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The structure of amorphous polystyrene by 
X-ray scattering and simple conformational 
analysis 

R. ADAMS* ,  H. H. M. B A L Y U Z I ,  R. E. BURGE 
Physics Department, Queen Elizabeth College, University of London, London, UK 

The X-ray diffraction patterns of amorphous (glassy) polystyrene are interpreted by 
means of intensity functions calculated from model structures of isotactic polystyrene, 
incorporating only intra-chain interactions. The range of chain conformations or possible 
complexions is explained by means of the agreement between theoretical and experimen- 
tal functions and in relation to published data for the conformational energy of poly- 
styrene in solution. The calculations indicate that in the glassy state, isotactic chains 
adopt conformations characterized by a large phenyl group separation and a degree of 
rotational disorder defined about skeletal bonds. 

1.  I n t r o d u e t i o n  
The structural investigation of amorphous polymer 
assemblies of  biological and synthetic origin and of 
known chemical structure concerns the quantitative 
description of the degree of disorder. Disordered 
systems may be defined within a spectrum of 
structures from the paracrystalline to the amorph- 
oust and it is necessary to study the factors 
responsible for variations in structural regularity. 
At the atomic level of structure these factors may 
be identified with constraints imposed by covalent 
bonding characteristics. Discussion of a higher level 
of structural complexity requires a description of 
the influence of hydrogen bonding and coulomb 
and Van der Waals forces. By considering the effect 
of  these constraints on the energy available for 
chain distortion it is possible to investigate the 
relationships between short-range order and 
parameters descriptive of overall chain confor- 
mation. 

The X-ray scattering method has been used 
with some success for the study of both ordered 
[1] and disordered polymer systems [ 2 - 6 ] ,  the 
analyses leading to discussion of the extent of 

short-range order, and the influence of intra- and 
inter-chain scattering interactions. The two princi- 
pal methods of interpretation [2] involve either 
Fourier transformation of intensity data or the 
calculation of theoretical intensity functions 
based on model structures. Differences [2] be- 
tween experimental reduced intensity functions 
and those calculated from models arise from the 
exclusion of regions of rigid structure beyond the 
limits of the model. The effects of flexibility along 
a disordered chain were emphasised by Bjornhaug 
e t  al. [6], who, in their selection of suitable forms 
of polymer for study, chose those which had the 
greatest degree of chain flexibility. This had the 
consequence that intra-monomer scattering contri- 
butions were enhanced at the expense of inter- 
monomer and inter-chain effects. An important 
result of the work of Arndt and Riley [1] is that 
for a range of protein structures with a,/3 and 
other conformations, the effects of inter-chain 
interactions on the intensities of amorphous X-ray 
scattering were found to be significant only at 
small scattering angles (s = 47r/X sin 0 < 1 A -1 , see 
later). 

*Present address: Department of Physics, University of Warwick, Coventry, UK. 
]The term amorphous is used to describe those structures which give a continuum of X-ray scattering rather than a 
series of discrete X-ray reflections, interpreting 'discrete' in a general way to include all sterioregular possibilities of 
repeating unit cellls subjected to distortion, disorientation or strain. 
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In the present work, calculations of theoretical 
intensity functions which include the effects of 
chain disorder, have been used for the structural 
study of amorphous (glassy) polystyrene as a 
preliminary to further work [7] on bacterial cell 
wall structure by the X-ray scattering method. 
This polymer system was considered to be particu- 
larly appropriate for investigation, owing to the 
absence of branching, the inclusion of bulky side- 
groups and the possibility of both atactic and iso- 
tactic forms. The philosophy is that a disordered 
chain conformation may be regarded as derived by 
processes of distortion from a notional regularly 
repeating chain conformation which may be 
identified. In reverse, the problem appears as a 
search for a stereochemically acceptable initial 
regular structure which may be distorted within an 
ensemble of individually acceptable structures, all 
different, but each generically related to the orig- 
inal regular structure. Generalization of this 
concept leads to the consideration of a number of 
regular structures, each forming a starting point 
for the process of distortion, but with some funda- 
mental relationship between t h e m -  such as is 
involved in the complexion of structures with 
large phenyl group separation. 

High quality scattering data obtained for both 
isotactic and atactic amorphous polystyrene were 
available [3]. In earlier work [6,8] on non- 
crystalline polystyrene, radial distribution function 
methods were adopted. Emphasis has been laid [8] 
on the structural importance of side-group inter- 
actions in determining polystyrene configurations 
and it has been suggested that intra-chain contri- 
butions dominate the total scattering. Finally [3], 
calculations of theoretical radial distribution 
functions have been carried out for models based 
on limited regions of crystalline isotactic poly- 
styrene. 

