Vol. 11, No. 4, July~-August 1978

polymer at high purity, therefore, it is essential that the mo-
lecular weight distributions of the components in a polymer-
ization product are so sharp that their purities after frac-
tionation can well be confirmed by sedimentation.
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ABSTRACT: In this work it is shown that when individual partly iodized polystyrene (IPS) molecules are suspended
as a solid solution in a polystyrene (PS) matrix they are irregular in shape and possess a gross segmental density in-
termediate between uniform and Gaussian upon which fluctuations of the order of 100-200 A in size are superim-
posed. At the same time they maintain their unperturbed radius of gyration. When the IPS molecules separate from
the PS matrix, individually or as aggregates, they collapse in size while their density increases.

In the two previous papers of this series we have demon-
strated that when no phase separation takes place, individual
macromolecules of tagged poly-cis-isoprene (PIP) in untagged
PIP! and tagged PIP in a polyisobutylene (PIB) matrix2
possess neither spherical symmetry nor symmetrical or
monotoaically increasing segmental distribution density upon
progressing from the molecular perimeter to its center. In both
instances the instantaneous shape of the tagged PIP molecules
was irregular. Internally, the segmental distribution appears
as an association of high-density regions intermixed with re-
gions of lower segmental density. The high-density regions
tend, on the average, to be closer to the geometrical center of
the macromolecule. Oftentimes an apron of low-density ma-
terial extends out at the molecular periphery. It is obvious that
when averaged over all angles and/or a large population of
observable molecules, the shape and segmental density of the
molecules become spherical and Gaussian.

In this work we use partly iodized polystyrene (IPS) mole-
cules suspended in polystyrene (PS) matrix to determine
whether the characteristics observed previously in PIP show
also in other polymers.

Experimental Section

All solvents were reagent grade or better. They were distilled and
kept over molecular sieves. Bromoform was kept in the dark. Poly-
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styrene (PS) of M = 2 X 108 and M./M, < 1.3 was obtained from
Pressure Chemical Co. (Lot 14b). Partial iodination of PS, exclusively
in the para position, was performed according to the procedure of
Braun.? For this work, the PS was iodized to the extent of 27 wt %
(about half the rings are substituted) and used as such. In all prepa-
rations only PS of M = 2 X 108 and the partly iodized PS (IPS) orig-
inating from such PS were used.

Samples for electron microscopy were prepared in the following
manner: Mixtures containing 0.5, 1, 5, and 10% by weight of IPS in
PS were dissolved in chloroform to vield 1% (wt/vol) solutions. The
homogeneous solutions were cast in shallow Teflon-coated trays and
the solvent was removed as fast as possible in forced air draft. Solid
films, not completely dried but easily handlable, were obtained within
several seconds. Once dried under vacuum, their thickness ranged
usually between 0.3 and 0.6 mm. The samples were then prepared for
examination with a transmission electron microscope using a Reichert
OMU3-FC2 microtome. They were first embedded in Maraglas (Ladd
Research Ind., Inc.) epoxy embedding medium which was hardened
by curing at 50 °C overnight The embedded samples were sectioned
at room temperature using water as a receiving medium. Ultrathin
sections of 500 to 900 A in thickness were obtained. The sections were
each mounted on a 200-mesh nickel grid. They were examined with
a Hitachi HU-11C transmission electron microscope at 75 kV using
a low beam current at magnifications of 24 000 and 52 000 times.
Several grids were prepared from each sample, and several photo-
graphs were taken from each grid. The photographs presented in this
paper are true representatives of the corresponding samples.

The unperturbed radius of gyration Rgq of the tagged IPS, as cal-
culated4 from the M = 2 X 108 of the parent PS, is 390 A; in a good
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solvent Rg is, naturally, larger than Ro. The actual diameter of the
corresponding molecule is about the thickness of the ultrathin mi-
crotomed sections, resulting in whole and parts of tagged molecules
being observed in the sections. When the molecules are completely
random and do not possess any shape or segmental distribution
symmetry, then the exact shape of the parts of the tagged molecules
remaining in the microtomed section is unimportant. Observation
of many such parts of molecules will still yield the desired information
concerning the instantaneous shape and segmental distribution of
the intact molecules. On the other hand, if the molecules do have a
shape and segmental distribution symmetry, then the knowledge of
the shape of the observed part is of cardinal importance in the de-
termination of the segmental density in the parent molecule. A dis-
cussion of this point was presented in paper 2 of this series.?

