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ABSTRACT: Ordered structure, order—disorder transition, and the thermal concentration fluctuations in
the disordered state were investigated by the small-angle X-ray scattering (SAXS) method, for a series of
poly(styrene—isoprene) star block copolymers having a fixed molecular weight and composition for the arm
diblock copolymer but a different number of arms (n = 1-18). The characteristic length D4(n,T) of the order
parameter ¥(r;T) in the ordered state was found to obey Dyqa(n,T) = Dyg(n)(T/T,)*/* where Dy, is the
characteristic length of (r;T) in the disordered state, which was found to obey Dy;(n,T) = f(n)T°, f(n) being
a weak function of n as seen in g, (n) in the paper. The order—disorder temperature T} and spinodal
temperature T, were found to be almost independent of n for n > 2. The SAXS profiles from the disordered
state were found to be fitted quite well with the theoretical profiles given by a mean-field random-phase
approximation. The analyses yielded a remarkable n-dependence of the Flory—Huggins interaction parameter
X, x decreasing with increasing n. The analyses yielded also the values Dy;, (defined as Dy e,p) and x at the
spinodal point (defined as x,eyp)- These values were compared with the corresponding theoretical values Dy heor

and Xs,theors Xs,theor =2 Xs,exp and Ddis,e‘p ~ 11 Ddis,theora irtespeCtive of the value n.

I. Introduction

Experimental and theoretical investigations of the
thermal concentration fluctuations of the constituent
components for the two-component polymer systems,
polymer A and polymer B, are one of the important sub-
jects in condensed-state polymer physics."'®* The main
interests involve the exploration of the effects of chemical
connectivity on the fluctuation spectra or, in more general
sense, on the physics of cooperative phenomena.

Here in this paper we deal with two kinds of connec-
tivity, (i) the connectivity of monomers A and B in poly-
mers A and B (the “first-kind connectivity”) and (ii) the
connectivity of different polymers A and B (the “second-
kind connectivity”), giving rise to A-B type linear block
polymers,24"? grafted polymers,%® and star block co-
polymers.58 It has been found that the latter connectivity
generates the dominant mode of the concentration fluc-
tuations with a wavenumber g = g, other than zero in
both the ordered and disordered state. The connectivity
induces the thermodynamic instability® also at ¢ = 0. The
growth of the dominant mode of the fluctuations with qp,,
# 0 is known traditionally as “microphase separation” or
recently “microphase~separation transition™ or “order—
disorder transition”,!! in contrast to the ordinary liquid-
liquid phase transition for the mixtures of polymers A and
B, which causes the growth of the fluctuations with q,.,
= (). Thus, this kind of the order—disorder transition is
a unique cooperative phenomenon inherent to polymer
systems.

In this paper we further focus our interests on the effects
of the second-kind connectivity on the spectra of the
spatial concentration fluctuations of A and B monomers
at thermal equilibrium by selecting a series of star block
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copolymers as a model system. The starblock copolymers
were prepared by chemically connecting a poly(styrene-
isoprene) diblock polymer with a given total polymerization
index and a given fraction of styrene and isoprene where
the polystyrene block was the outer segments. We studied
a series of copolymers having different arm numbers n by
small-angle X-ray scattering (SAXS) and analyzed the
order parameter ¢ (the concentration fluctuations of the
constituent monomeric units) both in the ordered and
disordered states as well as the order—disorder transition
as a function of n. The fluctuation spectra in the disor-
dered state will be compared with those predicted by a
current theory of a mean-field random-phase approxima-
tion, first presented by de la Cruz and Sanchez® and later
by others.®18

Our analyses are restricted to the mean-field approach.
A more general analysis including nonclassical effects
(Brazovskii effect) as suggested first by Leibler® and cal-
culated by Fredrickson and Helfand!® for diblock co-
polymers will be very important. However, that kind of
a generalized analysis is beyond the scope of this paper.
This work is an extension of earlier work by Fetters,
Richards, and Thomas® on the composition dependence
of the fluctuations of the star block copolymers in the
disordered state and by Hashimoto, Ijichi, and Fetters!®
on star block copolymers with n = 1 and 6.

