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of nonlinear terms which may become increasingly im-
portant in more advanced demixed states. Equations
I1I-19 and III-24 indicate, respectively, that the concen-
tration fluctuations completely disappear and that the
scattered intensity goes to zero after a sufficient period of
time. This is not correct, because there are thermal
fluctuations even in homogeneous mixtures which causes
elastic scattering equal to Iy(g;T,). A correction for this
effect was made in eq V-2 and the corrected scattered
intensity I ,.(q,t) was compared with I, (¢,t) in eq I11-24.
A more rigorous theoretical treatment is obviously re-
quired, and the theory should allow I, (g,t) to approch
Iy(g;T,) at t — = by properly accounting for the thermal
noise appropriate to the small-g regime.

Registry No. PS (homopolymer), 9003-53-6; PVME (homo-
polymer), 9003-09-2.
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ABSTRACT: Light scattering studies on very high molecular weight 18-arm star poly(styrene-isoprene) block
copolymers have been done by using, in part, isorefractive solvents. The radius of gyration of the polystyrene
outer blocks is expanded to approximately the same size as the whole macromolecule while that of the
polyisoprene inner segment assumes the dimensions of a homopolyisoprene star of equivalent molecular weight
and functionality. The shape of the polystyrene outer blocks resembles that predicted for a hollow star. The
findings support the presence of a segregated vesicle-like conformation in dilute solution.

Introduction

The dilute solution conformational aspects of linear di-
or triblock copolymers have been the subject of experi-
mental®!® and theoretical’*® considerations. The ar-
chitecture of copolymers containing homopolymer seg-
ments can influence their dilute solution conformation. An
example of this behavior is seen in the model graft co-
polymer work of Rahlwes, Roovers, and Bywater!” and
Hadjichristidis and Roovers.!® The latter authors, via the
use of isorefractive solvents, reached the conclusion that
intramolecular separation existed and that the confor-
mation of the poly(isoprene-g-styrene) copolymer could be
classified as a core-ghell structure in dilute solution with
the polyisoprene backbone preferentially occupying the
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core. In view of this latter result, it is apparent that the
conformation of a star block copolymer could be studied
in a similar fashion by measuring the apparent radii of
gyration in isorefractive solvents. Furthermore, because
of the anticipated “advantageous” geometry of star block
copolymers, their conformation would be expected to be
amenable to a shape analysis by an evaluation of the
particle scattering factor. This dual approach applied to
two high molecular weight 18-arm star block copolymers
is the subject of this paper.

Experimental Section

Two high molecular weight star block copolymer materials were
prepared in benzene. Dilute solutions, ~2% (w/v), were adhered
to in the polymerizations. The linking reaction, involving an

© 1986 American Chemical Society
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Table I Table I1
Molecular Characteristics of Poly(styrene-isoprene) Refractive Index Increments dn/dec(mL g') at 436 nm and
18-Arm Star Block Copolymers 35 °C
wt % chloro- cyclo-
sample polystyrene® type M, X 108% M, X 10% f.° THF  toluene benzene bromoform  hexane dioxane
18/46/152 0.46 arm 0.325 0.330¢ polystyrene
star 5.85 5.82 17.6 0.208¢° 0.117 0.084° 0.010° 0.181¢ 0.189
18/23/154 0.23 arm 0.663 0.670°¢ X
star 119 115 17.2 polyisoprene
0.148¢ 0.027 -0.004° -0.082¢ 0.117° 0.114
¢Via 'H NMR. °’Predicted (stoichiometric) number-average .
molecular weight. ¢f, = M,(star)/M(arm). ?Segment molecular 18/46/152
weights: PS = 1.52 X 10% PI = 1.78 X 105 ¢Segment molecular 0.175 0.067 0.036 -0.043 0.149 0.149
weights: PS = 1.54 x 10% PI = 5.16 X 10°, 0.176 0.068 0.036 -0.040 0.146 0.149
18/23/154°
44 0.159 0.049 0.017 -0.067 0.135 0.131
0.162 0.048 0.019 -0.061 0.132 0.131

Star Block
Copolymer

Before
Fractionation

\-—38

Fractionation

DIFFERENTIAL REFRACTIVE INDEX

ELUTION COUNTS

Figure 1. Size exclusion chromatographs of unfractionated and
fractionated 18/46/152 star block copolymer (1 count = 5 mL).