Recently the conformational energies of meso 
and racemic dyads of polystyrene have been 
calculated [9] in terms of skeletal bond rotations 
using the Lennard-Jones 6 -12  potential for non- 
bonded atom pairs. This analysis has allowed likely 
conformations for polystyrene chains in solution 
to be deduced in relation to the separation of 
nearest neighbour phenyl groups and the possible 
effect of solvent molecules. 

2. Theory and computational details 
Theoretical reduced intensity functions si(s) were 
calculated according to the Debye equation applied 
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to an atomic model: 

N N sin srpq 
i(s) = ~ ~ fp(S)fq(S) , (1) 

p=l q=l Srpq 

where fp(s) is the atomic scattering factor for an 
atom p, rpq is the separation of atoms p and q. s = 
47rsin 0/X where X is the X-ray wavelength and 20 
the scattering angle. The summations in Equation 
1 extend over all atom pairs in the model and the 
effect of atomic thermal vibration is introduced by 
an experimental temperature factor [10] of the 

_ = 1 - 2  form exp(--blis 2) where bi]-  I - 2  ~ui] 
describes the variance of the separations of atoms 
i and ]. Test calculations showed that a reasonable 
value for ~ij was 0.05 A. 

Comparison of a theoretical reduced function, 
si(s), may be made with an equivalent experimental 
function calculated from the measured intensity 
data, Ira(s), according to the equation; 

si(s) = s {aim(S) --lind(S) --line(S)} (2) 

where a is a scaling factor, lind(S ) represents the 
independent atomic scattering component and 
line(s ) represents the incoherent scattering. The 
use of Equation 2 in this form assumes that I m (s) 
is corrected for specimen absorption and back- 
ground scattering (see [3]). 

A difficulty of the model approach is the finite 
model size and the exclusion of scattering effects 
associated with interatomic distances greater than 
the model dimensions. The effect of finite model 
size obscures the features of the "small s" region 
owing to the presence of a large intensity maxi- 
mum. Although correction functions have been 
developed [11], the most effective means of 
reducing this effect is to increase the model 
dimensions, resulting in a compression of the 
spurious maximum towards the origin. 

In the present analysis of a disordered polymer 
system, the effects of differences in chain regularity 
from chain to chain were approximated by using 
the equation, referred to s >> 1 A -1 ; 

s i ( s )  = (sh(s)>, (3) 

where ii(s) is the intensity associated with a single 
model chain with a disordered configuration 
defined in terms of a range of single bond rotations 
applied between monomer units. The extent of 
such disorder may be varied between limits to 
structural complexions set by considering the Van 
der Waals repulsions between adjacent monomer 



units. The average in Equation 3 was calculated 
over several different configurations, the number 
being limited by the availability of computer time. 
Thus the calculation of theoretical intensity 
functions includes contributions arising from inter- 
monomer scattering interactions in single chains, 
and extends beyond first nearest neighbour effects, 
but bearing earlier work in mind (especially [1]), 
excludes inter-chain interactions. 

The analysis was divided into three stages. The 
first involved the calculation of sterically allowed 
angular ranges for single bond rotations between 
monomer units (CH2" CH 'C6Hs) .  Using the 
absolute minimum Van der Waals non-bonded 
atomic separations, and adopting a method similar 
to that used to study conformations of polysac- 
charides [ 12] and proteins [ 13 ],  a map of sterically 
acceptable angular positions was constructed in 
terms of dihedral angles q~ and ft. These describe 
the mutual orientation of adjacent monomer units 
in relation to two linkage, single covalent bonds. 
Thus, regions of (~, if) plot which define sterically 
unacceptable conformations may be eliminated 
from the calculations. 

The second stage involved the calculation of 
theoretical intensity functions for single regular 
chains within the domain of sterically acceptable 
conformations; this allowed, in principle, the 
identification of possible underlying structural 
complexions which might provide a basis for 
disordered chains. Conformations containing severe 
steric restrictions associated with non-adjacent 
monomer units were eliminated from computer 
generated model polymer chains at this stage by 
inspection. 

The final stage involved the generation of 
disordered configurations varying the dihedral 
angles within assigned ranges using a random 
number generator. The ranges were based on the 
previously calculated sterically allowed regions 
and an initially regular chain configuration was 
assumed. Clearly, the application of fixed rotations 
Oi and ffi to each pair of linkage bonds in a poly- 
mer system will lead to a well defined regular 
configuration. 