This paper is constructed as follows. We first describe
experimental methods (section I1), theoretical background
(section III), and some selected typical experimental results
(section IV). We then present some theoretical interpre-
tations on the fluctuations in the ordered state (section
V-A), the fluctuation spectra in the disordered state
(section V-B), the estimated Flory-Huggins thermody-
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Table 1
Block Copolymer Characterization

PS block diblock copolymers star block copolymer
sample M, X 10%¢ M, /Mg M, x10%* M,/MS  wt%°PS M, x10%% M, /M3 nd

SI-1/30/10 1.00 1.02 3.30 1.03 30.3 1

SI-2/30/10° 1.00 1.02 3.30 1.03 30.3 0.67 1.03 2.0
SI-3/30/10 1.00 1.02 3.32 1.03 30.2 0.99 1.03 3.0
SI-4/30/10/ 1.00 1.03 3.40 1.05 29.5 1.32 1.04 3.9
SI-5/31/10¢ 1.04 1.05 3.36 1.04 30.9 1.65 1.03 4.9
SI-6/31/10% 1.04 1.05 3.36 1.04 30.9 2.00 1.03 6.0
SI-8/30/ 10/ 1.00 1.03 3.40 1.05 29.5 2.64" 1.04 7.8
S1-12/30/10 1.00 1.03 3.40 1.05 29.5 4.10" 1.04 12.1
SI-18/35/10 1.00 1.02 2.80 1.04 35.0 4,934 1.05 17.6

9Via size exclusion chromatography. ®Via membrane osmometry. °Via 'H NMR. ¢Number of arms; n = M,(star)/M (arm) or M,-
(star)/My(arm). €This linear triblock was made via coupling SI-1/30/10 with Cl,Si(CHy),. /This series was made using the same diblock
arm. ¢These two-star copolymers were made using the same diblock arm. *M,, via light scattering in THF.

namic interaction parameter (section V-C), the stability
limits (section V-D), and the wavenumber of g, for the
dominant mode of the fluctuations in the disordered state
(section V-E), as a function of n.

II. Experimental Methods

The sample preparations, measurements of SAXS, and their
data treatment and corrections were described in the companion
paper'® and will not be repeated here. We described here the most
important features and the features added in this paper.

The linear poly(styrene-block-isoprene) diblock copolymer
(corresponding the starblock with the arm number n = 1) and
n-arm poly(styrene-block-isoprene) starblock copolymers were
prepared by anionic polymerization. The star block copolymers
were synthesized by chemically connecting the diblock copolymers
at the ends of each polyisoprene block, and the polystyrene block
was the outer segment. The polystyrene segments and the
poly(styrene-block-isoprene) diblock polymers (SI) had nearly
monodisperse molecular weight distributions. The molecular
parameters for the star block copolymers used in this study are
given in Table I. The nomenclature used to describe these
materials is that used previously,* e.g., SI-n/31/10 where the first
digit denotes the number of arms, the second the weight percent
of polystyrene, and the third the molecular weight of the poly-
styrene segment in kg mol™.

The copolymers were found to have high order-disorder
transition temperatures Ty in bulk (T, 2 180 °C), which makes
quantitative SAXS analyses difficult over a reasonably wide range
of temperatures in the disordered state because of thermal in-
stability of the copolymers at high temperatures T'> T. In order
to circumvent this difficulty we added a small amount of a neutral
solvent, dioctyl phthalate (DOP), to the copolymers. The volume
fraction of polymer (¢,) in the solutions studied here is 0.6 for
the copolymer with n = 1 or 0.8 for the copolymers with n = 2.

II1. Theoretical Background

In the ordered state, polystyrene (PS) block chains and
polyisoprene (PI) block chains segregate themselves into
the respective domains to form microdomains in an or-
dered lattice.!! We analyzed the Bragg spacing D as a
parameter associated with the characteristic size of the
order parameter fluctuation in the ordered state from the
magnitude of the scattering vector g, at which the
first-order scattering maximum locates

D = 27q a0 (1)

where ¢., is ¢ at the scattering angle 268 = 26, of the
first-order peak

g =(4nr/N) sin 8 2)

X (=1.54 A) and 26 are the wavelength and the scattering
angle, respectively. The scattering intensity /(g) for the
starblock copolymers in the bulk disordered state was first
presented by de la Cruz and Sanchez by using the path
integral method (eq 28 of ref 6). The identical equation

was obtained also by other methods.®!8 In the context of
the mean-field random-phase approximation (RPA), I(q)
for the two-component polymer systems is generally given
by?