octadecachlorosilane,'*2! was allowed to proceed for 3 weeks at
ca. 20 °C followed by 1 week at 40 °C prior to termination of the
residual active centers. The amount of reactive sites of the linking
agent was about 50% of the active center concentration. This
was done in order to enhance the extent of reaction. The frac-
tionation of the unlinked block copolymer arms from the star
branched polymer was done by using a 1:1 (v/v) toluene/cyclo-
hexane mixture containing 0.2% (w/v) of block copolymer.
Methanol was the nonsolvent. Three to four fractionations were
needed in order to obtain essentially pure star block copolymer.
The polyisoprene segment was found, via 'H NMR, to have the
anticipated >90% 1,4 mode of concatenation (cis/trans ~ 8/2).

Six different solvents were used for the light scattering ex-
periments. Toluene, cyclohexane, and chlorobenzene were purified
by refluxing for 1 to 2 days over calcium hydride before distillation.
Tetrahydrofuran and dioxane were purified following the pro-
cedure of Hadjichristidis and Roovers.!'® Bromoform was washed
with water, dried over K,COj3, and distilled at low pressure (ca.
10 mmHg) taking only the middle cut. Diphenylamine was added
as the stabilizer (~0.01% w/v). All of the solvents were distilled
on the day the polymer solutions were prepared. Special care
was given to shield bromoform from light prior to the measure-
ments.

A Brice-Phoenix differential refractometer was used for the
dn/dc measurements at 436 nm. The light scattering measure-
ments were accomplished by using the Sofica PGD instrument
with unpolarized light at 436 nm at 35 °C. The scattering in-
tensities were measured over the angular range of 30-150°. The
solutions were clarified for 1 h by centrifugation at 1.4 X 10* rpm.
Size exclusion chromatography measurements were done with a
Waters Ana-Prep instrument equipped with a seven-column
Styragel set. An operation temperature of 30 °C was maintained
with 1tetrahydrofuran as the mobile phase at a flow rate of 1 mL.
min?,

Results

Table I contains the molecular characteristics of the two
star block copolymer samples. The experimental func-
tionality was taken as the ratio of M,(star)/M,(arm) since
the more appropriate M, (star) values were inaccessible.

¢ Literature values (ref 8 and 17). ?First line lists experimental
values and the second line the calculated ones.
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Figure 2. Zimm-Berry plots of the 18/46/152 star block co-
polymer.

The fact that essentially pure star block copolymers were
obtained following fractionation is illustrated in Figure 1.

The dn/dc values of the star block copolymers and the
linear homopolymers are shown in Table II. The exper-
imental values can be compared to the values calculated
from the following relation:??

dn/de = x(dn/de), + (1 - x)(drn/de)g

where x is the fraction of homopolymer A in the AB star
block copolymer. Within the limits of experimental error
the experimental and calculated dn/dc values are identical.
The experimental values were used in this work.

The Zimm plots for the star block copolymers exhibited
varying degrees of curvature for the results in all six sol-
vents. Thus, in order to obtain reliable extrapolations, the
data were handled by using Berry’s method.?? Repre-
sentative Zimm-Berry plots are shown in Figure 2.
Previous observations have shown that curved Zimm® and
Zimm-Berry'’ plots (similar to that of Figure 2) are ob-
tained when the refractive index of either component ap-
proaches that of the solvent for linear diblock or graft
copolymer systems having molecular weights, M,,, greater
than 8 X 10° This distortion apparently arises as a con-
sequence of intermolecular interference effects resulting
from the large abnormal excluded volume for the visible
portion of the copolymer. Conversely, though, distortion
was absent in the Zimm-Berry plots obtained®® in chlo-
robenzene and bromoform of a poly(isoprene-g-styrene)
graft copolymer having an M,, of 1.2 X 108, Thus, the
overall molecular weight, the composition, the component
molecular weights, and the architecture of these segmented
copolymers seemingly influence the extent of intermole-
cular interference observed.