If the rotations are not fixed and vary randomly 
within angular intervals Aq5 and Aft for each 
successive linkage, then the resultant configuration 

will be irregular in form. Suitable ranges of the 
angular variations are considered later. 

A series of computer routines was then used for 
the location of any further sources of steric 
hindrance which might arise from second and third 
nearest neighbour monomer interactions, any 
clashes being relieved by sidegroup manipulation. 
A logical tree representation, similar to that used 
by Hermans and Ferro [14] for protein molecules, 
allowed efficient storage of chain configurations. 
The details of computation and the application to 
different polymer types are described elsewhere 
[15]. Theoretical intensity functions were calcu- 
lated from disordered chain coordinates using 
Equation 1. 

Atomic coordinates have been published by 
Natta and Corradini [16] for crystalline isotactic 
polystyrene. Their results were based on a two 
dimensional projection of electron density and 
indicated the presence of a hexagonal unit cell, 
with space group R3c or R~c and lattice par- 
ameters, a = b = 2 1 . 9 A  and c = 6 . 6 5 A .  This 
analysis suggested that the polymer carbon back- 
bone assumes a tg configuration in the form of a 
three-fold helix* parallel to the z axis. The longest 
model chain used in the present work for calcu- 
lation using Equation 3 consisted of 24 monomer 
units extending in the crystalline form over an 
axial distance of 53.2A. The resolution o f  the 
electron density map of Natta and Corradini did 
not enable the locations of chain or phenyl group 
hydrogen atoms to be determined. Therefore, the 
position of each hydrogen atom was calculated 
assuming standard bond lengths and ideal tetra- 
hedral coordination for hydrogen atoms attached 
to the backbone. The positions o f  phenyl ring 
atoms defined in a three dimensional cartesian 
co-ordinate system were determined by considering 
the magnitude of inter-atomic distances projected 
on the X -  Y plane. 

3.  Experimental data 
Experimental data collected from a quenched 
sample of atactic glassy polystyrene were kindly 
supplied by Drs Wecker, Davidson and Cohen. 
These authors [3] demonstrate (their Fig. 4) 
virtually identical X,ray scattering from different 
specimens of atactic polystyrene with different 

* In the following the term "helix" does not necessarily carry the connotation of an extended Series of monomers on a 
cylindical surface. A distorted helical structure expresses the fact that irregular distortions are applied in modelling to 
an initially regular structure. 
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Figure 1 Reduced intensity function for glassy atactic 
polystyrene (calculated from results supplied by Wecker 
et al.). 

thermal histories. Fig. 1 shows an unsharpened 
reduced intensity function calculated from their 
data. This function was obtained by subtracting 
contributions due to independent scattering using 
the sum of fitted atomic scattering factors [17] 
weighted by the molar fractions for the material; 
corrections for absorption, polarization, incoher- 
ent scattering and multiple scattering had been 
applied by Wecker et al. The corrected curve was 
refined following a procedure similar to that 
reported by Kaplow et  al. [18] and using the 
published material density of  1.048 g cm -3 . 

The reduced intensity function is of  a slowly 
varying form, extending froms = 0.0 to s = 7.6 A. -I 
with broad peaks situated in the region of  1.4, 3.0 
and 5 .4A -1. There is also an indication of  a 
"shoulder" to the first peak at approximately 
s = 0.7 A -1 . 

In view of  the very small differences observed 
by Wecker et  al. between experimental scattering 
data for atactic and quenched isotactic samples, 
the intensity function shown in Fig. 1 was con- 
sidered suitable for the structural analysis of 
quenched isotactic polystyrene; regularity in side- 
group substitution found in the isotactic form was 

considered more suitable for computer modelling. 

Thus, in the calculation of  theoretical functions no 
attempt was made to investigate quantitati#ely the 
structural consequences of  differing tacticities. 