I(g) = (a - b)’[S(q)/ W(g) - 2x]™* (3)
S(g) = Saalg) + Sgp(q) + 2SAs(q) (4)
W(q) = Sxa(@)Sggp(q) — Ssp(g)® (5)

where a - b is the difference of the scattering contrast
(electron density for SAXS) between the components A
and B, and S;(g) (ij = A or B) is the g Fourier component
of the density—density correlation functions between i and
J monomers for Gaussian chains.

The function S;;(g)’s for the particular type of star block
copolymers that we are dealing with here are given by'®

S;i(q) = nS;*(q) + n(n - 1)S,(q) (6)
where n is the number of arms. S;%(g) and Si,ﬁ(q) stand

for, respectively, S;i(q)’s for the two monomers in the same
arm and in different arms

Saa®(@) = (nNo)g,(f,No) (7
Sas®(q) = (nNo)(1/2){ga(f,2No) — 285(f/2,2No)} (8)
Spe*(@) = (nNo)"'gy(1-f,No) (9)

Sge’(q) = (nNo) ™M1 /2){gy(1,2N,) -
28,[(1+£) /2,2Ny] + go(f,2Ny)} (10)

Sap*(@) = (nNo) (1 /2){go(1,Ny) — 8o(1-f.Ny) — g2(f.No)}
(11)

Sas?(q) = (nNy)H(1/2){ga[(1+/) /2,2N,] - 82(1/2,2N¢) -
82(f.2Ny) + g5(f/2,2Ny)} (12)

&(f.No) = (2/y){fNgy + exp(-fNoy) -1} (13)
y =q%?/6 (14)

where N is the polymerization index of each arm, f is
defined as N,/ Ny, and «a is the Kuhn statistical segment
length of A and B block sequences. Here, A and B are
assumed to have identical segment length, and N, is the
polymerization index of the A block sequence whose end
is connected to the core of the star. The details of the
calculation processes can be found in our previous paper.1®

The equation for the bulk was applied to the solutions
with ¢, = 0.6 or 0.8 just by replacing x and (a - b)?in eq
3 by corresponding effective values x.¢ and (a — b)g
(pseudobinary approximation).2223

IV. Experimental Results

Figure 1 shows typical desmeared SAXS profiles?* for
the star block copolymer with n = 3 at temperatures from
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Figure 1. Desmeared SAXS profiles for the star block copolymer with n = 3 at various temperatures. Absolute SAXS intensities
are plotted in logarithmic scale as a function of 26 or s = (2 sin §)/X. T, =~ 110 °C. A = 1.54 A,

60 to 180 °C where absolute SAXS intensities in loga-
rithmic scale were plotted as a function of 26 in minutes
or s = (2 sin 6)/» = gq/2x. This was done in order to
present the profiles over a wide range of 26. The profiles
at lower temperatures (part a) show a number of scattering
maxima: the higher order maxima exist at the positions
of 31/2, 41/2 71/2 and 9'/2 relative to the first-order peak,?
indicating that polystyrene block chains segregate them-
selves into the cylindrical microdomains in the ordered
hexagonal lattice. v

As temperature is raised, the higher order peaks grad-
ually disappear, and at 7> 110 °C (part b of Figure 1) only
the first-order maximum can be observed.3? It will be
shown later (section IV, Figure 5) that the order—disorder
transition temperature T}, for this copolymer corresponds
to 110 °C. In the ordered state (part a of Figure 1) a
number of the higher order maxima decrease and the peak
position shifts toward larger angles upon elevating tem-
perature, as shown later more clearly in Figures 2 and 3,
as a consequence of decreasing segregation power!? with
T. On the other hand, in the disordered state (part b of
Figure 1), the peak position stays constant but the peak
profile broadens upon elevating temperature, as more
clearly seen in Figures 2 and 3.

