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X-ray scattering from three polystyrene glasses and from a partially devitrified specimen
has been measured. The intensity data are identical for quenched and slowly cooled atactic
polystyrene but differ for isotactic polystyrene quenched to the glassy state. Radial
Distribution Functions (RDF) exhibit five principal peaks centred at 1.5, 2.5, 5, 6, and 10 A
for all of the glasses. A model RDF based on the published crystal structure is shown to
compare well with the RDF obtained experimentally for devitrified isotactic polystyrene. On

the basis of this model, peaks in the RDFs are

assigned. It is shown that both inter- and

intramolecular scattering contributes to the polystyrene RDF at distances beyond 3.7A. The
structure is dominated by steric interaction of the phenyl groups, affecting both chain

conformation and molecular packing.

1. Introduction

The tendency toward glass formation in linear
polymers is most pronounced in those macro-
molecules which are atactic. Stereoregular
syndiotactic and isotactic polymers can also be
vitrified if cooled from the melt at such a rapid
rate that crystallization does not intervene. It is
known that variations in the conditions of
vitrification or subsequent heat treatment affect
the properties of polymer glasses [1-3]. The
present study is a description of one high polymer
glass, polystyrene, in terms of radial distribution
functions calculated from X-ray scattering ex-
periments.

X-ray studies on linear polymers date from the
1920s. Much of this early work has been
discussed by Katz [4]. Most of it was concerned
with positions of peaks in the pattern and their
possible interpretation in terms of interchain and
intrachain spacings. Katz pointed out the
presence of an additional reflection inpolystyrene
which was not observed in styrene monomer. In
1936 Simard and Warren [5] obtained the radial
distribution function (RDF) of unstretched
natural rubber. This can be derived from X-ray
measurements by Fourier transformation of
suitably corrected intensity data. The RDF
represents the density of atoms p(r) in a spherical
shell of thickness dr at a distance r from an
“average” reference atom. This quantity consists
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of an average over the atoms in the irradiated
volume of the sample and therefore representsthe
average structure of the sample. If more than one
phase is present, the RDF obtained is a volume
average of the RDF’s of several phases. Simard
and Warren found four peaks in their RDF out
to 6A and concluded that these were explicable
in terms of the individual hydrocarbon chains in
rubber and that no assumptions were necessary
regarding the conformation or relative orienta-
tion of the chains.

Bjornhaug, Ellefsen, and Tennesen [6] applied
this method in the early 1950s to several non-
crystalline atactic polymers including polyvinyl-
acetate, polymethylmethacrylate, and poly-
styrene. Their analyses show peaks at 1.5 and
2.5A as is expected for polymers with carbon
atoms in the chain backbone. These peaks
correspond respectively to carbon atoms chemi-
cally bonded to nearest neighbours and to second
nearest neighbours in a chain. These workers
show a number of additional peaks in their
RDFs out to 15A. It appears from subsequent
work, including this study, that some of these
ripples are present as a result of truncation errors.
in the Fourier analysis.

In a study on atactic polystyrene, Krimm [7]
observed two additional haloes centred at Bragg
spacings of 8.84 and 4.67A. For oriented samples
of polystyrene, the scattering from the former
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spacing was concentrated on the equator and
that from the latter was toward the meridian.
Krimm stated: “It appears that the 8.84A peak
arises from interference between atoms in
neighbouring main chains, which are 9 to 10A
apart. The 4.67A peak seems to be due to at least
two different types of interatomic spacings: those
between atoms in alternate phenyl groups in the
same chain and those between atoms in phenyl
groups and main chain atoms in neighbouring
chains.” On the basis of our analysis in Section 5
of this paper, there are a large number of differ-
ent scatterers contributing to the third and higher
peaks in the RDF. It appears that the earlier
assignment [7] does not account for many of
these contributions.

Kilian and Boueke [8} examined the scattering
from glassy polystyrene at several temperatures
and showed that the RDFs obtained were similar
to those expected for model compounds as
diverse as phenolphthalein and poly(meta-
methylstyrene). This comparison indicated the
importance of steric effects involving the bulky
phenyl substituents on the macromolecules in
determining chain conformation in the non-
crystalline state. They showed that intra-
molecular effects dominate the diffraction
pattern.

