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Self-Ordering within Thin Films of Poly(olefin sulfone)s
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ABSTRACT: A study has been performed of the manner in which two structural features of poly(olefin
sulfone)s, helical backbones and calamitic side chains, create order in films. For this purpose copolymers
were prepared with one (polymer 1) or two (polymer I11) cyanobiphenyls per residue, and terpolymers
were prepared with both such residues diluted to below the 5% level within an otherwise poly(eicosene
sulfone) chain (respectively, polymers Il and 1V). The polymers all have ordered phases according to
X-ray powder diffraction studies on samples cooled from the melt, a layer spacing of about 45 A being
detected in the films as in the bulk. Those polymers with mainly eicosene sulfone residues had crystalline
phases with large domains, the layers deriving from the helical backbones alone, the smectic A phases
of the parent poly(eicosene sulfone) being either suppressed or reduced in extent by the presence of the
aromatic moieties, which were almost randomly orientated. Those with one or two cyanobiphenyls per
residue were liquid crystalline. In the latter the layer spacing derives from both backbone and side chains
and is reduced when the residues bear a second mesogen as a consequence of a constraining effect from
the stiff backbone, as a novel model predicts. The spacers give rise to a glass transition and segregate
the planes in which the stiff backbones are assembled from the regions in which the aromatic groups
aggregate on account of the strong 7—xa* interactions. Amorphous and optically isotropic spun cast films
of these polymers became ordered on cooling from the melt or just on annealing, with the order, as
determined by studies on the optical properties, being homeotropic for the aromatics and being planar
for the backbones in a monodomain. For this arrangement we introduce the term homeo-planar smectic.
Order parameters as high as 0.63 were measured for polymer I, from a clear film. The cyanobiphenyl
chromophores formed H aggregates, with blue shifts in absorption and red shifts in fluoresence, and a
little surprisingly these resulted in a circular dichroism, detectable when the films were inspected at an

angle of 45° to the normal.

Introduction

In this investigation we report the self-ordering
properties of thin films of several poly(olefin sulfone)s,
polymers that are readily prepared by the free radical
polymerization of alkenes and sulfur dioxide and have
an alternating structure —(CH,—CHR—-SO,),—.! Liquid
crystallinity has been found not only in those polysul-
fones that bear a conventional calamitic mesogenic
group in the side chain?~5 but also in those with merely
a long paraffinic side chain.” In the latter case the
ordering structure is the backbone itself, which despite
being atactic as made by the free radical copolymeri-
zation of SO, with an olefin®® adopts a helical config-
uration. Strong electrostatic interaction between each
pair of sulfone dipoles®19-12 Jocks the intervening three
backbone bonds into a rather stable configuration. The
regular orientation of the —CH,—CHR— sequences of
the olefin residues then repeats this configuration, and
creates the helical sections, each of which is terminated
by kinks. The first evidence for this came from mea-
surements of the dipole moments81%13 in spolution and
has been supported by the observation with the electron
microscope!* of replica helices within isolated chains
that had been dispersed upon a surface. Simple theories
of these third-order Markov orientational correlations®
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and of chain dynamics!®15 have been supplemented by
force field calculations.!* The ordering effect of the
dipoles, as measured by the magnitude of the low-
frequency relaxing dipole moment,® was found to be of
less importance in dioxane,® whose polarity reduces the
electrostatic ordering. Raising the temperature® simi-
larly introduces more kinks and so reduces the dipole
moment component created by the order within the one-
dimensional array of dipoles on the polymer backbone
in solution.