To study the density distribution in the photographed particles,
scans across many of their images on the glass electron image plates
were performed with the aid of a Joyce, Loebl and Co. Ltd., double-
beam recording microdensitometer MK III CS, operating in the 0-3
range of optical density to insure linearity in the transfer of the in-
tensity from the electron image plate to the densitometer chart. The
shape of the scanned area at each instant was an oblong 0.9 X 0.3 mm
in size. This window was moving on the electron image plate in one
direction, leaving behind a scanned path 0.9 mm wide. Since the mi-
crodensitometer averages the optical density in the instantaneously
scanned window, fine details that were observed in the printed pho-
tographs were oftentimes smeared out. The densitometer scans were
performed only on regions that were neither underexposed nor overi-
exposed, to|eliminate artifacts due to nonlinearity in the response
of the electron image plates, or excessive scattering, as the case may
be. The relation between the electron density in particles in the
sample and the optical density of their images on the electron image
plates is considered to be linear® in the intermediate density range
used for the densitometer scans.

Depending on the magnification in the electron microscope, the size
of the densitometer window corresponds to 120 down to 60 A. Because
of these small sizes it was found that the window opening did not
noticeably affect the observations and conclusions arising from the
microdensitometer scans.

Results and Discussion

As was described in the Experimental Section, several solid
samples of varying concentrations of IPS in PS were prepared
for the purpose of studying them by means of the electron
microscope. When observed under high magnification in the
transmission mode, all the samples exhibit two characteristic
features: (1) Regions where there exists a gradual change in
local concentration, from a few individual molecules of IPS
scattered in a matrix of PS, through carpets of individual IPS
molecules seen on a background of PS (Figure 1), through
areas of apparent equal concentrations of IPS and PS (Figure
2), to areas where a few PS molecules are seen embedded in
an electron-dense IPS matrix (Figure 3). These regions of
change in concentration span the areas between zones of ap-
parently pure PS and apparently uniform IPS, which were
also seen in the samples. (2) Regions where individual IPS
molecules tended to become spherical in shape while others
tended to aggregate in spherical aggregates each containing
many IPS molecules (Figures 4 and 5). The above two char-
acteristics appear not to coexist in the same field of vision.

The overall concentration dependence of areas exhibiting
the first characteristic was manifested by an increase in the
frequency of IPS-rich zones with the increase in overall con-
centration of IPS in PS. In areas exhibiting the second char-
acteristic, the concentration dependence was manifested by
an increase in the number and size of the IPS polymolecular
spherical aggregates as a function of concentration.

The gross appearance of the IPS-rich zones seems to be
independent of the overall IPS concentration. At their out-
skirts only a few electron-dense entities scattered in an elec-
tron-dilute PS matrix are observed. Upon progression toward
the more IPS concentrated regions the number of such entities
increases, oftentimes passing through carpets of such entities
embedded in PS as is shown in the typical Figure 1. At higher
IPS local concentrations we pass through regions of apparent
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Figure 1. A carpet of IPS molecules dissolved in PS matrix. Overall
concentration 1% IPS in PS.

Figure 2. An area of apparent equal concentrations of IPS and PS
molecules. In reality, necklaces of IPS molecules dissolved in PS
matrix. Overall concentration 1% IPS in PS.

half and half IPS and P8, as seen in Figure 2, where the IPS
and PS appear to phase separate in a spinodal manner. At
even higher IPS concentration, regions as are shown in Figure
3 become common, revealing individual electron-dilute en-
tities existing in an electron-dense matrix of IPS.

Figures typical of areas exhibiting the second characteristic
above are Figure 4 and under much higher magnification
Figure 5. Note that the smaller high-density entities, which
we believe to be images of individual IPS molecules, are sig-
nificantly smaller than those in Figures 1 and 3. Also, note that
the density of the smaller particles in Figures 4 and 5 is sig-
nificantly higher than that of the individual particles in Fig-
ures 1 and 3. It may be that the large entities were disrupted
by the sectioning procedure to reveal their internal struc-
ture.

The electron-dense images in Figure 1 are devoid of circular
symmetry. This indicates that the imaged ‘particles, in the
sample itself, lack spherical symmetry. Measurements of
many such particles yielded an average diameter of 1000 A.



Vol. 11, No. 4, July—-August 1978

Partly Iodized Polystyrene in Untagged Polystyrene 679

Figure 3. An area of apparently higher concentration of IPS than PS.
In reality a solution of IPS in PS in which areas occasionally unoc-
cupied by ISP molecules appear as electronically dilute voids in
electronically dense matrix.

Figure 4. Phase-separated area. Note the striations in the multi-
molecular dense aggregates, delineating individual IPS molecules.

In Figure 3 one observes the reverse case, of individual elec-
tron-dilute entities embedded in electron-dense matrix. These
entities, similar to those seen in Figure 1, lack spherical
symmetry. Their size is about 1000 A, similar to the size of the
individual electron-dense entities in Figure 1.