On a larger size scale than that examined in the
present experiments, evidence of ordering in
non-crystalline polymers has been suggested by
observations in the electron microscope of a
nodular structure on the order of 100A in
surface replicas of polysiloxanes [9], polystyrene
[10], polyethylene terephthalate [11], and other
polymers [12-14]. The origin and details of this
fine structure have not been resolved.

Robertson [15] has shown that the actual
densities of non-crystalline solid polymers are
considerably greater than that predicted by a
model for the random packing of chains.

This study is an attempt to obtain additional
information on the structure of such non-
crystalline polymers. The present study aims at
more accurate RDFs than heretofore reported
for polymers and areas of the peaks are reported
and discussed. Polystyrene was chosen as a model
material because it can be obtained in both
crystalline and non-crystalline forms. The results
of this study indicate that a short range structure
exists in non-crystalline polystyrene caused by a
tendency for phenyl rings to separate and chain
segments to pack parallel to each other. As a
result of these tendencies, there appear to be
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some differences in conformation in glassy atactic
and isotactic polystyrene.

2. Experimental
2.1. Sample preparation

Three different samples were compression
moulded from pellets into circular discs in a
“picture frame” mould. Two of these samples,
one atactic and one isotactic, were quenched into
liquid nitrogen; the atactic sample from 205°C,
the isotactic from 245°C. A third sample of
atactic polystyrene was cooled at 1°C per minute
from 205 to 70°C. All three of these glasses were
optically transparent and showed no discrete
X-ray scattering, After X-ray data was collected
on these three non-crystalline samples, the iso-
tactic sample was annealed at 178 4~ 2°C for
12 h to obtain a partially devitrified semi-
crystalline sample with density of 1.069 g cm—3,
compared to 1.056 g cm—3 for the as-quenched
sample. Pertinent information on the different
samples is summarized in Table 1.

2.2. Data collection and analysis

X-ray measurements were made on a modified
G.E. XRD-5 diffractometer [16]. The data for
the non-crystalline samples were obtained with
CuK, radiation, using a doubly-bent lithium
fluoride monochromator in the incident beam.
Data were collected by point counting for a fixed
number of counts (20000) at intervals of 0.25
degree from 6° 26, to 50° 26, and at intervals of
0.5 degree up to 150° 20. Measurements on the
partially crystalline sample differed in that a
graphite monochromator was used. In addition,
the intervals in 26 were 0.1° from 7.5° to 40° 24,
0.25° to 60° 26, and 0.5° to 140° 28; counting
was for 100000 counts in a monitor counter. (The
smallest number of detector counts was greater
than 10000 in this mode.)

2.3. Corrections to experimental intensity

Before Fourier transformation, the data must be
corrected for several experimental factors, which
include background, polarization, absorption,
and multiple scattering. Background was meas-
ured by placing a lead trap in the sample holder.
The signal measured is the sum of electronic
noise, air scatter, and cosmic radiation. Typical
background values are 219 of the measured
intensity at 6° 26, 3.59 at 15° 20, and 5% at
80° 26. The polarization correction is the
standard correction for a monochromatic beam.
If the receiving slits on a diffractometer allow the
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TABLE I Description of the samples

Sample 114 115 118 118A
Tacticity Atactic Atactic Isotactic* Isotactic
(15 to 209 atactic) (15 to 209 atactic)
Cooling rate 1°C/min 6°C/sec 6°Clsec No. 118 annealed
(at centre) (at centre) 18 hat 180°C

Density, g cm 2 (£ 0.0003) 1.048 1.048 1.056 1.069
Centre thickness, cm 0.5525 0.5715 0.5410 0.5610

My 8.799 x 10* 8.799 x 10* — —

My 2,983 x 105 2.983 x 103 5.7 X 10%* 5.7 x 105*
Manufacturers designation Styron 686 Styron 686 1140-16-1 1140-16-1

*Weight average molecular weight (M) data for the isotactic samples was provided by Dr F. L. Saunders of the Dow
Chemical Company. My (the number average molecular weight) and My, for the atactic material were calculated from

GPC data.

counter to ‘‘see” all the radiation diffracted by a
flat faced sample, the absorption correction is a
constant and need not be applied. However, if
some radiation is blocked by the receiving slits
because of deep penetration of the beam, the
data must be multiplied by an absorption factor.
This correction is given by Milberg [17]. Typical
values for the absorption correction, in this
experiment, are 0.115-1 at 6° 20, decreasing to
0.111-" at 150° 26.