The copolymer with other values of n had the common
features to n = 3: a long-range order of the microdomains
exists in the ordered state at lower temperatures T' < T},

while at T' > T, the copolymers are in the disordered state,
PS and PI blocks being mixed at molecular level.

Figure 2 shows a typical temperature dependence of the
first-order SAXS maximum where the absolute intensities
were plotted as a function of the scattering angle 26 in the
linear scale for the copolymer with n = 18, which has T}
o 120 °C, as will be shown in Figure 3. It is clearly seen
that in the ordered state (part a of Figure 2) the scattering
peak loses its intensity and shifts toward larger angles upon
elevating temperature. On the other hand, in the disor-
dered state (part b of Figure 2, T > T}, ~ 120 °C) upon
elevating temperature the peak position stays constant but
peak intensity decreases, resulting in broader peaks. From
the scattering peak position 26, the characteristic size D
of the order parameter fluctuation (eq 1) was estimated
as a function of temperature, some typical results of which
are shown in Figure 3 for n = 3, 4, 12, and 18.

As found previously'® for the copolymers with n = 1 and
6 and for the diblock copolymers!® we can find a crossover
in the temperature dependence of D at T = T, for the all
copolymers studied in this work; within experimental ac-
curacy we find the '/s;-power law

Dord = fl(n)T_l/a (15)
for ordered state and

Dy, = fo(n)T° (16)
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Figure 2. Temperature variations of SAXS profiles near the first-order maximum for n = 18 where absolute intensities are plotted
as a function of 26 both in linear scales: (a) ordered state and (b) disordered state. Ty = 120 °C. A = 1.54 A.
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Figure 3. Temperature dependence of the characteristic size D
of the order parameter in ordered (T < T3) and disordered states
(T = T,) for some copolymers with n = 3, 4, 12, and 18.

for disordered state,3 where D4 and Dyg;, are the D values
for the ordered and disordered states, respectively, and T
is absolute temperature.

The spinodal temperature T as well as T}, can be de-
termined from temperature dependence of I, = I(g =
Qmax). From eq 3, with increasing x.g, I(g)™! is expected
to decrease linearly for the copolymers in the disordered
state, i.e.

[I(g)/(a - b1 = S(@)/W(g) — 2xerr  (17)
and reaches to the spinodal point at the wavenumber g,
Im_1 = I(Qmax)-l ~ S(qmax)/W(Qmax) - 2Xeff,s =0 (18)

where ., is the x-parameter at the spinodal point. If x.x
has a temperature dependence given by!»%-28

Xeff = A+ B//T (19)

then ! is expected to decrease linearly with T and goes
to zero at T = T,. Figure 4 shows an example of the plot
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Figure 4. Plots of I,”}, D, and x. as a function of T for the
star block copolymer with n = 12 and determination of the or-

der—disorder transition temperature 7', from the crossover be-
havior of D and I, with T-%.

It vs T for n = 12 together with the plots of the
characteristic size D and x.¢ The method to evaluate X
will be described later (section V-C).

At higher temperatures T 2 T}, I,,™! seems to decrease
linearly with 7%, although the linearity is observed ap-
proximately but not strictly.?® In this temperature range
D is observed to be independent of T, as the theory pre-
dicts (see eq 3 and discussions in section V-B). Upon
further increase of T, the linearity of I,7* vs T"! is not
observed at all, and this deviation from linearity is ac-
companied by the deviation of D from the constant value.
These two deviations are expected to be a consequence of
the order—disorder transition. The temperature T, was
determined from the crossover behaviors of both D and
I, with T at T,. Furthermore, T, was determined by
extrapolating the linear variation of I, with 7! and by
finding T at which I,”! = 0. The temperatures T}, and T,
for all the copolymers were evaluated in this way, and the
result is plotted as a function of n in Figure 5.
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Figure 5. Order—disorder transition temperature T, and the
spinodal temperature T, as a function of n.

