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Abstract -

X-ray methods have been used to determine the
chain conformation and packing of the thermotropic
liquid crystalline copolyester prepared from 50% ter-
ephthaloyl chloride(TPA) and 50% (1-phenylethyl)
hydroquinone(PEHQ).

The x-ray patterns of annealed melt-spun fibers c-
ontain a series of sharp Bragg reflections, pointing to
a well ordered crystalline structure, despite the rand-
om sense(2- or 3-) of the 1-phenylethyl substiuttion
on the TPA-hydroquinone backbone. The crystalline
fiber is monoclinic with space group P2, and the un-
it cell has dimensions : a=12.77 A, b=10.17 A (u-
nique axis), ¢c=12.58 A (fiber axis), and 5 =90.1°
and contains TPA-PEHQ units of four chains. The
random substitution of 1-phenylethyl groups was m-
odelled by placing these groups at both the 2- and 3
— positions and giving each a weight of one-half. T
he structure has been refined by linked atom.least s-
quare methods(LALS) against 16 observed and 21 u-
nobserved reflections, and had a final R value of ().2().

Packing of the side chains is effected by . staggering
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adjacent chains along the b axis by approximately ¢/
2, so that the side chains are interleaved.

The phenyl-COO and COO-pheny} torsion angles a-
re —6.1° and 65.6°, respectively, such that the main ¢-
hain phenyls are mutually inclined at 59.5° (the ester
groups are assumed to be planar). These torsion ang-
les compare very well with those for the model com-
pounds, notably phenylbenzoate, and can be used in
future analyses of the structures of more complex ra-
ndom sequence copolyesters.

INTRODUCTION

In this paper X-ray analysis of the structure of a
wholly aromatic polyester prepared from 50% terep-
hthaloyl chloride(TPA) and 50%(1-phenylethyl) hyd-
roquinone(PEHQ) has been described. This polyest-
er’ is a part of a family of aromatic thermotropic p-
olyesters” that can be processed as self-reinforcing p-
lastics or high-strength fibers”. The chemical structu-
res and properties of these thermotropic polyesters h-
ave been reviewed by Jin et al”. They generally con-
tain aromatic units such as 1, 4-phenylene, 4, 4-bip-
henylene and 2, 6-naphthalenes, linked by ester gro-
ups. The melting points can be reduced by incorpor-
ation of the side—chain substituents, main—chain ‘kin-
ks’, such as 1, 3—phenylene units, or flexible(CH,), s-
pacers™.

The X-rtay diffraction patterns of annealed melt-s-
pun fibers of this polyester show a high degree of or-
ientation parallel to the fiber axis. The presence of s-
harp Bragg reflections on well defined layer lines in-
dicates the existence of three—dimensional order®, di-
spite the random 2- and 3- substitution of the back-
bone hydroquinones. This structure has been refined
by linked-atom least square of the thermotropic copo-
lyesters™¥ recently being studied, notably the copol-
ymers prepared from p-hydroxybenzoic acid(HBA)
and 2-hydroxy-6-naphthoic acid, are random copoly-
mers which show the non-periodic layer lines in their
fiber diagrams. So their structures have been analyz-
ed based on modelling by random distribution of th-
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eir components along the main—chain, and thereby t-
he konwledge of the likely chain conformation for t-
hese copolyester systems is necessary, for which this
papér is presented.

EXPERIMENTAL

Synthesis

(1-phenylethyl) hydroquinone was synthesized by
reacting (41.66 9, 0.4 moles) of styrene with
(50.00 g, 0.45 moles) of hydroquinone, in the prese-
nce of tetraethyleneglycol dimethylether(Tetraglyme,
100cc) as a diluent and p-toluene sulphonic aci-
d(0.69) as a Lewis acid. Styrene and hydroquinon-
e(reagent grades) were obtained from Eastman Kod-
ak Co. Styrene was added over a period of approxi-
mately 90 min. to the hydroquinone, while maintaini-
ng the temperature at about 140°C and stirring slowl-
y. The reaction was continued at that temperature f-
or approximately 5 h and then reaction mixture was
cooled overnight. The yield was about 193 g . The cr-
ude product was purified by vacuum batch distillatio-
n, employing sodium hydrogen sulphite to neutralize
the para—toluene sulphonic acid catalyst. The fraction
of (1-phenylethyl) hydroquinone was collected at ab-
out 200°C /25 mmHg and redistilled. The yield was
approximately 18g.