Tables III and IV list the apparent weight-average
molecular weights and mean-square radii of gyration for
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Table III
Molecular Weights and Chain Dimensions for 18/46/152
Star Block Copolymer in Various Solvents

(8% x 104,
2

solvent M, x 108 cm
tetrahydrofuran 5.46 5.47
toluene 5.96 5.33
chlorobenzene® 6.02 5.18
bromoform? 5.93 1.94
cyclohexane 591 4.36
dioxane 5.63 2.70

s Isorefractive with polyisoprene. °Isorefractive with poly-
styrene.

Table IV
Molecular Weights and Chain Dimensions for 18/23/154
Star Block Copolymer in Various Solvents

(8%) x 101,
2

solvent M, x 107® cm
tetrahydrofuran 10.9 14.4
toluene 12.0 16.9
chlorobenzene® 12.0
bromoform® 13.0 9.0
cyclohexane 11.6 11.1
dioxane 9.4 8.1

¢Isorefractive with polyisoprene. °®Isorefractive with poly-
styrene.

the two star block copolymers 18/46/152 and 18/23/154.
The fairly constant molecular weights found in the various
solvents for the two materials are indicative of the high
degree of homogeneity in molecular weight and compo-
sition of these samples.

Particle Scattering Factor P(6). When the dimen-
sion of a scattering particle is larger than \/20 (where A
is the wavelength of light), the intensity of the light
scattered at an angle 8 is attenuated because of destructive
interference.?* This effect, designated by P(6), is de-
pendent on the angle of observation and on the size and
shape of the particle. For these reasons P(8) is referred
to as the particle scattering factor, or the form factor, and
is defined as follows:

P(0) = i5/is=0 = Ry/ Ry
where i; and R, are the intensity and the Rayleigh ratio

at 8 angle, respectively. A quantitative evaluation of this
effect was first given by Debye?® for polymers in dilute

solution
) 1 g g: sin hr;;
©) = N2i=1 j=1 ri

J

where N is the number of scattering points, r;; the distance
between two scattering points, and A = (4= /) sin (6/2),
also known as the scattering vector. Only purely geome-
trical quantities appear in this expression. Generally P(9)
is plotted against u?, where u? = [(4w/)\)(sin (/2))1%¢(S?).
It is interesting to note that in order for an experimental
study on the shape of a polymer to be meaningful one has
to work at high 12 This can be achieved by either a larger
(S?) or a very low A. Thus, very high molecular weight
materials were used in this study. P(f) can be quantita-
tively evaluated for a wide variety of species of varying
architecture. Theoretical studies!!?® show that as a ho-
mostar grows in arms of equal length, its P() undergoes
a rapid upturn with increasing u>.

In 1970, Kajiwara et al.”® showed that the statistical
cascade theory of branching processes was useful for the
P(#) analysis of randomly branched copolymers. In 1974,
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Burchard?’ extended the cascade theory to cover the case
of polymeric stars with particular attention given to the
P() factor. The equations for P(f), or more exactly P(h)
since h is a function of 6§, were given as*®%

P(h) = 2o - (1 - expl-o)] + L2111 - explp
fo 2

(monodisperse arms following Gaussian statistics), where
v = [f/(3f - 2)]u? and f is a functionality, and
14+ u?/3f
(1 + u?(f + 1) /6f)?

P(h) =

(polydisperse arms with most probable distribution).
Burchard? also calculated the P(k) of a copolymeric star
of different specific refractive indices. When v4 = vy the
copolymer star becomes, in effect, a homostar. Of par-
ticular interest is when the solvent is isorefractive with the
center block vz = 0; then, in Burchard’s terminology, a
“ghost star”?" is formed with the arms seemingly grafted
to an invisible core. Burchard stated that the branching
effect can be seen more easily in a plot of P(h)u? vs. u, often
called the Kratky plot. A Kratky plot can differentiate
the functionality of a star by the sharpness and the pos-
ition of its maximum. Hence the shape of the star-shaped
block copolymer, and therefore its conformation in non-
isorefractive and isorefractive solvents, can be directly
compared to the P(h) function evaluated for star models
of varying functionalities and varying specific refractive
index increment values.