In Figure 5 a correction was made for the fact that the
concentration ¢, of the copolymer for n = 1 (¢, = 0.6) is
lower than those for n 2 2 (¢, = 0.8). This correction was
made by using Flory-Huggins mean-field theory for the
neutral solvent?>2330

Xeff = X¢p (20)

where x is a bare interaction parameter between the dis-
similar monomers in bulk. This equation is expected to
be good for such high concentrations® as ¢, = 0.6 and 0.8.
The data at ¢, = 0.6 for n = 1 were converted to those at
¢, = 0.8, by using the formula given below.

(A; + B, /Ty)dp1 = (A; + B/ Tyo)dye (21)

A, and B,, which determine temperature dependence of
bare interaction parameter x for n = 1, are determined by
the temperature dependence of x.¢ forn =1. T, and Ty,
are the spinodal temperatures for the copolymer with
concentrations ¢,; and $p2s respectively.

The results in FPlgure 5 indicate that both T}, and T, drop
dramatically by increasing n from 1 to 2 but do not sig-
nificantly depend on n for 2 < n < 18. This is one of the
most important experimental results found in this study.

V. Interpretations

A. Fluctuations in Ordered State. The characteristic
size D of the order parameter fluctuation in the ordered
state (D) is observed as a function of n and T, the results
of which were partially shown in Figure 3 and in eq 15.
Here we discuss D, 4 as a function of n and 7.

The continuity of D in the ordered and disordered states
at T = Ty invokes that

Dog(n,T) = Dgi(n)(T/ T3 for T/Tpy<1 (22

if the temperature exponents, —*/5 and 0, are independent
of n for the ordered and disordered state, respectively.

Figure 6 shows an experimental test of the scaling be-
havior of eq 22 where log (D 4/ Dyg;) are plotted against
log (T/Ty) for the all copolymers listed in Table I. The
result assures the scaling behavior within experimental
accuracy. Then D, 4(n,T) will be predicted from Dy, (n)
for the disordered state and the order—disorder transition
temperature T},

B. Fluctuation Spectrum in Disordered State.
Here, we extensively discuss the spectrum of the order
parameter fluctuations in the disordered state. Figure 7
shows SAXS profiles in the disordered state at various
T(>T,) for some copolymers with n = 2, 4, 12, and 18. The
measured SAXS profiles shown by data points were best
fitted with the theoretical profiles obtained from eq 3 and
drawn by solid lines. Good agreement between theoretical
and experimental profiles is found for other copolymers
also. The best fits yield information on R,? = Na?/6 for
the arm block copolymer and on x as a functlon of T and
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Figure 7. Typical SAXS profiles of the star block copolymes
in the disordered state. Experimental and theoretical profiles
ire shown, respectively, by data points and solid lines. A = 1.54

n, which will be discussed in sections V-E and V-C, re-
spectively.

Experimental results indicate that the wavenumber ¢,
for the dominant mode of the fluctuations for a given
copolymer is independent of T3 as theory predicts and
that ¢, depends on n. The n-dependence of g, and a
comparison of it with the theoretical result will be referred
to in section V-E.

The fluctuation spectrum in the limit of x = 0, i.e., the
spectrum purely related to molecular conformation of the
copolymer as given by W(q)/S(q) (eq 17), can be analyzed
experimentally as shown in Figure 8 for n = 6, as an ex-
ample, where [I(q)/C]™! were plotted as a function of g at
various temperatures T (=T}). C is a constant equal to
(@ - b)es® = (a — b)?p,. From eq 17 all the profiles at
different temperatures (as shown in the left-hand side of
Figure 8) should have the same g-dependence if the con-
formation is essentially unaltered at T = T, which is will
expected to be valid over a narrow temperature range
covered in this experiment, and should be superimposable
along a vertical shift by the amount of 2x.4(7T). In fact
as shown in the right-hand side of Figure 8, these curves
are found to be satisfactorily superimposed to each other
by the vertical shift to result in a master curve, i.e., S-
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Figure 8. Experimental profiles for [S(q)/ W(g) — 2x.g] for the star block copolymer with n = 6 at various temperatures (left-hand
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(q)/ W{g) ~ 2x.s at 150 °C. Thus, S(g)/ W(q) can be ob-
tained by shifting the master curve vertically by an amount
of 2x.g = 0.0606.