The data analysis assumes that detected
radiation has been scattered only once in the
sample. The ratio of doubly scattered to singly
scattered radiation has been derived by Warren
and Mozzi [18] for unpolarized incident radia-
tion, and is of the form:

@,
L(1) 7 2 Ap ps(m)

where A; and p;(m) are the atomic weights and
mass absorption coefficients of the atoms, and
the summation is over a unit of composition. For
heavy atoms, the summation is large and the
correction can be ignored. For light atoms, this
is not the case. If the incident radiation is
polarized by a monochromator, a correction to
Equation 1 is necessary. For the data collected
using a LiF monochromator the correction to
Equation 1 was applied; for the graphite
monochromator (cos 20, = 0.894) it was un-
necessary [19]. T (2)/I (1) was less than 29 at
all points for all samples. After all corrections
were applied, the data was extrapolated, “‘by
eye”’, to 0° 20. The effect of neglecting small angle
scattering can be estimated from the maximum
possible density fluctuations that could occur on
a scale measurable by small angle X-ray diffrac-
tion [20]. We have calculated that under the
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“worst possible” conditions this contribution to
the results is 3% at » = 10A (see [20] Equations
20 to 22). (For this calculation the differences in
density of crystalline isotactic and amorphous
atactic polystyrene were employed. The measured
density was then used to obtain the amounts of
the regions of these two densities.)

The precision of the X-ray data was
determined by making three runs on each of the
non-crystalline samples in the 8 to 28° 26 region,
point counting in 0.1° steps with the samples
removed and replaced for each run. For a set of
1809 intensity measurements (made by running
each of three samples three times) the average
deviation from the mean intensity at any value of
20 was less than 1%, for a given specimen.

3. The radial distribution function

The radial distribution function for a monatomic
sample is derived from the X-ray data by Fourier
Transformation:

rG(r) = 4mr*[p(r) — pol = i_r ka I(k) sin rkdk
..... (2a)

(I
Ik) = {j;z — 1} (2b)

L
where r is the radial distance from an arbitrary
reference atom, p(r) the atomic density at r, p,
the average atomic density, k& = 4= sin 0/A, I is
the experimental coherent intensity in electron
units/atom, and f is the scattering factor for the
atom. Before transformation, the corrected
experimental data must be converted from the
arbitrary scale of measurement to a scale of
electron units per atom, and the incoherent
contribution must be subtracted. The effect of
errors introduced in these steps on the resulting
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RDF, along with the effect of a finite limit on the
integral over k (kmax = 8.15 with the Cu radia-
tion employed in this study) and the correction of
these errors has seen discussed by Kaplow,
Strong, and Averbach[21].The general principles
of their methods are followed in this analysis.

Multiplication by a conversion constant o
normalizes the intensity to electron units. A
small error in o produces large oscillations in
G(r) at distances close to r = 0; a was chosen to
minimize these oscillations. The smallest oscilla-
tions were obtained when a was found by solving
the following equation [22]:

kmx
—ZWp0Z2=aJ : Iex k2 dk
0

B j‘kmax kz([inc +f2) dk (3)

where Z is the atomic number of the atom, Iy is
the experimental intensity in arbitrary units,
Iine is the incoherent scattering, and p, is
determined by measuring the sample’s macro-
scopic density.

Termination of the integration in Equation 2a
at a value of k less than infinity introduces
subsidiary maxima about the main peaks in G(r)
Spurious maxima in G(r) are identifiable by their
behaviour when F(k) is intentionally truncated at
several different values of k, and they are
smoothed out of the G(r) curves. G(r) is then
re-transformed to F(k), but now only for k values
greater than the measured kmax. The result is
added to the experimentally determined F(k).
This process is iterated until no substantial
changes in G(r) occur.