Discussion

Since the (dn/dc) values of polystyrene and polyisoprene
in tetrahydrofuran, toluene, cyclohexane, and dioxane are
high and positive (Table II), it is possible, to a first ap-
proximation, to make a comparison among the (S?) values
measured in those solvents. The (S?) values measured in
tetrahydrofuran and toluene are 5.47 X 107 and 5.33 X
101! e¢m?, respectively, for 18/46/152. Both are good
solvents for polystyrene and polyisoprene. However, the
values of (S?) are lower in cyclohexane (4.36 X 107! ¢m?)
and in dioxane (2.70 X 107! ¢m?). This reduction in (S?)
is caused by the selective solvent nature of cyclohexane
and dioxane; i.e., at 35 °C cyclohexane is a O solvent for
polystyrene and dioxane is a near-0 solvent for poly-
isoprene. Consequently, the contractions of the poly-
styrene blocks and the polyisoprene blocks to their qua-
si-unperturbed dimensions in cyclohexane and dioxane,
respectively, are responsible for the lowered values of (S?)
in these solvents.

The values of (S?) measured in the two isorefractive
solvents (chlorobenzene and bromoform) are of particular
interest. The (S?) measured in chlorobenzene (5.18 x 107
cm?) is very close to the true (S?) of the 18/46/152 star
block copolymer. Likewise the value obtained in the
bromoform (1.94 X 107! ¢m?) is almost equivalent to the
true (S2) of the polyisoprene blocks.?® Thus the dimen-
sions exhibited by the polystyrene portion is larger than
that of the polyisoprene fraction. Expressed in angstrom
units, the apparent radii of gyration of the polystyrene
“ghost star” and polyisoprene core are 720 and 440 A,
respectively. This large expansion in the dimensions of
the polystyrene blocks in a sample having 46% of poly-
styrene strongly suggests that this 18-armed star block
copolymer assumes a segregated conformation with the
polyisoprene blocks residing in the core with the poly-
styrene segments forming the shell.

The very high molecular weight of the 18/23/154 star
block copolymer made it difficult to obtain accurate
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Figure 3. Radii of gyration of 18-arm polyisoprene stars (squares)
in cyclohexane at 35 °C. Circles represent the apparent radii of
gyration of the polyisoprene portion of the 18/46/152 and 18/
23/154 star block copolymers in bromoform.

measurements in some of the solvents. The (S?) value
could not be obtained in chlorobenzene in view of extreme
distortion of the Zimm and Zimm-Berry plots. The M,,
and (S?) values obtained in dioxane are thought to be
inaccurate because of the difficulty in maintaining com-
plete dissolution of this sample in this solvent. Except for
these two cases, the behavior of 18/23/154 is similar to the
previous sample. The M, values are fairly constant and
close to the stoichiometric value, thus indicative of a ho-
mogeneous sample. As was the case for 18/46/152 the (S?%)
values in tetrahydrofuran and toluene (good solvents) are
seen to be higher than (S?) measured in cyclohexane (8
solvent for polystyrene). The value of (S?) measured in
bromoform, which is very close to the true (S2?) of the
polyisoprene blocks, is lowest. This again suggests that
the polyisoprene component resides in the core of the star
block copolymer. Since the results from both 18-arm block
copolymer stars suggest a segregated conformation, it was
deemed of interest to compare the radii of gyration of the
polyisoprene blocks (core) of these 18-arm star block co-
polymers to that of the homopolyisoprene 18-arm stars of
equivalent molecular weights. This should allow some
insight into the extent of heterocontacts between the
dissimilar segments. Hadjichristidis and Fetters® have
measured the radii of gyration of a series of 18-arm poly-
isoprene stars in cyclohexane at 35 °C. Since both cy-
clohexane and bromoform are good solvents for poly-
isoprene and the intrinsic viscosity values are similar in
these solvents,'83! it is assumed that the difference between

the radii of gyration measured in cyclohexane and bro-

moform is negligible. Figure 3 shows the plot of (S?) vs.
M, of the different 18-arm polyisoprene stars and the
values of the apparent mean square radii of gyration for
18/46/152 and 18/23/154 measured in bromoform plotted
against the weight-average molecular weight values of the
respective polyisoprene portions. There it is seen that the
polyisoprene center blocks of 18/46/152 and 18/23/154
assume virtually the same dimensions as the corresponding
18-armed homopolyisoprene stars of identical molecular
weights. This indicates that there are no mutual inter-
actions between the polystyrene and the polyisoprene
blocks and, consequently, the extent of heterocontacts
between unlike segments can be considered negligible.
Hence it can be concluded that these materials exhibit
segregated structures. They may be considered to be
vesicle star block copolymers with a polyisoprene core and
a polystyrene shell.
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Figure 4. Plot of P"1(§) vs. u® of the 18/46/152 star block co-
polymer.