4 .  R e s u l t s  a n d  c a l c u l a t i o n s  

4 . 1 .  (~b, i f )  p l o t s  f o r  i s o t a c t i c  p o l y s t y r e n e  
Fig: 2 shows (q~, ~) plots for two monomer units 
of  isotactic polystyrene calculated on a simple Van 
der Waals contact basis and at angular intervals of  
10 ~ in both q~ and ft. The origin of  the plot co- 
incides with the main chain backbone in a staggered 
t t  configuration. The tg configuration found in 
crystalline isotactic polystyrene corresponds to the 
position, ~ = 0 ~ ~ = 120 ~ 

Regions I and II (Fig. 2) describe ranges of  single 
bond rotations which, for a s side-group 
orientation, allow conformations free from all 
steric restrictions; these are defined by Van der 
Waals minimum separations [19] and involve only 
those inter-atomic interactions associated with 
adjacent monomer units (R i and R~+ 1 in Fig. 4a). 
Phenyl side-groups assume fixed orientations 
defined in accordance with the data of  Natta and 
Corradini [16] ;  this removes the element of  
symmetry about the line ~b = ff which would be 
expected for regions I and II if the side-groups 
were oriented perpendicular to the plane of  the 
carbon backbone. 
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Figure 2 Calculated (~9, ~0) conformational plot for iso- 
tactic polystyrene. Regions I, II and III were assessed 
using minimum hard sphere Van der Waals contact dis- 
tances [19]. Energy contours for the g domain are those 
published by Yoon et al [9] for a meso dyad ofisotactic 
polystyrene. 
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Area III describes configurations which do not 
initially satisfy the Van der Waals criteria but may 
do so after adjustments to the orientation of 
phenyt side-groups. Such adjustments may be 
made by a rotation about the linkage covalent 
bond between a phenyl ring and the carbon back- 
bone (Xi in Fig. 4a). The allowed regions were 
calculated by considering the magnitudes of inter- 
atomic distances while excluding those whose 
position in space is dependent upon Xi. In contrast 
to regions I and II, this results in an element of 
symmetry about the line q)= ~. Thus it was 
possible to define an absolute maximum domain 
(region III) which includes the possibility of 
flexibility in side group orientation. Within this 
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Figure 3 Theoretical reduced intensity functions calcu- 
lated for isotactic polystyrene chains (12 phenyl groups) 
adopting, (i) tg, (ii) t~, (iii) (90 ~ , 120~ (iv) (90 ~ , --120~ 
and (v) (20 ~ , 20 ~ conformations 

region are situated regions I and II which may be 
identified with a particular fixed side-group 
orientation. 

The large allowed regions and the associated 
large degrees of rotational flexibility originate in 
part from the exclusion of interactions between 
non-adjacent phenyl groups. These effects are 
particularly important in polystyrene owing to 
the presence of bulky side-groups and their short 
separation along the backbone of 2.5 A. 

Inspection of (q), ~) plots show that t t  and tg 
conformations lie just outside region III;however, 
the position of the three fold helix found in 
crystalline isotactic polystyrene (tg) fails within 
the maximum allowed region. The difference in 
status assigned on this basis to the tg and tg con- 
formations may reflect the uncertainty in the 
analysis particularly in relation to the orientation 
of the phenyl side groups or relate to differences 
in energy attributed to g and g domains by Flory 
and co-workers [9] for the meso dyad. An energy 
contour map for the g domain calculated by these 
workers using the Lennard-Jones potential 
function is also shown in Fig. 2. A potential 
minimum at # = @ = 20 ~ is apparent, together 
with subsidiary minima associated with tg, gt, and 
gg conformations. 

On the basis of (r ~) plots and the conclusions 
of Yoon et al. [9] it was decided to investigate 
initially the forms of the intensity functions for 
polystyrene chains in regular tg, tg configurations, 
together with regular conformations based upon 
the potential minimum at r = ~ = 20 ~ The func- 
tion. for distorted chains in areas I and II in Fig. 2 
are considered later. 

4.2. Theoretical intensity functions: regular 
chains 

4.2. 1. Changes in chain conformation 
Fig. 3 shows theoretical intensities calculated for a 
range of single isotactic chains (12 phenyl groups 
per chain), defined as follows: (a) (0 ~ +120~ tg 
conformation (cf. Yoon etal. [9] ); (b) (0 ~ --120 ~ ), 
tg conformation; (c) (90 ~ +120~ ~gg confor- 
mation; (d) (90 ~ --120 ~ ~g~ conformation; (e) 
(20 ~ , 20 ~ ) conformation based upon the principal 
energy minimum for a meso dyad [9]. 