Errors in scattering factors also produce large
oscillations in the RDF at small distances.
Values used in the present study were obtained
from the works of McWeeny [23] for f, the
scattering factor for carbon, Hanson [24] for
fu, the scattering factor for hydrogen, Keating
and Vineyard [25] for the incoherent scattering
factor for carbon (J/in¢/R), and Compton and
Allison {26] for (Iine/R)m. R is the recoil factor.

The equations for scattering by a monatomic
material were used in this case by defining a
hypothetical scatterer with the properties:
f2 =71 + f5% Iine/R = (Im¢/R)¢c + (Iine/R)m,
and 72 =72+ Zy® The errors in these
scattering factors are corrected by making use of
the fact that for r less than the distance of closest
approach for neighbouring atoms (ry), p () = 0.
In this region 4#r[p(r) — p,], should be a straight
line of slope — 4w p, Defining functions
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AG(r) = — 4ar pg — G(F)orig »
and
A[kI(k)] = Uel(k)Jeorr — [KI(k)]orig »
the error in kI(k) can be determined by Fourier
Transformation:

AlkI(k)] = j A4G(r) sin kr d(r) 4
0
Since 4G(r) is only available up to approximately
ro, the upper limit of integration is considerably
less than infinity, and several iterations of the
correction procedure are necessary to eliminate
the error. (By forcing the initial slope of the
RDF to match the observed macroscopic
density we lose the possibility of comparing the
initial slope and measured density as Kaplow,
Strong, and Averbach have done, but as
mentioned earlier, the initial slope is sensitive to
small angle scattering; as we did not measure
this, this slope would not be corrected anyway.)
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Figure 1 Diffraction pattern from quenched atactic poly-
styrene. The data was corrected for background, polariza-
tion, absorption, multiple scattering, and converted to
electron units with Equation 1. Compton scattering has

not been removed.

4. Results
4.1. Diffraction patterns

The diffraction pattern for quenched atactic
polystyrene is shown in Fig. 1. The major
features are broad peaks at 11, 19, 42 and 81
degrees 20,

Comparing the slowly cooled atactic to the
quenched atactic, the data points for the two
show an average deviation of 1.19%. This is
essentially the statistical fluctuations in counting.
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In essence, the diffraction data are the same for
the slowly cooled atactic and quenched atactic
samples. A slight shift of the first two haloes to
lower angles, corresponding to larger spacings, is
present in the diffraction pattern of quenched
isotactic polystyrene (Fig. 2). This at first
suggests more open packing and a lower density
than the atactic material, yet the average density
of the isotactic material is higher. This is dis-
cussed in Section 6 below.
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Figure 2 Diffraction pattern from quenched isotactic

polystyrene.

The diffraction pattern of the annealed iso-
tactic sample, shown in Fig. 3, consists of
crystalline peaks superimposed on a non-
crystalline background. The peaks seem to rise
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Figure 3 Diffraction pattern from annealed isotactic
polystyrene.

out of the low angle side of the non-crystalline
halos. Low diffraction angles correspond to
largespacingsin the sample and large spacings to
low density, yet the partly crystalline sample is
the most dense.

4.2, Radial distribution functions obtained
for polystyrene

Fig. 4 compares the G(r) for quenched and
slowly cooled specimens of atactic polystyrene.
That the squares representing G(r) for the slowly
cooled samples fit exactly on the line representing
the quenched sample indicates the degree of
similarity of their X-ray structure.

Fig. 5a compares G(r) for quenched isotactic
polystyrene to G(r) for the quenched atactic
material. The displacements between the squares
and the line indicate the differences between
these two specimens. Fig. 5b shows the segment
of Fig. 5a from 4 to 16A on an enlarged scale.

