-
dulus was found to be’

E = 1.148 X 10%397 dyn cm™ 17

The exponents in these two equations are the same within
experimental error (£0.07), thus confirming that in a poor
solvent E and u display the same behavior. The ratio E/u
forc =0.11s

E/u=185 (18)

This ratio is to be compared with the theoretically ex-
pected value of 2 (corresponding to ¢ = 0). It should be
mentioned that there are two extra contributions to the
scattered light, both of which tend to lower the apparent
value of E: multiple scattering, which is difficult to elim-
inate near the © temperature, and an extra component due
to the ternary nature of the scattered light. These con-
tributions, which were estimated each to be less than 10%
of the total intensity, were not known with precision, and
were neglected in the calculation of E. Correction for these
effects would enhance the value of E in the same pro-
portions and thereby improve the agreement between the
theoretical and experimental values of E/u. The intrinsic
error in the light scattering method is, however, of the
order of 10%, and it must therefore be concluded from the
values of E and u found that the Poisson ratio of a gel in
a poor solvent is zero, within the error of the experiment.
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Figure 3. Measurements of (Ah)?/t against applied pressure
under reverse osmosis for polyacrylamide-water gels of concen-
tration ¢ = 0.065 g cm™, where Ah is the change in position of
the free-gel meniscus as a function of the elapsed time ¢: (O) T
=27°C; (@) T =73 °C. The intercept with the horizontal axis
is equal to the longitudinal elastic modulus E.

Good Solvent. As stated in section III, samples of
nominal concentration 6% were used, with pure water as
the solvent, to avoid the putative effects of pendent chains
which become apparent at the lower concentrations in
polyacrylamide gels. The effective concentration, mea-
sured by weighing before and after baking the samples to
dryness, was 0.065 g cm™. At 27 °C measurement of E
yielded (see Figure 3)

Eg oc = (1.70 % 0.14) X 10° dyn cm™2 (19)

(This should be compared with 1.76 X 10° dyn cm™ by light
scattering.) The corresponding result, also obtained by
osmotic deswelling, for 73 °C is

Eq73 0¢ = (2.69 £ 0.09) X 10° dyn cm™ (20)

The quoted errors are the standard deviations in the slopes
arising from the dispersion in the experimental points.

For the shear moduli at these two temperatures, several
samples were made of the same nominal concentration.
Although the measurement of u for each sample was re-
producible to within the precision of the frequency mea-
surement (<2%), variations were observed from sample
to sample, probably caused by slightly varying conditions
of polymerization, such as temperature, dissolved-oxygen
content, etc. The mean values are

o7 oc = (4.54 £ 0.20) X 10* dyn cm™2
ag o¢ = (5.28 £ 0.14) X 10 dyn cm™ (21)

Combining these results, one finds
E27 °C/”’27 oc = 3.74 £ 0.35

E73 oc/u73 °C = 5.09 + 0.22 (22)

Both of these results are significantly larger than the
value 3 expected from scaling considerations, and the
discrepancy increases as the solvent improves (¢/7 — 0).
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In terms of the Poisson ratio the results quoted in eq 22
can be expressed as

097 oc = 0.318 & 0.023
073 oc = 0.378 % 0.006 (23)

In conclusion, it appears that in 6 conditions the Poisson
ratio o of a polymer gel is equal to zero within experimental
error. This is the behavior to be expected from polymer
coils obeying Gaussian statistics.

In a good solvent, on the other hand, the experimental
results presented here suggest that the polymer coil is less
compressible than is implied by the Flory expression for
the free energy. It should, however, be emphasized that
the measurements were made on unswollen gels; that is,
although their thermodynamic state is well defined (as
witnessed by the scaling-law variation of E with polymer
concentration®), there is overlap between adjacent polymer
coils. However, in the absence of measurements on swollen
gels, such an explanation for the observed discrepancy
remains speculative for the moment.
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ABSTRACT: The statistical properties of semiflexible polymers are analyzed throughout the tempera-
ture-concentration plane above the © temperature. At intermediate (semidilute) and high concentrations,
polymers which are stiff on the scale of a few monomers are found to differ from completely flexible chains.
For semiflexible chains, scaling methods have limited validity compared to completely flexible chains. Mean-field
methods are found to be appropriate to most semiflexible systems of intermediate-solvent quality. Experimental
data are presented on dilute, semidilute, and concentrated solutions of polystyrene in tetrahydrofuran, ethyl
acetate, and methyl ethyl ketone, representing good and marginal solvents. The dilute-solution data are used
to characterize independent chain statistics and this information is then used to generate the appropriate
temperature—concentration diagram covering higher concentrations. In semidilute solution, predicted crossovers
are observed in the concentration dependence of dynamical properties. At volume fractions approaching unity,
however, dynamical properties become concentration independent and do not show 8-like scaling observed
in small-angle scattering and predicted by mean-field theory. This discrepancy is attributed to the limited
width of the ©-like regime and to differences in the statistical averages being probed in dynamic vs. static
techniques.

I. Introduction

A considerable body of evidence indicates that the
properties of chain molecules in solution do not change
smoothly as a function of density p.! Rather a distinct
change in behavior is observed at the monomer density p*
at which the domains of individual molecules overlap. For
example, the radius of gyration, R, of a single chain is
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nearly independent of density for p < p* but scales as a
power of p for p > p* (R, ~ p~) where the scaling exponent
z i3 0.125 for polymers dissolved in good solvents. In this
work we study the density dependence of the dynamics
of semiflexible chain molecules in good and marginal
solvents. In good solvents, we find behavior expected on
the basis of scaling concepts, consistent with the experi-
ment of Adam and Delsanti.? In the case of marginal
solvents, however, we postulate a new regime in the tem-
perature—concentration diagram where the system is more
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