A second factor that stabilizes the helical configura-
tion in solution of the backbone of the 1-olefin polysul-
fones is enhancing the length of the side chain. The
order is present in polymers with ethyl side chains but
is much greater if the side chain is lengthened to
C18.111718 The stiffness in such poly(eicosene sulfone)
chains is reflected in the dipole moment of the isolated
chains in solution, which reaches a limiting value of
421z only when z reaches 1000.1213 According to the
kinked helix model of the backbone conformations, the
number of kinks located where backbone C—C bonds
are in the trans conformation is reduced, and the mean
length of the helical sections is correspondingly in-
creased, by a mean field repulsion between the side
chains of adjacent residues.’! The polymers might best
be described as kinked hairy rods, the presence of the
kinks®11 distinguishing the polysulfones from the rigid
rod types of hairy polymers based upon protein a-heli-
ces.1920 Kinks inserted chemically into the backbone
have created a nematic texture in otherwise smectic
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structure’ by disrupting layers of backbones. The
backbones of the polysulfones thus provide a self-
ordering system in the bulk where one chain may
influence its neighbors in one or two extra dimensions,
which is interesting in its own right, but the behavior
becomes more interesting when the side chains bear
mesogenic structures. In this situation the two ordering
components, backbone and side chain, may cooperate
or frustrate each other in creating supramolecular
layered structures, when no or little solvent is present.”!
Such questions are directed to the heart of understand-
ing the nature of liquid crystallinity within bulk poly-
mers.??

Anisotropic macroscopically ordered films of function-
alized polymers are desirable for technical applications,
so different methods for their preparation are currently
being investigated.23 The preparation of ordered films
is complicated and time-consuming by the Langmuir—
Blodgett technique, by building up layers one at a time
chemically?* or by nanofabrication of multicomposite
films by adsorption from solution.?> It is also difficult
to achieve the alignment of LCP films by thermotropic
self-organization on anisotropic surfaces or the use of
AC electric fields.26-28 Qptically transparent, but iso-
tropic, films of amorphous or liquid crystalline polymers
can be prepared by spin-coating or casting. However
annealing of LCP films usually results in polydomain
structures which scatter light.?®

Recently a smectic phase was established with a
polysiloxane by spontaneous molecular self-assembly of
the side chains starting from spin-coated films. Well-
aligned homeotropic films of ferroelectric side and main
chain polymers2%30 were thus prepared. The formation
of ordered structures via the interplay of liquid crystal-
linity and phase separation was shown for some block
copolymers.3! The surface segregation behavior caused
a spontaneous ordering of lamellae on planar surfaces
and the simultaneous ordering of LC domains. Phase
separation in the vicinity of an air or substrate interface
seemed to be different compared to the behavior in the
bulk.

The creation of orientational and positional order
within polymers may require aromatic moieties3223 the
orientation of which may be measured using plane
polarized light.%* Between the chromophores there may
be m—m interactions causing apolar association or 7—x
stacking. Within such van der Waals aggregates the
transition moments of pairs of chromophores are coupled,
and depending on their relative orientation, either H
or J aggregates are established. The H aggregation of
parallel orientation is recognized by a hypsochromic
shift of absorbance and a bathochromic shift of fluores-
cence. The formation of such aggregates is stimulated
by the supramolecular order in LB multilayers,34~37
within liquid crystalline polymers38—40 and in phase-
separated liquid crystalline guest—host systems.*! The
development and presence of positional ordering may
be monitored using X-rays, backbone order being rec-
ognized as the sulfur atoms are electron-rich. It will
be interesting whether aggregates give rise to a mea-
surable circular dichroism, as has been found for bilay-
ers of achiral chromophores within micelles.3742

In the present work we have synthesized a small
number of poly(olefin sulfone)s containing the cyanobi-
phenyl mesogenic as shown in Scheme 1, so that we can
systematically explore their ability to self-organize in
thin spun-cast films. First in polymer I, the cyanobi-
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phenyl mesogen has been placed on all residues. In
polymer Il the cyanobiphenyl mesogen is present only
in a dilute, random fraction of residues within an
otherwise poly(eicosene sulfone) chain so that the
behavior of the isolated chromophore might be studied
in an environment in which any order must derive from
the backbones. In polymer Il there are two cyanobi-
phenyl groups on each residue so side chain mesogenic
effects are more important. Polymer IV has such
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residues highly diluted within a environment of poly-
(eicosene sulfone) so that isolated pairs of cyanobiphenyl
units can be examined. For comparison with these
liquid crystalline systems, polymer V has a small
fraction of cyanobiphenyl residues dispersed randomly
in an amorphous poly(hexene sulfone) matrix.” The
final polymer, VI, is a liquid crystalline cyanobiphenyl
homopolymer with a methacrylate backbone obtained
so that we might identify differences in the ordering
properties of the polymers with the sulfone backbone.