The polymer was synthesized from equimolar qua-
ntities of terephthaloyl chloride and (1-phenylethyl)
hydroquinone dissolved in methylene chloride in the
presence of pyridine as an acid trap. Terephthaloyl c-
hloride was obtained from Sigma Chemical Co. The
reaction was conducted under a moderate nitrogen—-
low blanket at approximately atmospheric pressure.
The terephthaloy! chloride was added slowly to the
(1-phenylethyl) hydroquinone solution while stirring
vigorously and maintaining the temperature at appro-
ximately 0°C. Upon completion of the polymerizatio-
n, the solvent was extracted by distillation. The solid
product was washed with water and acetone several
times, filtered and dried in a vacuum oven at appro-
ximately 100°C and S00mmHg overnight. The dried
polymer had a melting point of 320°C and inherent
viscosity of 0.46dl/ g when dissolved in equal volum-
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es of trifluoroacetic acid and methylene chloride.

X -ray diffraction

Specimens for X ~ ray analysis were bundles of p-
arallel fibers drawn by hand from the melt. These w-
ere examined both in the as—spun state and after the-
y had been annealed at 250°C for 2h. X - ray fiber
diagrams were recorded on Kodak no-screen X-ray
film using Nifiltered CuK . radiation with a Searle
toroidal focussing camera. The d-spacings calibrated

using calcium fluoride.

Intensity measurement

The integrated intensities of the observed reflectio-
ns were determined using an Optronix Photoscan
P1000 digital microdensitometer, as has been describ-
ed elsewhere'®. The data were recorded as an x — y
scan of optical density and each reflection was integr-
ated after subtration of a local background. Each hkl
intensity was determined as the average of measure-
ments and converted to F°(hk1) by application of L-
orentz and polarization corrections(except for the 001
reflections). Unobserved reflections produced in the
range of observed data were assigned an intensity eq-
ual to half of the threshold for observation of a refle-
ction in this region.

Molecutar model building and refinement

Molecular model based on standard bond lengths

1719 were generated using the LAL-

and bond angles
S program package. It was assumed that the phenyl
and ester groups are planar, and that the 1-phenylet-
hyl side chains are distributed equally between the o-
rtho— and meta— positions. As will be seen below, t-
he axial repeat for this polymer consists of a single
TPA-PEHQ unit, for which two models were consi-
dered for the positions of the 1-phenylethyl substitu-
ents : ' :

(1) 2—, 3, 5 and 6~ phenyls weighted by 0.25, al-
lowing for random o- and m— substition on bo-
th sides of the chain ; and

(2) 2- and 3- (1-phenylethyl)s weighted by 0.5, re-
quiring the substituents to be always on the sa-
me side of the chain.
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_Figure 1 Numbering of the atoms and definition of the refinable

torsion angles for the polymer repeat unit(model 2).

The refinable parameters in case 2 are shown in Figure
1. The phenyl groups are assumed to be planar. All
torsion angles are defined as positive for anticlockwi-
se rotations, and 0° corresponds to the cis—conforma-
tion in each case. The ester groups were assumed to
be planar( X =0°). The conformation is defined by t-
wo backbone torsion angles, ¥,(=¥) and ¥;(=¥
4), i.e. the phenyl-ester inclinations and the side cha-
in torsion angles, #,, $%, $3and ¢'; for the 1-ph-
enylethyl. For model 1, additional side chain torsion
angles, 5, $'s, ¢ and $'; are necessary. The u-
nit cell contains four chains, but these form two pairs
of two chains related by a 2, screw axis along the b
axis. The axial rotations of the independent chains p-
assing through 0, 0 and 1/2, 0 on the ab face are 4
1» and & ,, and s; and s, are the shifts for their oxyg-
ens (OA1) along the c axis, respectively.