The relative g-dependence of S(q)/ W(g) shown by the
master curve can be compared to the profile predicted by
the RPA theory (eq 3-14). The theoretical profile drawn
by a solid line is found to be in good agreement with the
experimental profile. The best fit is obtained for R, =
(Noa?/6)/2 = 6.36 nm.

The master curves for S(g)/ W(q) for other copolymers
also are obtained, and they show a reduction at a level
similar to the reduction for n = 6. They are found to agree
with the corresponding theoretical profile with an accuracy
similar to that for n = 6.

C. Determination of x-Parameters. The effective
thermodynamic interaction parameters, x., are obtained
as a function of n and T by best fitting the theoretical and
experimental profiles in the disordered state as shown in
Figure 7. Temperature dependencies of x thus estimated
are shown in Figure 9 for all the copolymers studied here.
Figure 9 includes also T}, or x.(T}) shown by arrows and
T, or X, by solid circles.

It is important to note that x.¢ is not independent of
n but rather has a remarkable n-dependence, the greater
the value n, the smaller is the value x.¢ The result clearly
indicates that the theory has to be generalized in order to
account for effects of the connectivity of the arm blocks
at the center of the star block copolymer on the local
conformation of the arms, segmental packing, and hence
the segmental interactions. It is also interesting to note
that a drastic change on the x4 with n occurs between n
=1 and 2.3

Temperature dependence of x.; shows approximately
1/T dependence as given by eq 19, although it shows a
weak but systematic deviation from 1/T dependence. All
the curves for x4 (1/7T) show slightly convex nature, i.e.,
a downward deviation from the linearity at small 1/T.
This deviation becomes less remarkable as the level of x4
decreases. The entropic and enthalpic part of the x. (i.e.
A’and B’in eq 19, respectively) are plotted as a function
of n in Figure 10. Here again the data for n = 1, which
were obtained for ¢, = 0.6 were converted to those for ¢,

150 T(C) 190
+0.04
&
004 B
3 ;:).03
003

Figure 9. Temperature dependence of the estimated x.g for the
star block copolymers studied in this work. The arrows indicate
the order—disorder transition temperature T, and Xesb = Xesr (T
= T}), and the solid circles indicate the spinodal temperature T,
and Xy
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Figure 10. Temperature dependence of A’and B’ when x (1)
is assumed to be given by x{7) = A’+ B’/ T for all the star block
copolymers studied in this work.
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Figure 11. I, as a function of x.g assuring eq 17. The intercepts
with abscissa give x.s, as a function of n.

= (.8 by using the scheme as discussed earlier in connec-
tion with Figure 5 and eq 20 and 21. Again, a big jump
in the values A’ and B’ are observed by increasing n from

= 1 to 2. It is also interesting to note that B’ stays
constant but A’ decreases with n for n = 2, which clearly
reflects an effect of the connectivity of the arms at its
center.

It should be noted that the slight deviation in the x(7)
from the 1/T-dependence causes also the deviation of the
I,7YT) from the 1/ T-dependence at T' = T), as discussed
earlier in section IV® in connection with Figure 4. It
should be noted also that x.g in Figure 4 was determined
by the procedure as discussed in this section. Instead of
plotting I, with T, one can plot I} with x.q, since
Xee(T) is known. Then we should be able to obtain linear
dependencies of I,,”! with x4 at T 2 Ty, In fact we could
obtain good linear dependencies for all the copolymer as
shown in Figure 11 at T' = T}, (solid lines), in agreement
with prediction by eq 17. At T < T} (OF Xefr > Xeftp =
Xer(Th)), the deviation of 1,71 vs x from the straight line
occurs, which is obviously due to the onset of order for-
mation (disorder-to-order transition). Hence, a straight
line above T = T, was extrapolated down to I, = 0 to
obtain the mean-field spinodal point, xx, The extrapo-
lated portions, which correspond to the ordered state, are
shown by broken lines.