The aim of this study is to investigate the interplay
of ordering process of the poly(olefin sulfone) with a
polar helical backbone of known pitch and the molecular
aggregation of calamitic aromatic side groups in thin
films, the intention being to attempt molecular engi-
neering*® on the nanometer scale’ by varying the
proportion of these features.

Experimental Section

Monomer Synthesis and Characterization. Syn-
thesis of Hex-5-enyl 11-Bromoundecanoate. 5-Hex-
en-1-ol (7.50 g, 74.9 mmol) and 11-bromoundecanoic acid
(21.84 g, 82.4 mmol), N,N’'-dicyclohexylcarbodiimide
(16.95 g, 82.2 mmol), and dimethylaminopyridine (0.20
g, 1.60 mmol) were added to 100 mL of dry THF in a
stoppered reaction flask and stirred for 72 h at room
temperature. The dicyclohexylurea precipitate was
filtered off and the filtrate columned on silica using
chloroform as eluant to give a pale yellow liquid.
Yield: 25.36 g, 97.5%.

Synthesis of Hex-5-enyl 11-(4'-Oxy-4"-cyanobi-
phenyl)undecanoate, for monomer I. Hex-5-enyl-
11-bromoundecanoate (25.36 g, 73.0 mmol), 4-hydroxy-
4'-cyanobiphenyl (14.95 g, 76.7 mmol), and anhydrous
potassium carbonate (20.2 g, 146.0 mmol) were refluxed
for 48 h in dry acetone. The inorganic residue was
filtered off and the solvent removed from the filtrate,
and the product was columned on silica using chloro-
form as eluant and then twice recrystallized from
industrial alcohol and vacuum-dried. Yield: 25.85 g,
76.7%.

Synthesis of Hex-5-enyl 1,2-Di(11-bromounde-
canoate). 11-Bromoundecanoic acid (25.2 g, 95.0 mmol)
was added together with 20 mL of dry chloroform to a
reaction flask flushed with dry nitrogen. Oxalyl chloride
(13.26 g, 104.6 mmol) was added to 20 mL of dry
chloroform and added dropwise to the reaction flask,
and the reaction was stirred overnight at room temper-
ature. The excess oxalyl chloride was removed and the
reaction vessel flushed with dry nitrogen, hex-5-en-1,2-
diol (5.00 g, 43.0 mmol) was dissolved in 20 mL of dry
chloroform and added dropwise. After complete addi-
tion of the diol, the reaction was refluxed for 4 h. The
product was columned on silica using chloroform as
eluant. Yield: 22.60 g, 86.1%.

Synthesis of Hex-5-enyl 1,2-di(11-(4'-oxy-4"-cy-
anobiphenyl)undecanoate), for Monomer I1l. Hex-
5-enyl 1,2-di(11-bromoundecanoate), (22.36 g, 36.62
mmol) 4-hydroxy-4'-cyanobiphenyl (15.00 g, 76.9 mmol),
and anhydrous potassium carbonate (21.25 g, 153.1
mmol) were refluxed for 48 h in dry acetone. The
inorganic residue was filtered off and the solvent
removed from the filtrate. The product was columned
on silica using chloroform as eluant and recrystallized
twice from an industrial alcohol and ethyl acetate
mixture and then vacuum-dried. Yield: 12.75 g, 41.5%.

Polymer Synthesis and Characterization. Poly-
mer |. Synthesis of Poly[hex-5-enyl 11-(4'-oxy-4"'-
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cyanobiphenyl)undecanoate sulfone]. Hex-5-enyl
11-(4'-oxy-4'""-cyanobiphenyl)undecanoate (3.00 g, 6.50
mmol) was dissolved in 30 mL of toluene and cooled in
a cold bath maintained at —30 °C, and 4 mL of liquefied
sulfur dioxide was added. tert-Butyl hydroperoxide (1.0
mL) was added dropwise at a rate of one drop ap-
proximately every 5 min. The reaction tube was left in
the cold bath overnight and the polymer then precipi-
tated from 200 mL of methanol, acidified with a few
drops of concentrated hydrochloric acid, and filtered off.
The polymer was then purified by dissolving in chloro-
form and reprecipitating twice more from methanol and
then vacuum-dried. Yield 2.65 g, 78%.