In the last stages of the refinement the possibility
of the small shifts of the chain axis along the a'and b
axes, away from the 0, 0 and 1/2, 0 positions, were
considered. These shifts are s3, s, for the 0, 0 chain
and ss, S, for the 1/2, 0 chain respectively. The re-
maining parameters are K, the sxale factor to put the
observed structure amplitudes on the same scale as t-
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hose calculated, and B, an isotropic temperature fact-
or.
These parameters were varied in the LALS proce-

dure so as to minimize the function :

=SW(IF - [ E1P+ SAG + S e,

where ,F; and  F; are the observed and calculated st-
ructure amplitudes for the i™ reflection and W; is an
assigned weight : in the present work, we used w=1
for observed and w=1/2 for unobserved reflections.
A are Lagrange multipliers assigned to function G,
that define stereochemical constraints applied to the
structure. These constraints arise principally from the
requirement of helical symmetry. The third summati-
on covers all variable non-bonded interatomic -distan-
ces dj less than a specific minimum d; :

€ =Kj(odidy) dyj <.y
@

€3=0 dj > dy

The values of K;; were based on the potential ene-
rgy calculations of Chandrasekaran and Balasubram-
anian®”, as used by’ Amott and Smith”. Each ,d; was
set at 0.2 greater than sum of van der Waals, to ens-
ilre that all short contacts were driven to larger valu-
es.

RESULTS AND DISCUSSION

Unit - cell determination

The X — ray fiber diffraction patterns of as-spun a-
nd annealed samples are shown in Figure 2. Anneali-
ng leads to the development of sharp Bragg reflectio-
ns, indicating the formation of an ordered three dim-
ensional structure for the copolymer. This paper dea-
Is with the structure of the annealed state : the as—sp-
un state, which appears to be unon’ehtedbpowder (n-
ematic or smectic), will be considered later.

The unit cell dimensions and other crystal data are
shown in Table 1. The unit cell was determined by t-
rial and error followed by least-square refinement, b-
ased on the d-spacings of 16 observed reflectiors wit-
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Figure 2 X —ray diffraction patterns for melt-spun fibers of
poly(1-phenylcthyl-p—phenylene—terephthalate) : (a)
as-spun ; (b) annealed at 250°C for 2 h.
h d>3 A . The unit cell has dimensions : a=
12.77(0.06) A, b=10.17(0.03) A and c(chain axis)=
12.58(0.05) A , with monoclinic geometry(a =7 =90°
and £ =90.1°). These data are very simkiar to those
for poly(phenyl-p-phenylene terephthalate)', except
that the b dimension is expanded by about 0.1A. T-
he observed and calculated d-spacings are shown in
Table 2, and for most reflections the agreement is w-
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Table 1. Crystal data

a(A) 12.77(0.06)
b(A) 10.17(0.03)
o(A) 12.58(0.05)

B 9.1
Volume( A%) 1633.8
Calculated density(g / cni) 141
Observed density(g / cnf) 1.40£0.01
Repeat units/ unit cell 4

Space group P2,(b unique)

Table 2.Comparison of observed and calculated d-spacing

hil d(calck(A) d(obs)(A)
100 1277 12.74
200 6.38 6.39
020 5.08 5.04
300 4.26 423
400 3.19 3.18
011 791 7.83
201 5.70 5.74
121 4.42 4.39
031 3.28 3.30
002 6.29 6.26
102 5.35 5.37
022 3.95 3.9
302 3.52 3.53
013 3.88 3.89
123 3.13 3.14
104 3.05 3.06

ithin 1%. The most obvious discrepancies are for the
011 reflection(1.1%) and for the 020 reflection(0.9%
). In view of the random substitution of the 1-pheny-
lethyl groups, the X — ray data yield only an average
unit cell, and the actual packing will vary for the diff-
erent substituent positions on adjacents chains. The
distortions inherent in such a structure probably acc-
ount for the less than perfect agreement between the
observed and calculated d-spacings. The only system-
atic absences are for the odd order OkO reflections,
pointing to a monoclinic P2, space group, with the u-
nique axis parallel to b.