D. Stability Limit and Order-Disorder Transition.
The stability limit (T, and x., and order-disorder
transition (T}, and Xep = Xerr(Th)) Were obtained as a
function of n by the method discussed in section IV in
connection with Figure 4. The values x.g, are also ob-
tained from the plots shown in Figure 11 by extrapolating
I.,”! to zero and finding the intercepts with the abscissa.
The x's obtained by these two methods should agree with
each other and in fact agreed within experimental accu-
racy.

The x-parameters at the spinodal points () and at
the order—disorder transition points (x.)) are plotted as
a function of n and compared with the theoretical spinodal
point (1/2)S(qmes)/ W(Q@max) = X, in Figure 12. As seen
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Figure 12. x. at the spinodal point (x.g,) and at the order—
disorder transition (x.z,) as a function of n and comparisons of
them with the theoretical value Xs at the spinodal points, x, =
(1/2)5(qmax)/ W(qmay)-
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Figure 13. Experimental and theoretical values of ¢,,..> as a
function of n. The theoretical values are obtained by setting the
me%n-squared unperturbed radius of gyration Ry? = Nya?/6 = 33
nm®.

in Figure 12, x.g, is slightly but significantly larger than
Xettp Lhis trend is also clearly seen in Figure 5. The
theoretical values x, agree quite well with the experimental
values x,sq both of which decrease with increasing n.
However, it should be noted that the decrease of x, with
n does not necessarily imply the increase of T, with n in
the case when x depends on n. In fact the decrease of X,
or x, with n is compensated by the decrease of x. with
n, giving rise to T, nearly independent of n, as shown in
Figure 5 for n > 2.

E. Wavenumber q ., of Dominant Mode of Fluc-
tuations. Figure 13 compares experimental and theo-
retical values of the wavenumber in the dominant mode
of the fluctuations for the series of the star block co-
polymers. The theoretical values gy, as a function of n
are obtained by using R,? = Nya?/6 = 33 nm? for the arm
block chain, which is estimated on the basis of the reported
unperturbed dimensions for both PS and PL.1® As found
nreviously for n = 1 and 6 we find again a discrepancy of
Qmax, theor/Qmax exp = Llor Ddls ex /de theor =~ 1.1 for all n
where Gmax theor AN Guay exp aTE tfle theoretical and exper-
imental values of Gumax Tespectively, and D g theor a0d Dgyg enp
are those for Dy;,. The discrepancy may be due to the
effects of polydispersities of molecular weight and those
of composition of the arm as pointed out in the previous
paper®® or the effects of asymmetry among the ams caused
again by the polydispersities of the molecule weight and
composition. The deviation may be due also to chain
expansion existing even in concentrated solutions.3*
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Studies on Copolymeric Hydrogels of N-Vinyl-2-pyrrolidone with
2-Hydroxyethyl Methacrylate
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ABSTRACT: N-Vinyl-2-pyrrolidone and 2-hydroxyethyl methacrylate in both the absence and the presence
of ethylene glycol dimethacrylate have been copolymerized to high conversion by vy-irradiation. The resultant
xerogels were swollen to equilibrium in water to yield hydrogels. The effects of monomer composition and
concentration of added cross-linking agent on the swelling behavior and mechanical properties of these hydrogels
at 294 K were investigated, the latter involving measurements of stress (compression)—strain. The findings
were interpreted on the basis of terpolymer compositional drift as predicted by the §—e scheme. Inhomogeneous
cross-linking of the copolymer network was noted particularly at high contents of N-vinyl-2-pyrrolidone.

Introduction
The following abbreviations are adopted in the text: BA,
n-butyl acrylate; EDMA, ethylene glycol dimethacrylate;
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EWC, equilibrium water content (=wt % water in hydrogel
at equilibrium); HEMA, 2-hydroxyethyl methacrylate; VP,
N-vinyl-2-pyrrolidone; TPT, 1,1,1-trimethylolpropane
trimethacrylate. In addition, the polymeric form is pre-
fixed where appropriate by P-.

In the authors’ laboratory recent studies have been de-
voted to uniaxial compression and swelling measurements
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