Polymer Il. Synthesis of Poly[hex-5-enyl 11-(4'-
oxy-4""-cyanobiphenyl)undecanoate sulfone]-co-
poly[eicos-1-enesulfone]. The monomers hex-5-enyl-
11-(4'-oxy-4"-cyanobiphenyl)undecanoate (0.292 g, 0.626
mmol) and eicos-1-ene (3.347 g, 11.93 mmol), corre-
sponding to a 4.99% feed component for the biphenyl
monomer, were dissolved in 50 mL of toluene and cooled
in a cold bath maintained at —30 °C. Then, 4 mL of
liquefied sulfur dioxide was added, and 1.0 mL tert-butyl
hydroperoxide was added dropwise. The polymer was
purified as for polymer I. Yield: 1.25g, 28%. From 'H
NMR we calculated that the polymer contained 4.8% of
poly[hex-5-enyl-11 (4'-oxy-4"-cyanobiphenyl)undecanoate
sulfone] residues.

Polymer 1ll. Synthesis of Poly[hex-5-enyl 1,2-
di(11-(4'-oxy-4"-cyanobiphenyl)undecanoate) sul-
fone]. The monomer hex-1-ene-5,6-di(undecanoyl-4'-
oxy-4"-cyanobiphenyl) (1.00 g, 1.19 mmol) was dissolved
in 50 mL of chloroform and cooled in a cold bath
maintained at —30 °C and, 4 mL of liquefied sulfur
dioxide was added. The polymerization and purification
was the same as used for polymer I. Yield: 0.50 g, 46%.

Polymer IV. Synthesis of poly[hex-5-enyl 1,2-di-
(11-(4'-oxy-4"-cyanobiphenyl)undecanoate) sulfone]-
co-poly[eicos-1-ene Sulfone]. The monomers hex-5-
enyl 1,2-di(11-(4'-oxy-4"-cyanobiphenyl)undecanoate)
(0.520 g, 0.626 mmol) and eicos-1-ene (3.347 g, 11.93
mmol), corresponding to a 4.99% feed component for the
biphenyl monomer, were dissolved in 50 mL of toluene
and cooled to in a cold bath maintained at —30 °C. Then
4 mL of liquefied sulfur dioxide was added, and 1.0 mL
tert-butyl hydroperoxide was added dropwise. The
polymer was purified as for polymer I. Yield: 2.05 g,
44%. From 'H NMR we calculated that the polymer
contained 1.5% poly[hex-5-enyl 1,2-di(11-(4'-oxy-4"'-cy-
anobiphenyl)undecanoate) sulfone] residues.

Polymer V. Synthesis of poly[hex-5-enyl 1,2-di-
(11-(4"-oxy-4"-cyanobiphenyl)undecanoate) sulfone]-
co-poly[hex-1-enesulfone]. The hex-5-enyl 1,2-di(11-
(4'-oxy-4'""-cyanobiphenyl)undecanoate) (1.049 g, 1.25
mmol) and hex-1-ene (2.00 g, 23.75 mmol), correspond-
ing to a 5.00% feed component for the biphenyl mono-
mer, were dissolved in 50 mL of toluene in a reaction
tube and cooled in a cold bath maintained at —30 °C.
Then 4 mL of liquefied sulfur dioxide was added, and
1.0 mL of tert-butyl hydroperoxide was added dropwise.
The polymer was purified as for polymer 1. Yield: 2.05
g, 44%. From !H NMR we calculated that the polymer
contained 4.0% of poly[hex-5-enyl 1,2-di(11-(4'-oxy-4""-
cyanobiphenyl)undecanoate) sulfone] residues.