The fiber diagram shows a series of periodic layer
lines with spacing c=12.58 A, which is comparable t-
o the repeat of 12.9A for poly(p—phenylene terepht-
halamide)®" and 12.6 A for poly(oxybenzoate)™. T-
hus it is expected that the copolymer has an analogo-
us extended conformation, with ¢ corresponsing to t-
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he length of a single PEHQ-TPA unit. The unit cell
has a volume of 1634 A®: if this contains four PE-
HQ-TPA units, the calculated density is 1.41g /cnf,
which agrees very well with the observed density of
1.40g / cnl determined by flotation.

Refinement of the structure

Independent chains were positioned with their axe-
s passing through (0,0) and (1/2, 0) in the ab plane.
The 2; screw axis generates two more chains through
(0, 1/2) and (172, 1/2), In the initial refinement
model 1 was used for the chain with 1-phenylethyls
weighted 0.25 at the 2, 3-, 5~ and 6~ positions on
the hydroquinone. The best R values obtained were
mid-thirty percents, and the structure was stereoche-

mically unacceptable because of many bad contacts
between side chain. When model 2 was used for the

chain conformation, in which the 1-phenylethyls are
at the 2- and 3- positions and weighted by 0.5, cons-
iderable improvement was obtained. The R valuc iell
immediately to the mid 20 percents, and the final re-
fined value was 0.20. When possible shifts of the ch-
ain axes along the a and b axes were considered the-
se were found to be negligible. The torsion angles a-
nd atomic coodinates for the refined structure are gi-
ven in Tables 3 and 4, and the observed and calcula-
ted structure amplitudes are compared in Table 5. T-
he ab projection of the unit cell is shown in Figure 3.
The packing of the side chain is illustrated in Figure
4, which shows projections of two chains on the 200
plane.

The final structure has adjacent chains along the a
axis with their ester oxygens staggered by 0.031c and
their 1-phenylethyl substituents disposed to opposite
sides of the chain. The 2, screw axis parallel to b has

Table 3. Refined torsion angles

Angle(degrees)
CA3-CA4-CAT-OA4Y>,) -6.1
CA7-OA3-CA8-CAY(Y) 65.6
CA8-CA9-CI4-CA14( ¢ ) 81.6
CA9-C14-CA14-CA15( ¢ ") 45.7
CB8-CB9-C14-CB14( ¢ 3) 822
CB9-C14-CB14-CBI15($ ") 43.1
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Figure 3 Projection of the refined structure on the ab plane.

a such effect that for the chains in that direction the
1-phenylethyls are also disposed to opposite sides. T-
he side chains on chains along the ab diagonal point
towards one anther, but are interleaved since there is
an effective stagger of c/2 between chains along the
b axis.

The refined structure contains some bad contacts,
all of which are between the side groups of adjacent
chains at 0, 0 and 1/2, 1/2. Since there are two po-
ssible positions for each side chain, each bad contact
occurs for only 25% of the possible side chain-side c-
hain combinations and there is space corresponding
to the other possible side chain positions which allo-
ws for torsional rotation of the 1-phenylethyls so as
to eliminate the bad contacts.,

The backbone chain conformation is defined by ¥
» and ¥, the COO-phenyl and phenyl-COO torsion a-
ngles, which are —6.1° and 65.6°, respectively. These
compare very well with the observed values of —7.3°