~ The unperturbed radius of gyration, R g, of the parent PS
molecules of M = 2 X 106 is about 390 A, yielding an unper-
turbed diameter of the equivalent sphere® of (5/3)1/2 X 390 X
2 = 1010 A. The agreement between the sizes of the individual
electron-dense and electron-dilute entities (Figures 1 and 3)
on one hand and the expected size of the PS macromolecules
in the amorphous glass is excellent. It is obvious that, at least
in the case of PS, the observed 1000 A size individual elec-
tron-dilute particles are individual PS macromolecules of M
= 2 X 10°. We note that the characteristic ratios of poly(p-
chlorostyrene) and poly(p-bromostyrene) are 10.6 + 0.6 and
12.3 + 1.1,7-13 respectively, as compared with 10 + 0.2 for PS.14

Figure 5. Phase-separated area under magnification much higher
than in Figure 4. Note the subdivision of the multimolecular dense
aggregates into individual IPS molecules.
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Figure 6. Microdensitometer scans across areas of varying local
concentration of IPS in PS. Scan A: typical of areas such as shown in
Figure 1. Scan B: typical of areas such as shown in Figure 2. Scan C:
typical of areas such as shown in Figure 3.

This indicates that the R of the para-halogenated PS is not
dramatically larger than that of pure PS. Recalling that our
IPS is only partly iodized and the parent PS is also of M = 2
X 108, one expects its Rgq to be reasonably close to that of the
parent PS. Even when the IPS molecules are suspended in PS
matrix their R is not expected to increase significantly above
R o, because they are only partly substituted with iodine. The
fact that R¢ of partly iodized PS even up to 50% by weight
iodine does not increase much above Rgg when the IPS is
suspended in PS was demonstrated by Hayashi et al.16:16 in
their small-angle X-ray scattering (SAXS) studies on such
samples. From the discussion above, it becomes obvious that
the individual electron-dense particles of about 1000 A in
diameter, visible in the typical Figure 1, are individual IPS
macromolecules. Naturally, their complete absence in blank
samples comprised of pure PS and the embedding epoxy
material was repeatedly verified.

The observed sizes of individual IPS molecules in Figure
1, and PS molecules in Figure 3, correspond very well with
their Rgg’s. As is easily seen from the figures and as will be
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Figure 7. Microdensitometer scans across areas typified by Figure
4. Scan A: two small aggregates of IPS molecules. Scans B and C: two
such large aggregates. Internal structure is clearly noticeable. Ne-
glecting background variability, the densities may be compared with
those in Figure 6.

presently shown by means of densitometer scans, the density
of the images of such molecules is much lower than the density
of similar molecules from areas exhibiting the second char-
acteristic. An explanation of these observations is as follows:
In areas exhibiting the second characteristic a true phase
separation took place. Individual and aggregations of IPS

Macromolecules

molecules separated out of the PS matrix. The individual
molecules are collapsed on themselves in order to fill their
pervaded volume with IPS segments. The collapsed molecules
are of high density. To minimize their interfacial energy with
the PS matrix, they tend to sphericity. If not interrupted, they
proceed to form larger and larger spherical aggregates. Be-
cause these are comprised of collapsed IPS molecules, their
microtomed slices are also very dense. On the other hand,
areas exhibiting the first characteristic are true solid solutions.
Here IPS molecules are suspended in a PS matrix with PS
segments filling a very large fraction of the pervaded volume
of the IPS molecules. Local changes in concentration of IPS
are accountable for the observed changes in Figures 1 through
3, from a few IPS molecules in a PS field through carpets of
IPS molecules (in Figure 1), and areas where the IPS mole-
cules become interconnected (in Figure 2), to regions where
the solid solution is almost uniform except for an occasional
IPS molecule missing from the observed thin microtomed
section (in Figure 3). Areas where the IPS concentration was
high, as within the large entities in Figures 4 and 5, were im-
penetrable to the electron beam in the microscope and ap-
pearad as intensely dark areas in the developed photomicro-
graphs.

Microdensitometer scans across the images of individual
mac ymolecules on the electron image plates are shown in
Figures 6'and 7. Figure 6 is typical of areas such as in Figures
1 through 3. Figure 7 presents several scans across aggregates
typical of Figures 4 and 5. The gentle slant of the background,
noticeable in almost all the scans, is most probably due to
gradual changes in the overall thickness of the sample sections.
Since the scans in Figures 6 and 7 were obtained, under exactly
the same instrument setting, from electron image plates of
exactly the same magnification, a comparison of the densities
of the particles and aggregates in these figures appears to be
valid. It will be presently discussed. -
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Figure 8. (A) Definition of the ratio x/r, determining the height of a barrel obtained by sectioning a sphere, x is the projection of r on a plane
perpendicular to the direction of the electron beam through the imaged entity. The oblong prism represents the volume corresponding to the
oblong shape instantaneously scanned on the image plate by the microdensitometer. (B) Integrated densities for a sphere and its parts under
a uniform density assumption: (@) sphere, (O) barrel with x/r = 0.8, (A) barrel with x/r = 0.7. (C) Integrated densities for a sphere and its
parts under the assumption of a Gaussian density: (@) sphere, (0) hemisphere, (0) barrel with x/r = 0.9, (#) barrel with x/r = 0.8, (¢ ) barrel