Similarities between functions describing left 
and right handed helices (tg and tg conformations) 
are not unexpected from considerations of sym- 
metry; the relative orientation of adjacent phenyl 
groups will be similar although the structural 

395 



(CH2) i 

/ 

%/ 

ca b 

Figure 4 Molecular diagram showing isotactic chains adopting (a) (90 ~ --120 ~ and (b) (90 ~ + 120 ~ conformations. 
Also shown in (a) are the three principal angles of rotation which allow the unique description of conformational 
changes. 

relationship between R i +1 and (CH2)i groups will 
be different (see Fig. 4a). The principal features 
within the theoretical functions (intensity peaks 
positioned at 1.1, 2.0 and 3.0A -1) are not in 
agreement with those obtained experimentally 
(Fig. 1); this suggests that a notional regular struc- 
ture in the form of a three-fold helix is unsuitable 
as a basis for the application of axial disorder in 
relation to the glassy state. I t  should be stressed 
that a statement of this kind rests upon the 
assumption that chain disorder in amorphous 
polystyrene does not completely obscure intensity 
features characteristic of the underlying regula r 
conformation (see below). 

In order to ,compare the experimental X-ray 
scattering from glassy polystyrene with the pre- 
ferred structure from conformational energy 
analysis [9], a theoretical intensity function was 
calculated for an isotactic chain based upon the 
principal energy minimum observed by Yoon et  al. 
(20~ 20 ~ in Fig. 2), This conformation, which 
allows sufficient separatiorL of adjacent phenyl 
groups t.o relieve severe steric repulsions, is charac- 
terized by ab road  maximum at s = 1.9 A -1 and 

.less well defined features in the range s = 3.0 to 
5.0)~-1. The principal features of the calculated 
curve are inconsistent with the form of the exper- 
imental function. 

Theoretical intensity functions corresponding 
to chain conformations defined by positions 
(90 ~ 120 ~ and (90 ~ -1 2 0  ~ are also shown in 
Fig. 3; the former conformation is in the proxim- 
ity of the gg minimum discussed by Yoon et al. 

There is a clear measure of agreement between 
these functions and the experimental data (calcu- 
lated peaks positioned at s = ] .6, 3.0, and 5.5 A -1 ) 
suggesting that disordered chain conformations 
based on these positions may provide an adequate 
structural description of amorphous polystyrene. 

Drawings of atomic models of computer 
generated isotactic chains adopting (90 ~ i20 ~ 
and (90 ~ --120 ~ conformations are shown in Fig. 
4, there being considerable differences in tertiary 
structure. The (90 ~ 120 ~ conformation is charac- 
terized by a convoluted chain resulting in a tightly 
compacted structure. Alternatively, the (90 ~ , 
-- I20 ~ Conformations results in a linear chain with 
approximately opposing adjacent phenyl groups. 
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4.2.2. Sensitivity o f  intensities to chain 
length 

The influence of chain length was assessed by 
calculating intensity functions as examples, for 
single isotactic chains consisting of 1, 2, 4 and 8 
crystallographic repeats (tg conformation); each 
repeat has three phenyl units. The analysis allows 
in principle an estimation of the longest region of 
rigid structure consistent with the experimental 
intensities; this is equivalent to the identification 
of a persistence length [20] with magnitude 
dependent upon the degree of axial disorder 
between successive monomer units. 

The addition of regularly repeating units to a 
regular chain results in a progressive increase in 
detail in the intensity function, particularly in 
relation to the appearance and sharpening of peaks 
centred at s = 1.1, 2.0 and 3.0A -1 (Fig. 5). For 
the longer chains, intensity modulations are also 
apparent in the region of s = 4.0 to 7.0 A -1 . The 
increased detail shown in the intensity functions 
for 4 and 8 repeat units (as compared with the 
results for smaller numbers) is inconsistent with 
the slowly varying profile of the experimental 
function calculated from the data of Wecker et al.; 
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Figure 5 Theoretical reduced intensity functions for 
different lengths of extended isotactic chains (t# confor- 
mation): 

such a comparison relies upon changes in the form 
of intensity features (height, sharpness etc.) rather 
than upon their position. On this basis, and without 
limitation to a particular model conformation, it 
appears that in the experimental sample any rigid 
structural order must be confined to regions of 
chain containing not more than 6 phenyl groups. 
Alternatively, the fine intensity features might be 
effectively 'smoothed out' by the application of a 
degree of axial disorder to a longer chain by means 
of distortions taking the form of single bond 
rotations. Further, it is significant that the onset 
of peaks characteristic of a three fold helix occurs 
for chains with 3 and more phenyl groups. For a 
string of 6 phenyl groups the peaks at 1.1,2.0 and 
3.0A -1 are very well defined. These observations 
have a central importance in the present study as 
they suggest that very long chains containing a 
relatively high degree of disorder (consistent with 
a short persistence length) will retain an X-ray 
scattering profile characteristic of the underlying 
regular structure. 