ERELER
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Figure 4 Projection of two chains on be plane.

and 65.5° for poly(phenyl-p-phenylene—terephthalat-
€)', —9.8° and 65.5° reported for phenylbenzoate'®).
Survey of other model compounds shows ranges of
-3° to -10° and 60° to 70° for the same two angle-
s72% An ab initio quantum chemistry calculation of
the minimum energy conformation for an isolated p-
henylbenzoate molecule resulted in -3.7° and 61.9" f-
or the same angles, with X =0.6°(deviation from pl-
anarity of the ester group)®. Because the structure
is symmetrical, it was assumed that the backbone to-
rsion angles were the same on both sides of each m-
onomer,i.e. ¥,=%¥; and ¥;=¥,. Release of those

constraints did not lead to any significant improvem-
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Table 4. Fractional Atomic Coordinates

Atom |

Atom

X y z X y z

Chain at 0,0

OAl -0.019 0.011 -0.031 H1 0.201 0.146 0.764
CAO 0.050 -0.081 0.005 H2 0.296 0.160 0.672
OA2 0.101 -0.149 -0.053 H3 0.196 0.266 0.673
CAl 0.053 -0.084 0.123 CAl4 0.229 ~0.026 0.599
CA2 0.128 -0.160 0.172 CAl5 0.247 -0.118 0.677
CA3 0.134 -0.166 0.281 CA1l6 0.308 -0.227 0.656
CA4 0.064 -0.095 0.342 CAl17 0.351 -0.243 0.556
CAS -0.012 -0.019 0.294 CAI18 0.333 -0.151 0.478
CA6 -0.017 -0.013 0.184 CA19 0.272 0.042 0.49
CA7 0.065 -0.09 0.460 (meta)

OA3 -0.007 -0.009 0.500 Cl4 0.142 0.113 0.846
OA4 0.119 -0.163 0.515 Hi4 0.198 0.113 0.846
CA8 -0.016 0.002 0.612 Cl1 0.106 0.207 0911
CA9 0.065 0.051 0.672 H1 0.029 0.188 0.930
CAI10 0.054 0.061 0.781 H2 0.150 0.209 0979
CAll -0.038 0.022 0.830 H3 0.111 0.297 0.874
CA12 -0.119 -0.025 0.769 CB14 0.189 0.004 0.908
CAl3 -0.19 -0.036 0.660 CB15 0.211 0.021 1.015
I1-phenylethyl(ortho) CB16 0.256 -0.080 1.072
Cl4 0.164 0.091 0.621 CB17 0279 -0.198 1.023
H14 0.147 0.140 0.551 CB18 0.257 -0.215 0.916
C1 0.217 0.170 0.686 OAS5 -0.043 0.036 0.942

Fractional Atomic Coordinates(continued)
}_Atom ] X y z Atom X y z

Chain at 1/2, 0

OAl 0.480 0.011 0.002 H1 0.642 -0.219 0.79
CAO 0.427 -0.097 0.038 H2 0.678 -0.330 0.705
OA2 - 0389 -0.176 -0.020 H3 0.733 -0.180 0.706
CAl -0.426 -0.101 0.156 CAl4 0.518 -0.298 0.632
CA2 0.388 -0.213 0.204 CAl5 0.452 -0.345 0.710
CA3 0.385 -0.221 0.314 CAl6 0.38%4 -0.448 0.689
CA4 0.420 -0.117 0.375 CAl7 0.384 -0.504 0.589
CAS 0.459 -0.005 0.327 CA18 0.450 -0.458 0.510
CA6 0.426 0.003 0217 CA19 0.517 -0.355 0.532
CA7 0.420 -0.118 0.493 (meta)