The results of molecular weight measurements re-
corded in Table 1 show that all are high polymers. They
are above the range in which the clearing temperatures
are molecular weight sensitive.® The DSC scans were
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Table 1. Molecular Weight? and Thermal Characteristics
of the Polymers

AH/KJ LC
polymer Mp x 1078 Mw/M, Tg°C TJ/°C mol~! phases
| 2.1 4.0 14 103 4.6 Sa
1 1.8 2.9 b 49¢ 20.4° Sg,°Sa
11 54 2.0 17 149 6.7 Sa
v 0.67 53 b 50¢ 21.3¢  Sg°
\Y% 0.07 2.7 57d Sa
VI 0.014 2.2 45 108¢ f Sa, N

a By G. P. C. with poly(styrene) standards. ® Not detected down
to —50 °C. ¢ X-ray diffraction studies indicate a hexatic or crystal-
line smectic phase.?® 9 T, step was followed by peak at 69 °C with
an enthalpy of transition of 8.4J g~1. ¢ Sy — N transition at 100
°C. f Not measured.

obtained with a DSC 7 (Perkin-Elmer) using a heating
rate of 20 °C/min.

Spun-cast films of the polymers were prepared using
a CT60 (Suss Techniques S. A.) spin coating system. The
films were spun from 10% solutions of chloroform, using
a speed of 2000 rpm, for 45 s at 25 °C after an
acceleration 2000 rpm/s. In this way films of 300—500
nm thickness were achieved. Changing these param-
eters to 4000 rpm, 4000 rpm/s, and 15 s, respectively,
resulted in films of 250—300 nm thickness, the film
thickness being measured with a DETAC system. Silica
glass substrates were used for the optical and the X-ray
measurements. Some X-ray reflection investigations
used films on a silicon wafer. Films were annealed by
heating at 0.5—1 °C/min up to 2 °C below the clearing
temperature. All samples remained at least 30 min at
this temperature, before they were cooled slowly at 1—-2
°C/min.

UV-visible measurements were measured using
Lambda 2 and Lambda 19 instruments (Perkin-Elmer).
The optical anisotropy was examined by polarized
spectroscopy. Polarized UV—visible spectra were re-
corded on the Lambda 19 instrument, equipped with a
set of Glan-Tayler prism polarizers made of calcite
(LOT) driven by a computer-controlled stepper in steps
of 5°. The polar plots show the orientational distribu-
tion at a chosen wavelength.

The films were examined in different positions in
relation to the measuring beam. In the normal position,
NP, the film was perpendicular to the horizontal
propagation direction, x, of the beam, in the twisted
position, YP, it is set an angle of 45° to the x and y
directions, y being in the horizontal plane, and in the
leaning position, ZP, it is set at an angle of 45° to the x
axis and the vertical z axis, and at 0° to the y axis.
When the film position was other than normal we
allowed for the extra path length using the law of
Huygens—Fresnel

E(e) =[E(O)] [ - ng ) sin® a] ** 1)

in which ng is the refractive index of the film and a the
tilt angle. For o = 45°, E(a)/E(0°) = 1.134. In this case
the extinction of the substrate and the loss of reflectivity
were neglected.
To characterize the alignment we introduce the ratio*
R= Aan/Aiso (2)
where Agj, is the absorbance of the anisotropic film after
annealing and Ajs, is the absorbance of the film in the
isotropic state at the same wavelength of maximum
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Figure 1. DSC traces for 10 to 15 mg samples of the following
polymers recorded at 20 °C/min: polymer I, showing a glass
transition and an endothermic transition, polymer I1, showing
an endothermic transition, polymer Ill, showing a glass
transition and an endothermic transition, polymer 1V, showing
an endothermic transition, and polymer V, showing a modified
glass transition feature.
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Figure 2. X-ray diffraction densitometer scans for bulk
samples of polymer | at 70 °C and polymer 111 at 70 °C.

absorbance before annealing, as in Figure 4. We relate
R to an order parameter Sy by

S,=1—-R=1-3&Ein’ 02 ()

where 6 is the angle between the transition dipole of
the cyanobiphenyl chromophore and the normal to the
plane.

A second measure of the azimuthal order, D, was
found from the UV/Visible spectra obtained in the ZP
position, as in Figure 4. If ¢ is the angle of the direction
of the polarizer to the horizontal, y, axis then

D= Amin/Amax (4)
where Amax is the maximum of angle dependent absor-
bance in the wavelength plot for a particular transition

band and Amin is the minimum for that band as ¢ was
varied.
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Figure 3. Focal conic texture of the smectic A phase of
polymer 111 at 75 °C and x80 magnification.