Fig. 6 shows G(r) versus r for the isotactic
sample partially crystallized by annealing. All
samples show peaks in the vicinity of 1.5, 2.5, 5,
6, and 10A. In addition, the non-crystalline
samples have a peak at about 15A. The positions
and heights of these peaks are given in Table II.
Peaks in G(r) were measured at the centre of a
line drawn horizontally through each peak at half
its maximum height. The precision of this
determination is estimated at - 0.05A. We now
offer a plausible explanation based on the trends
in these data, but it should be kept in mind that
the similarities between RDFs are greater than
the differences.

The first peak corresponds to the bonded
nearest neighbour C-C distance. The peak
position and height for all non-crystalline
samples are close (1.5A, 2.10 to 2.17 high). The
partly crystalline sample has a higher and
narrower 1.5A peak than the other samples; the
reason for this difference is not known. The
number of atoms in the 0 to 2A interval for all
samples lies between 2.10 and 2.14 atoms, close
to the theoretical value of 2.25. The values for
each - specimen (and theoretical values whose
source is described in Section 4.3) are presented
in Table HI. The largest discrepancy between
measured and predicted values is 7%,.

The second peak corresponds to second
nearest-neighbour bonded distances, with a few
“cross phenyl ring” distances included at the
upper end of the interval. The peak occurs at
2.5A for all samples with peak height ranging
from 1.54 to 1.72. The number of atoms in the
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Figure 4 The squares are G(r) versus r for slowly cooled atactic polystyrene. The line is G(r) versus r for quenched
atactic polystyrene. The two functions are seen to superimpose. This shows both the precision of the analysis and
the identical nature of the two atactic materials with differing thermal histories.

2.3A interval ranges from 3.87 to 4.23 (see Table
IID); the predicted value is 4.0.

The third peak at 5A shifts to lower spacings
and intensity with increasing perfection
(quenched atactic to quenched isotactic to
annealed isotactic). This is accompanied by a
shift to higher spacings and intensity for the
fourth peak at 6A. Because of ambiguities in
interpretation (see below), the number of atoms

TABLE II Peaks in G(r) and their heights

in intervals beyond 3A was not calculated. The
remaining peaks at 10 and 15A show increases
in spacing accompanied by decreases in intensity.
(These shifts can be clearly seen by examining
the G(r)s in detail; they are most clearly
delineated by examining the positions of an
entire peak, not just its maximum, or any other
single position.)

As a check on the reproducibility of the data

Polystyrene sample Peak 1 Peak 2 Peak 3

Position Height Position Height Position Height
Quenched atactic 1.51A 2.10 2.53A 1.68 5.05A 0.657
Slowly cooled atactic 1.51 2.15 2.53 1.72 5.01 0.662
Quenched isotactic 1.51 2.17 2.53 1.72 5.00 0.654
Annealed isotactic 1.43 3.49 2.49 1.54 4.94 0.516

Peak 4 Peak 5 Peak 6

Position Height Position Height Position Height
Quenched atactic 6.11A 0.265 10.1A 0.175 14.7A 0.0393
Slowly cooled atactic 6.09 0.267 10.0 0.180 14.6 0.0458
Quenched isotactic 6.13 0.285 10.3 0.140 14.9 0.0267
Annealed isotactic 6.42 0.351 10.7 0.100 — —
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Figure 5 (a) The squares are G(r) versus r for quenched isotactic polystyrene. The line is G(r) versus r for
quenched atactic polystyrene. The width of a square is 0.2A; estimated independently, the precision of a position
is 4+ 0.05A (see text). (b) Enlargement of the 4 to 16A region of Fig. 5a.
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Figure 6 G(r) for annealed isotactic polystyrene.

TABLE III Comparison of areas in various intervals of
G(r) versus predicted values

Atoms in Interval

0to2A 2 to 3A
Sample
Quenched atactic* 2.10 391
Slow cooled atactic* 215 3.89
Quenched isotactic 212 3.87
Annealed isotactic 2.14 4.23
Theoretical (from model) 2.25 4.0

*The diffraction patterns for these two specimens were
essentially identical so that the differences between the
values give an indication of the error in data processing.

analysis, G(r) of the slowly cooled atactic
sample was also calculated. Since the diffraction
patterns of the quenched and slow-cooled
samples are identical, as indicated earlier, their
RDFs should also be identical (see Fig. 4). At
their greatest separation, the G(r) values for the
two samples differ by 0.098 atoms A 2. The two
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atactic samples, differing in thermal history, have
identical densities and have G(r)s which are
identical within the precision of our results.