The segregated conformation deduced from the chain
dimension studies implies that in chlorobenzene the shape
assumed is that of a hollow 18-armed star molecule as
predicted by theory.?” Thus, it should be possible to de-
termine the shape of these star block copolymers via an
analysis of the particle scattering factor. Unlike the
evaluation of the mean square radius of gyration, which
can be biased by the scattering points at lower angles, the
P(6) analysis offers the advantage of considering all the
points taken at all angles. This ensures a more faithful
interpretation of the experimental data. In special cases,
when isorefractive solvents are used, it becomes more
difficult as accurate data points at higher angles cannot
always be easily obtained. For this reason, the case of
bromoform is not treated. Besides, only the lower mo-
lecular weight sample, 18/46/152, is suited for this P(6)
study because, as already pointed out earlier, the higher
molecular weight sample 18/23/154 did not permit an
accurate determination of both the (S?) and the P(8) in
chlorobenzene.

Figure 4 shows the conventional plots of P1(§) vs. u? for
18/46/138 measured in chlorobenzene and tetrahydro-
furan.’? The curve taken in chlorobenzene shows a much
sharper upturn than in tetrahydrofuran at higher u?, thus
indicating a change in the shape in these solvents. As a
point of comparison, Figure 4 also includes the theoretical
curves calculated for a monodisperse random coil and of
a sphere. It can be seen that the shapes of 18/46/152 both
in tetrahydrofuran and in chlorobenzene differ from the
shape of either one of the above models. In order to ac-
centuate the difference between the data points taken in
tetrahydrofuran and chlorobenzene, it is convenient to
resort to the Kratky plot (Figure 5). In a Kratky plot
P(6)u? is plotted against u. Figure 5 shows the data of SI
18/46/152 obtained in tetrahydrofuran and chlorobenzene.
Figure 5 also includes the theoretical curves, calculated
following the method developed by Burchard,?® of a
monodisperse 18-arm star, a polydisperse 18-armed star,
and a hollow monodisperse 18-arm star. As shown, the
experimental curves in tetrahydrofuran and in chloro-
benzene closely fit the theoretical curves of the monodis-
perse 18-armed star and the hollow monodisperse 18-arm
star, respectively. It should be recalled that a perfect fit
is not expected because the theory was designed for arms
following Gaussian statistics (it is unlikely that the arms
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Figure 5. Experimental and theoretical Kratky plots of 18-arm
stars (p, polydisperse; m, monodisperse; h, hollow; st, star).
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Figure 6. Experimental and theoretical Kratky plots of 18-arm
stars (m-c, monodisperse coil; m, monodisperse; st, star; h, hollow;
sph, sphere).

of a high-functionality star obey Gaussian statistics in the
central region)?0:21:96:33-39 and for polymers under © con-
ditions (chlorobenzene and tetrahydrofuran are good
solvents for these star block copolymers). These deviations
however are not expected to be significant for very high
molecular weight stars and thus the theoretical models still
remain good approximations. In chlorobenzene, the ex-
perimental points initially fit the shape of an 18-arm hollow
star. However, at the theoretical maximum, deviation
occurs for the higher u values. Because of the experimental
difficulties encountered in obtaining accurate data at high
angles in isorefractive solvents it is inappropriate to at-
tempt to rationalize this observation. The experimental
points taken in tetrahydrofuran fit more closely the
monodisperse 18-arm star than the polydisperse 18-arm
star as could have been anticipated given the low dispersity
of 18/46/152. These results also favor a segregated con-
formation. Thus, both the (8?) and the P(6) studies lead
to the same conclusion: that the conformation of an 18-
armed star block copolymer may be represented by a core
and shell model.