OA3 0.467 -0.009 0.533 Cl4 0.601 -0.156 0.879
0OA4 0.383 -0.202 0.548 H14 0.646 -0.213 0.830
CAS8 0.474 0.006 0.645 Cl1 0.664 -0.087 0.944
CA9 0.532 -0.080 0.705 H1 0.629 0.001 0.963
CA10 0.538 -0.064 0.814 H2 0.677 -0.140 1.012
CAll 0.484 0.037 0.863 H3 0.734 -0.069 0.906
CAI2 0.425 0.123 0.802 CBl14 0.531 -0.242 0.941
CAl3 0.420 0.107 0.693 CB15 0.549 -0.265 1.047
1-phenylethyl(ortho) CB16 0.484 -0.346 1.105
Cl4 0.590 -0.188 0.654 CB17 0.399 -0.405 1.056
H14 0.624 -0.155 0.584 CB18 0.380 -0.383 0.949
Cl 0.665 0232 0.719 0OAS 0.493 0.047 0.974

“The chains at 0,1 /2 and 1/2, 1/2 are related to those at 0,0 and 1/2, 0, respectively by the 2, symnietry operation along
the b axis : -X, YH0.5, 1—Z and 1—Z, YH0.5, 1-Z

19
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Table 5. Observed and calculated structure factors

hkl F. F. bkl F, F.
100 | 3159 | 2323 | 021 | 532 489
0 | 2862 | WS | 02| 551 649
110 | 198 | 1250 | 102 | 109 26.7
40 | 2576 | 2857 | 101 | 298 262
o1 | 1311 1046 | 122 | 658 719
01 | 133 6.1 | 13 | 329 4.9
21 | 1699 | 1702 | 22 | 411 64.6
01 | 1537 | 1646 | 111 | 338 406
031 | 1988 | 1634 | 112 | 658 629
012 66.7 a6 | 212 352 478
02 | 1035 49 | 30 | 658 713
a0 9.5 8.4 | 211 | 48 50.1
W | 1647 | 16 | 210 | 412 59.8
o3 | 1144 | 177 | 21| 316 29
023 98.7 811 | 303 | 395 29.1
123 | 1566 | 1388 | 311 | 658 62.7
13 | 1427 | 1515 | 14 | 176 31
014 08 523

ent for an R value.

The mutual inclination of the main chain phenyls
is 59.5°, compared to 55.7° in phenylbenzoate and
58.2° in poly(phenyl-p—phenylene—terephthalate) and
a general observed range of 60-70°, including 68° in
poly(p-phenyleneterephthalate-amide)?”. In the lat-
ter structure, the equivalent torsion angles are 38°
and -30°, but the linkages are via amide rather than
ester groups, and the intermolecular hydrogen bonds
may be formed. The 1-phenylethyl side chain confor-
mations are defined by ¢, and $°, for ortho, ¢,
and $'; for meta, the phenyl-CCC and CCC-phenyl
torsions, which are 81.6° and 45.7° for ortho and
82.2° and 43.1° for meta, respectively. The differenc-
es between the side chain conformation angles at the
ortho and meta positions are not significant and set-
ting $,=¢3and ¢’>= ¢, did not change the R v-
alue.

CONCLUSIONS

This structure has been refined in part to provide
conformational data for other random copolyesters,
for which the chemical sequence is more complex
and X-ray data are more diffuse. The similarity of

=4I

the refined conformation to those for model compo-
unds and poly(phenyl-p—phenylene-terephthalate)
gives confidence to transfer them to other polymeric
structure. Indeed it is shown that the X — ray data
are very sensitive to these torsion angles, in spite of
the obvious fact that the intensities are largely deter-
mined by the mutual inclination of the phenyl group-
s, and many combinations of ¥, and ¥; are possibl-
e that are compatible with a mutual inclination of 60°
for the backbone phenyls. The high degree of cryst-
alline order is pérhaps surprising given the random s-
ubstitution of the big 1-phenylethyl side chains. The-
re must be differences in local packing of these g-
roups, depending' on the actual substitution, but t -
hese distortions do not prevent refinement of an ave-
rage structure.
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