with x/r = 0.6.
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For the purpose of obtaining a qualitative estimate of the
shape of the segmental density within the individual IPS
molecules, one resorts to several simple procedures described
in detail in paper 2 of this series.2 One approach is to notice
that the imaged densities are two-dimensional projections of
the actual densities and that images of fragments of spherical
particles (or particles tending to sphericity) do not yield the
same density distribution as images of intact particles. The
densities of whole spheres, hemispheres, and several addi-
tional fragments, calculated on the basis of either uniform
segmental density or (zaussian segmental density within the
observed particle, are presented in Figure 8. Another approach
utilizes the fact that the shape of the segmental distribution
curve at the peripheral parts of the imaged particle is very
strongly dependent on the segmental distribution in the actual
part. The curve arising from uniform density is distinctly
convex while the curve arising from Gaussian distribution is
distinctly concave; a comparison of the actual scans with the
calculated expectations is most revealing and easy to per-
form,

A glance at Figure 6, traces A and B, reveals that the seg-
mental density within the observed particles, all of about 1000
A in size, is intermediate between a uniform distribution and
a Gaussian one. The electron-dilute particles in trace C of the
figure seem to have an inverted Gaussian density but this
appears to be caused by the peripheral zones of particles, with
intermediate segmental distribution, coalescing to form an
electron-dense boundary around an electron-dilute cavity.

During the process of phase separation the tendency toward
molecular collapse becomes very evident: the IPS molecules
decrease in size and exclude more and more PS segments from
their pervaded volume. This is reflected in the electron image
plate, and in the microdensitometer scans, by the diameter
of the imaged molecule becoming much smaller than in the
solid solution, by the electron density within the particles
image becoming much higher, and by the tendency toward a
uniform segmental density within such particles. Phase-
separated aggregates of the IPS molecules oftentimes showed
their internal structure (cf. Figures 4, 5, and 7) and the den-
sitometer scans reveal the uniformity of the segmental density,
and the high electron density, of each IPS molecule within the
aggregate (Figure 7, traces B and C). At the perimeter of the
aggregate some dilution of IPS by PS takes place, leading to
a gradual change in segmental density. The sharp slope of the
corresponding scans (Figure 7, traces A, B, and C) and the
distribution of mass within the particle (Figure 7, trace A),
that does not follow the distribution under the bell-shaped
Gaussian curve, indicate that the IPS segmental distribution
within the aggregates and at their perimeters is not Gaussian
but of higher density.

While being non-Gaussian, the segmental density of the IPS
molecules, as scanned in Figure 6, increases upon progressing
from the perimeter of each molecule to its center. The density
distribution is not monotonic, however, showing many small
fluctuations whose size is of the order of 100-200 A. These
density fluctuations are not as large and each involves smaller
size than those previously observed in tagged PIP,1.2 but they
are undoubtedly real. This is corroborated by the fact that
densitometer scans of background areas of such Figures as 1,
2, 4, or 5, and aggregates as are shown in Figure 7, show much
smaller fluctuations (less than 50 A in size), if at all, than those
observed in the scans of IPS molecules (Figure 6, scans A and
B) and aggregates (Figure 6, scan C). These smaller fluctua-
tions most probably arise from the fine grain of the electron
image plates and instrumental noise in the microdensitome-
ter.

Finally, a word about the noncircular shape of the macro-

Partly lodized Polystyrene in Untagged Polystyrene 681

molecules. As was stressed in the first paper of this series,! the
molecules one observes have an irregular shape of the pe-
rimeter and, prior to averaging, their segmental density is not
describable by a smooth, monotonic or bell-shaped distribu-
tion, Theoretical models originating from random flight cal-
culations,1™40 even those assuming instantaneous aspheri-
city,24-26,28-40 pogsess a segmental distribution smoothly and
monotonically increasing from the periphery toward a single
maximum at the center of the macromolecule, or thereabouts.
In agreement with these averaged models, when the observed
segmental distribution was averaged over many molecules,
in the second paper of this series,? the averaged segmental
distribution turned out indeed to be Gaussian. Rotation of the
observed macromolecules over all angles yields a spherically
symmetrical shape. If one merely smooths the shape irregu-
larities of the instantaneously observed molecules, then one
finds that the ratios of the radii of the resultant ellipsoids (the
two-dimensional projections of the actual molecules) are about
1.3-1.5:1.0. We have never observed a ratio of radii exceeding
2:1. A more detailed study of these aspects must wait acqui-
sition of additional data.
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