To put things into a broader perspective, Figure 6
presents the experimental points in chlorobenzene and
tetrahydrofuran and the calculated curves of a monodis-
perse random coil, a monodisperse 4-arm star, a mono-
disperse 18-arm star, a hollow monodisperse 18-arm star,
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and a solid sphere. As shown, the curve of a 4-arm star
comes closer to that of a random coil than a solid sphere.
But when the functionality increases, the curve of an 18-
arm star comes close to that of a sphere. The theory thus
predicts a pronounced change in the shape of a star
macromolecule as its functionality increases. Recently
Roovers et al.2’ have found that high molecular weight 12-
and 18-armed star homopolystyrenes behave hydrody-
namically almost like hard spheres in dilute solution. From
those findings, it is reasonable to expect that the confor-
mation of a high-functionality star block copolymer would
differ from that of a low-functionality star block copolymer.
Until further results are available, though, the core and
shell conformation proposed in the present study should
be restricted to the case of high-functionality star block
copolymers in dilute solution.
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ABSTRACT: The technique of neutron scattering from mixtures of protonated and deuterated molecules
has been used to analyze the conformation of chains in poly(methyl methacrylate) (PMMA) plastically deformed
in uniaxial tensile tests. Measurements were conducted on samples that had been stretched to extension ratios
of « = 2.0-2.3 in a temperature range of T = 60-120 °C. The magnitude of the scattering vector covered
arange of 0 < ¢ < 6 nm™. The results obtained in the low-q range demonstrate that on the scale of the radius
of gyration the deformation is approximately affine in the macroscopic strain tensor for long chains (M,, =
170000 and 250000) but markedly nonaffine for very short ones (M, = 6000). In the intermediate- and high-q
range the scattering curve of unstretched PMMA is compared with the scattering curve of stretched PMMA
measured perpendicular to the draw axis. The results suggest that pronounced nonaffine modes of plastic

deformation are active in regions of less than 2.5 nm.

1. Introduction

Considerable theoretical and technological interest has
been focused in the past on the deformation and fracture
of glassy polymers. However, the underlying molecular
deformation mechanisms are still not very well understood.
Most of the information available has been derived from
measurements of macroscopic parameters such as stress,
strain, and birefringence. The results obtained are gen-
erally discussed on the basis of deformation models that
start from specific assumptions on the relation between
macroscopic and molecular strains (see, e.g., ref 1 and 2).
In the affine deformation mode! it is assumed that these
strains are identical on any molecular level, i.e., that the
transformation of the distance vector between any pair of
molecular segments is affine in the macroscopic strain
tensor. In the case of glassy polymers having a nonuniform
strain distribution the affine deformation model has been
applied to well-defined deformation zones such as shear
bands?® and craze fibrils.* The limits of applicability of the
affine deformation model are not known at present. In
fact, even if this model is valid on sufficiently large mo-
lecular scales, it must break down on very small ones be-
cause of the existence of intra- and intermolecular hin-
drances for the conformational rearrangement.

The relation between macroscopic and molecular strains
may be established experimentally by using neutron
scattering (NS) for the analysis of the conformational re-
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arrangement of chain molecules. Most of the experiments
have been conducted on amorphous polymers stretched
above the glass transition temperature T,. Very little is
known on the chain conformation of amorphous polymers
deformed below T,. Recently, Lefebvre et al.’ studied by
small-angle neutron scattering (SANS) the chain confor-
mation in shear bands of polystyrene deformed plastically
under compression. They reported the existence of non-
affine modes of plastic deformation. According to Lefebvre
et al.,% the deformation process does not affect the radius
of gyration of the molecules within shear bands produced
at low strain rates and at higher temperatures. This result
has been attributed to the activation of a diffusional mode
of plasticity. The isolation of shear bands from the sur-
rounding matrix material and their study by NS cause
severe experimental problems. Therefore, measurements
on material deformed plastically under different conditions
may be useful in examining the affine deformation model.
For this reason NS experiments have been conducted on
poly(methyl methacrylate) (PMMA), which may be highly
deformed plastically in uniaxial tensile tests. The mea-
surements reported in this paper cover a large g range (0
< ¢ < 6 nm™) where information is obtained on both the
radius of gyration of the molecules and the local ar-
rangement of chain segments.

2. Experimental Section

Sample Preparation. To study the chain conformation of
polymers NS measurements are generally conducted on mixtures
of unlabeled (protonated) and labeled (deuterated) molecules.
The two types of PMMA were prepared by radical polymerization
of conventional and deuteriomethyl methacrylate, with benzoyl
peroxide and dodecylmercaptan as initiator and transfer agent,
respectively. The microtacticity of molecules of PMMA polym-
erized under these conditions has been analyzed by high-resolution
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