4.3. Theoretical intensity functions: 
disordered chains 

On the basis of the above results, as an example, 
disordered conformations (24 phenyl groups) 
described by the allowed region centred at (90 ~ 
--120 ~ ) were investigated. Ranges of bond ro- 
tations A~, A~ about the (90 ~ --120 ~ position 
were selected such that the sharp intensity features 
characteristic of X-ray scattering from long (or 
longer) chains were smoothed out. The ranges are 
not critical, and after some trials were restricted to 
the ranges ~ =  75 ~ to 105 ~ and ~ =--100 ~ to 
--140 ~ and values were selected within the ranges 
using a random number generator. Relatively few 
conformation rejections occurred (less than 20%), 
steric clashes being removed by sidegroup adjust- 
ment: Steric clashes, which in some cases resulted 
in conformation rejections, originated from the 
simplification involved in the enclosure of irregu- 
larly shaped allowed regions by rectangles (Fig. 2) 
involving the possibility of introducing unaccept- 
able configurations. When considering the effect of 
non-adjacent phenyl groups on the (~, t~) plots the 
particular rotations q~i and ~i under investigation 
were also applied to the next pair of linkage bonds 
in the chain. The consequence of avoiding a com- 
plete investigation incorporating four ,inter- 
dependent variables was therefore to introduce the 
possibility of  steric clashes between second nearest 
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Figure 6 Averaged theoretical reduced intensity function 
for disordered isotactic polystyrene (24 phenyl groups). 

neighbour phenyl groups when applying random 
rotations to any four successive bonds. 

Fig. 6 shows a theoretical reduced intensity 
function averaged over five independent configur- 
ations of chains each containing 24 phenyl groups 
with bond angles defined within the above angular 
ranges. The overall form of this function and the 
experimental function are similar, there being 
three broad peaks occupying the regions of s -- 1.6, 
3.0 and 5.5 A -1 of the calculated function. The 3.0 
and 5.5 A -1 peaks are at almost identical positions, 
there being a deviation of s = 0.2)~ -1 between 
peaks in the 1.6 A -1 region. However, differences 
in peak shape are apparent as might be expected 
for a model system with a single starting configur- 
ation and with, necessarily, a small number of 
chains. In the theoretical function, as compared 
with the experimental function, the 5.5 A -1 peak 
is broader while the width of the 1.6 A -1 peak is 
relatively reduced. The heights of peaks at 3.0 and 
5.5 A -1 within the theoretical function are greater, 
involving differences of 47% and 70% respectively 
and the heights of the 1.6A -1 peak reduced as 
compared with the experimental result by approxi- 
mately 25%. Similarly, minima at s = 2.4 and 
4.0A -1 show small differences. The averaged 
function which includes the effects of disorder 
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relative to a regular, (90 ~ , --120 ~ configuration, is 
therefore in much closer agreement with the 
experimental clata than corresponding results 
calculated on distortion of, for example, a three 
fold helix. This suggests a more open structure for 
glassy isotactic polystyrene than earlier proposals 
[3], with a larger separation between phenyl 
groups. 

4.4. Theoret ical  in tens i ty  funct ions:  
systematic changes in chain conf igur-  
at ion 

Having achieved a measure of agreement between 

the experimental and theoretical intensity func- 
tions, it was considered appropriate to investigate 
the X-ray scattering from various regular structures 
each representing a particular departure from a 
given initial regular structure. The starting configur- 
ation was chosen at the centre of the angular 
ranges within which disorder was constrained 
(Fig. 2). Functions were calculated for single iso- 
tactic polystyrene chains assuming configurations 
defined on the (r ~) plot by a line joining the 
positions (00,- -120 ~ and (90 ~ -120~ Each 
chain consisted of 24 phenyl groups with a struc- 
turally regular configuration. 

Fig. 7 shows intensity functions calculated for 
regular conformations defined at positions (20 ~ , 
--120 ~ and (50 ~ --120~ Also shown is a theor- 
etical function defined by the position (90 ~ , 
--120 ~ (the centre of region I). This describes 
sterically sound conformations for a single poly- 
styrene chain assuming fixed side group orientation. 
The final intensity function in the series (0 ~ , 
--120 ~ is shown in Fig. 5 (8 crystallographic 
repeats) and corresponds to the three-fold helical 
conformation found in crystalline polystyrene. 
The changes in detail of the reduced intensity 
functions reflect the sensitivity of intensity features 
to conformational changes. These changes are 
manifested as the occurrence or removal of fine 
features within the intensity function together 
with changes in shape and the displacement of 
existing peaks. Further, by considering the vari- 
ations of features apparent in intensity functions 
calculated for the (0 ~ --120~ (20 ~ --120 ~ and 
(50 ~ --120 ~ configurations it is possible to 
deduce the origin of broader peaks observed for 
the (90 ~ --120 ~ ) configuration. 