4.3. Model RDF

In attempting to analyse the peaks beyond 2.5A,
a “theoretical” G(r) was calculated based on the
crystal structure of isotactic polystyrene. Iso-
tactic polystyrene crystallizes in a trigonal unit
cell, space group R3C or R3C, with lattice para-
meters along the cell edge of 21.9A, and along
the chain direction of 6.65A [27]. Diffraction
introduces a centre of symmetry which necessi-
tates using the R3C space group. A unit cell is
shown in Fig. 7. Using the crystallographic data,
the distances to all carbon atoms within 8A of
the carbon atoms in one repeat unit were
computed. A repeat unit is defined as a phenyl
ring and its adjoining “‘chain” atoms, of chemical
composition —CH,CHC H ;—, which is repeated
to form the polymer chain. Since all repeat units
in the unit cell lie on a rank eighteen equipoint,
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the choice of reference repeat unit for the calcul-
ation has no effect on the final result.

Figure 7 Unit cell of crystalline polystyrene, projected
onto an (001) plane.

Eight G(r)’s were obtained using each atom in
the repeat unit as the origin, and were averaged

4000 1 F

3-:000 +

2:000 +

1000 +

4 PIR(p(RI~po)

0000

to obtain the final result, shown in Fig. 8.
Theoretical values are given by the histogram;
the smooth curve is the experimental G(r) for the
partially crystalline isotactic sample. The same
computer program that was written to calculate
the distribution of interatomic distances also
produced a listing of all atom pairs separated by
8A or less. This made possible an attempt at
determining the location and identity of the
atoms involved in a peak in G(r).

5. Comparison of model and experiments

There is a great deal of similarity between the
theoretical and experimental G(r)’s. Both have
peaks at approximately 1.5and 2.5A, and a broad
peak in the 6.5A region. In place of the single
peak at 5A however, two peaks, at 3.7 and 474,
exist in the theoretical curve.

The first peak contains 2.25 atoms and it is
caused exclusively by bonded neighbours along
the chain and in the phenyl rings. The second
peak is caused by second nearest neighbours in
the molecule, and some distances across the
phenyl ring to third nearest neighbour atoms. It
contains 3.75 atoms. (These are the theoretical
values from the model and are summarized in
Table I1I.) The third peak, centred at about 3.7A,
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Figure 8 Observed G(r) for annealed isotactic polystyrene superimposed on calculated G(r) based on crystal struc-

ture as determined by Natta and Corradini [27].
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involves nearly equal numbers of inter- and
intramolecular  contributions. The intra-
molecular spacings are almost all between
phenyl atoms and chain atoms while the inter-
molecular spacings are all phenyl-phenyl spac-
ings between neighbouring chains. The fourth
peak in the G(r) involves three times as many
spacings as the third but the causes are very
similar and they are closely divided between
inter- and intramolecular spacings. Nearly all
intermolecular spacings are phenyl-phenyl and
almost all intramolecular spacings are phenyl-
chain. A few phenyl-phenyl spacings in this peak
extend to atoms in the second co-ordination ring
of chains, while some of the phenyl-chain
spacings are within the reference repeat unit. The
third and fourth peaks taken together cover the
range of 3.4 to 5.2A and involve 164 spacings, of
which eighty-six are interchain. All but ten of
the interchain spacings are between phenyl
atoms and all but twenty of the intrachain
spacings are between phenyl and chain atoms.
Several authors have reported a peak in this
spacing range and Krimm [7] has assigned this
peak to: (a) alternate phenyl groups on the same
chain and, (b) to spacings between phenyl
carbons on one chain and main chain atoms on a
neighbouring chain. On the basis of the present
model, only 7% of the spacings in this range are
from alternate phenyl groups and 6 9 are phenyl-
chain spacings in adjacent chains. The older
assignments [7, 8] account for only 139, of the
spacings in this range observed in our model.
The assignment of this peak in the G(r) to
phenyl-phenyl interchain and phenyl-chain intra-
chain spacings accounts for 87 9/ of the spacings.
The assignments made by previous authors
appear to be incorrect.