In particular, the broad peak centred at s = 
1.6A -1 appears to be the result of the merging 
of peaks observed at s = 1.25 and 1.7A -1 ob- 
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Figure 7 Theoretical reduced intensity functions for single isotactic chain formations (24 phenyl groups) defined by 
(i) (20 ~ , --120~ (ii) (50 ~ , --120 ~ and (iii) (90 ~ , --120~ 

served for (50 ~ , --120 ~ ) configuration. These 
peaks have positions, s = 1.1 and 2.0 A -1 within 
the (tg) intensity function, their separation pro- 
gressively decreasing as ~ increases. 

However, as is apparent in Figs. 3 and 7, a 
systematic assessment of changes within the 
intensity functions with differing ~ and ~ is not 
possible. Although the chain configuration in this 
series of calculations is altered in a regular manner 
the changes reflected in the intensity function are 
in general complex. However, the averaged inten- 
sity function calculated for disordered configur- 

ations defined within the region I of the (~, 4) 
plot appears to have a form associated uniquely 
with those positions defined within the ~ region. 
This lends support to conclusions concerning likely 
isotactic polystyrene conformations, drawn from 
the measure of agreement between theoretical and 
experimental functions. 

5 .  C o n c l u s i o n s  

Wecker et al. [3] suggested that atactic and 
isotactic polystyrene adopt significantly different 
structural forms. They pointed out that atactic 
polystyrene may contain regions of syndiotactic 
linkage which make possible planar, staggered 
chain configurations involving maximum side-group 
separation. The small differences observed between 
radial distribution functions obtained for atactic 

and isotactic polystyrene were attributed by 
Wecker et al. to the masking effect of a large 
number of similar interatomic distances. These 
were thought to originate from intra-phenyl group 
and phenyl group/main chain interactions which 
are independent of the tacticity of the polymer. 
Such a masking effect is difficult to reconcile with 
the sensitivity to conformation found in the 
present work using an intensity space approach. 

A possible description of glassy polystyrene 
might be made in terms of a wide range of unrelated 
conformations without a predominant underlying 
defined structure. Such a possibility is not 
supported by the calculated intensity functions 
which represent essentially the structural relation- 
ships between adjacent phenyl groups. The addition 
of intensity curves arising from more than a limited 
range of fairly closely defined (Section 4.4) struc- 
tural complexions would not produce a resultant 
curve with the sharp intensity peaks of the exper- 
imental distribution. On the other hand, it is 
unrealistic to expect that a model representing a 
range of distortions from a single regular starting 
point will provide a complete explanation for a 
complicated structure like glassy polystyrene. Nor 
is it realistic to assume that there are no other 
conformations within t h e  stereochemically al- 
lowed regions (Fig. 2) besides those somewhat 
adventitiously identified here as giving reasonable, 

399 



rather than total, agreement with the experimental 
results. 

If isotactic polystyrene, however, does assume 
predominantly the form of a disordered helix 
characterized by either or both the positions 
(90 ~ -+ 120 ~ on the (~, if) space, then only small 
differences between RDFs for the isotactic and 
atactic forms would be expected in agreement 
with experimental results. These small differences 
may be viewed in relation to phenyl group separ- 
ations in atactic and isotactic polystyrene. Within 
the postulated planar regions of atactic polystyrene 
[3] the separation of phenyl groups associated 
with adjacent linkages takes a maximum value, 
successive groups being situated on opposite sides 
of the main backbone chain. The (90 ~ 120 ~ ) 
structures which provide a suitable basis for the 
application of disorder within the isotactic chain 
as indicated by the measure of agreement between 
calculated and experimental X-ray intensities, 
involve phenyl group separations which have 
magnitudes only slightly less than those of the 
atactic form. This suggests a distinct similarity 
between the two forms of disordered polystyrene 
and a common factor within a range of structural 
complexions. 