The fifth broad peak, from 5.2 to 8A (the
fourth in the experimental patterns) involves
nearly 700 spacings, two-thirds of which are
interchain. The separation of spacing types into
phenyl-pheny! for interchain and phenyl-chain
for intrachain present in the third and fourth
peaks breaks down for the fifth peak. 70 % of the
phenyl-chain distances are interchain and 49
of the phenyl-phenyl distances are intrachain.
This is caused largely by two features of the
crystal structure: the c-axis repeat at 6.65A and
the interchain axis spacing of 7.3A. The 6.65A ¢
repeat places phenyl rings directly above and
below the reference atom, resulting in many
intrachain phenyl-phenyl contributions to the
fifth peak. The 7.3A chain spacing places two
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chains in the proper intsrchain position for
phenyl-chain spacings to occur. If only these two
features are considered, half of the observed
spacings are left unaccounted for.

There are numerous contributions to the
scattering at separations beyond 8A, most of
which are intermolecular in origin.

6. Discussion and conclusions

This study poses one major question: why does
the density of the sample increase when the long
range spacings increase? A possible answer to
this question is found in the structure of the
molecule and repeat unit.

The phenyl ring predominates in the structure
of a polystyrene repeat unit. It contains three-
fourths of the mass of the repeat unit, and the
distance across the phenyl ring to the chain is
about twice as long as the contribution of the
repeat unit to the length of the chain. The size of
the phenyl rings prevents an isotactic polystyrene
chain from adopting a planar zig-zag conforma-
tion (all chain atoms in the same plane) because
this would produce too little separation between
the phenyl rings. Spacings between phenyl rings
are increased by rotations about chain bonds,
resulting in a helix with three repeat units in each
turn and 6.65A between equivalent phenyls
(Fig. 7). The phenyl rings can also act as
“bumpers” and prevent the close approach of
neighbouring molecules.

For the atactic material, containing a number
of syndiotactic linkages, phenyl rings can be
separated without the helix formation necessary
in the isotactic molecule. Sections of molecule in
planar zig-zag conformation, with phenyl rings
in syndiotactic configuration, place all side
groups “above” the chain (Fig. 9), allowing close
approach of neighbouring chains. It is suggested
by our study that the density of the atactic
polymer is less than that of the isotactic because
of the efficient intramolecular packing and long
range order present in stereoregular polymers.
Three experimental observations support this
suggestion. Comparing RDFs for atactic and
isotactic samples, we find for the isotactic: (a) an
intensity decrease for the 5A peak, and a shift to
lower spacing, (b) an intensity increase and shift
to higher spacings for the peak near 6A, (c) an
intensity decrease and shift to higher spacings for
the 11A peak. A sequence of syndiotactic link-
ages and a planar zig-zag conformation results in
a repeated 5.2A spacing (Fig. 9). Note that such
a structure cannot occur in an isotactic macro-
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Figure 9 A syndiotactic sequence in atactic polystyrene.

molecule. Instead, the repeat units form a helix
with a 6.65A repeat distance, and the helical
structure, with its phenyl rings protruding
radially, can prevent the close approach of
neighbouring molecules.

Much of the similarity between RDFs of
different samples is caused by the large size of the
phenyl ring, since the distribution of distances
within a repeat unit is independent of the
thermal history or tacticity of the sample, and
includes distances as large as 6A in polystyrene.
This, however, does not explain all the observa-
tions as indicated above. An additional cause
must be a similarity, at least at short range,
between the structure of the different materials.
We conclude that in all glassy polystyrene
samples there is a tendency for phenyl groups to
be sterically separated and for chain segments to
pack parallel to each other; this supports the
original suggestion by Kilian and Boueke [8] of
the important role of steric hindrance in deter-
mining molecular conformation.
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