Obviously any discussion of suitable confor- 
mations for glassy polystyrene must relate to 
determinations of conformational energy. Yoon 
et al. have suggested that conformations in solution 
within the ~ domain are sterically unfavourable 
owing to repulsions between the phenyl ring and 
the backbone CH2 group; energies throughout the 

domain were calculated to be at least 5kcal mol -~ 
greater than the principal tt minimum. On the 
basis of these calculations for a meso dyad; a two 
state rotational scheme (r = 10~ ~g = 1 i0 ~ was 
considered appropriate for a structural description 
of polystyrene;by introducing the effect of solvent 
molecules preference was shifted away from the 
(20 ~ , 20 ~ ) conformation. 

The results of the present work for the solid 
state disagree with the predictions of Yoon et aL 
in the following respects: 

(1) X-ray intensities calculated for the tg con- 
formation (equivalent to the two state rotational 
system ofYoon et al.) are inconsistent with experi- 
mental data. The retention of intensity features 
characteristic of the tg conformation in calculations 
for short chains suggests that even in the case of a 
high degree of axial disorder the experimental 
function would provide evidence for the systematic 
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presence, as distinct from the occasional occur- 
rence, of conformations derived from tg is present. 

(2) The (90 ~ +- 120 ~ ) conformations lead to 
reasonable agreement with experimental intensities 
but are inconsistent with the energy analysis of 
Yoon et al. In particular, the (90 ~ - 1 2 0  ~ confor- 
mation lies within the ~ domain. The (90 ~ + 120 ~ 
conformation, relevant for the short chain lengths, 
cannot be discounted, however, especially in view 
of the lower value of conformational energy. 

In summary, the results of this analysis suggest 
that the three-fold helix, although present in the 
crystalline phase, is an unsuitable description of 
short range structure in amorphous polystyrene. 
Further, model calculations based on a range of 
structural complexions, defined within the 
proximity of either gg or gg conformations, and 
characterized by a large phenyl group separation, 
show reasonable agreement with experimental data. 
Such a view reconciles difficulties in a comparative 
interpretation of radial distribution functions for 
glassy atactic and isotactic polystyrene. 

Other evidence concerning the overall chain 
conformation of glassy polystyrene includes the 
results of low angle neutron diffraction experi- 
ments [21] which suggest a radius of gyration of 
approximately 90 A for atactic polystyrene chains. 
tt was also shown [22] that the radius of gyration 
determined for the bulk polymer is very similar to 
values published for dispersions of polystyrene in 
a solvent. Furthermore, the requirement for short 
chain lengths defined relative to an underlying 
regular conformation is consistent ' with an experi- 
mentally determined persistence length of 10A 
which Wignall et al. [21] suggest eliminates the 
meander model of Pechold [23]. A consequence 
of this complementary work [21,22] is the 
suggestion that inter-chain interactions do not 
contribute significantly to the total coherent 
scattering from polystyrene in the amorphous 
forms. This supports the earlier conclusions of 
Kilian and Bourke [8]. 

Lovell and Windle [24] have obtained "fibre 
type" X-ray diffraction patterns for aligned samples 
of atactic and quenched isotactic polystyrene, 
Their analysis which involved a numerical 
desmearing technique suggest that in atactic poly- 
styrene, t t t t  and (ttgg)2 conformations occur in 
approximately equal proportions; for a syndiotactic 
linkage this will lead to a wide sidegroup separ- 
ation. In contrast, diffraction data obtained from 
quenched isotactic polystyrene were consistent 



with the occurance of (tg)a conformations and 
possibly a small proportion of the isotactic equiv- 
alent of the (ttgg)2 conformation found in the 
atactic case. On the basis of our investigations 
using an intensity space representation for the 
(tg)3 conformation, we suggest that the alignment 
process is responsible for the introduction of chain 

conformations similar to those found in the 
crystalline case [ 16]. It is perhaps not unreasonable 
that the presence of syndiotactic linkages in 
atactic polystyrene should restrict any equivalent 
transition to 3/1 helices during alignment, 

In conclusion, polystyrene appears to be a 
particularly good example of a structural class of 
polymers suitable for investigation using the inten- 
sity function method and the observed sensitivity 
to conformational change results from the presence 
of large sidegroups. Such side-groups produce a 
higher concentration of interatomic vectors over a 
give chain length, changes in their mutual orien- 
tation resulting in an effective redistribution of 
intensity allowing descrimination between different 
backbone conformations. The general applicability 
of the method applied to different polymer systems 
probably relates to the presence of structural 
groups of this type or any other structure within 
the backbone chain which allows an effective con- 
centration of interatomic vectors. 
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