A spectroscopic order parameter, Sy, can be intro-
duced, for measurements of the #—x* transition at a
fixed wavelength, the wavelength being that at which
the greatest absorbance was found as ¢ was rotated

sp = (Amax - Amin)/(Amin + Amax) (5)

Circular dichroism spectra were recorded with a
JASCO 700. Fluorescence measurements were made
using a LS 50 spectrometer (Perkin-Elmer). The films
were excited at A = 300 nm. The spectra were detected
in a front face arrangement, with a 30° angle of the
excitation beam with respect to the plane of the film.
Optical microscopy studies on the polymers were made
as previously reported.6 Bulk X-ray diffraction patterns
were recorded on sheets of photographic film using a
Guinier diffraction camera fitted with a bent quartz
monochromator (set to isolate Cu Koy radiation 1 =
1.5405 A). The films were scanned using a microden-
sitometer (Joyce-Loebl Illc).

Measurements of X-ray reflectivity on thin films were
made with an angle dispersive instrument, a 6—6
diffractometer (STOE & Cie GmbH, Darmstadt, Ger-
many), using a monochromatic beam, 1 = 1.54 A, the
angle of incidence and the detector angle being simul-
taneously monitored. However the resolution was not
sufficient to detect structural changes during the scan
or during heating.

The reflected intensity was then calculated based on
the dynamical scattering theory by a Parrat formalism
applying a kinematic model of Als-Nielsen.*> In this the
overall lamella is subdivided into several sublayers
which all reflect the incoming monochromatic X-ray
beam. The superposition of all reflected waves taking
a phase shift into account gives the macroscopic ob-
served reflection. The electron density profile in the z
direction along the surface normal is finally described
by a box model.*> Every layer is set to be a number of

Thin Films of Poly(olefin sulfone)s 4939

a)

Absorbance
—
<>

350 300 350 400
‘Wavelength /nm

b)

Absorbance
o
+

250 300 350 400
‘Wavelength /nm

)

Absorbance
(=]

250 300 350 400
‘Wavelength /nm

d)

Absorbance

Wavelength /nm

Figure 4. Absorbance of polymers | (a), 11 (b), 111 (c), and IV
(d) as virgin (i) and annealed (iii) films in normal position NP
and as virgin (ii) and annealed (iv) films in 45° leaning position
ZP. In part a, the maximum and the minimum absorbance of
the annealed film in ZP is monitored for parallel (iv) and
perpendicular (v) positions of the polarizer.

sublayers characterized by sublamella thickness and a
refractive index resulting in a smeared electron density
profile. Stacked multilayers developed during anneal-
ing processes are calculated from several monolayer
boxes. The measured electron density function is fitted
via the introduction of an increasing number of layers
with respect to interfacial and surface roughness.*6

To obtain time-resolved measurements, we used an
energy dispersive system.*’=4° The white spectrum of
an X-ray tube strikes the sample at a fixed angle of
incidence a;, and the reflected intensity is measured by
a Si(Li) detector with a multichannel analyzer. The
angle between detector and incident beam is 6 = o +
as. An X-ray reflection spectrum shows Bragg peaks
with a constant energy difference AE between two peaks
of order nand n + 1. AE [keV] is related to the layer
distance d [nm]:

d= hc ~_ 062
AE 2sin(0/2) AEsin 6

(6)

For a quantitative evaluation the measured spectrum
has to be corrected for the detector sensitivity and the
energy dependent absorption of sample and air.
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The grazing incidence diffraction measurements were
carried out at beamline D4 and wiggler-beamline W1
at the Synchrotron Radiation Facility, Hasylab. A
wavelength of 4 = 1.44 A was used in order to get best
performance of the weak diffraction signals from the
ultrathin polymer films. The intensity at beamline W1
was twice that compared for the Si/W multilayer at
beamline D4, while the energy resolution increased by
a factor of 30 (AE = 1eV) at E = 8.611 keV. The angle
of incidence, aj, was usually set next to the critical angle,
o = 0.17°, and the beam was rectangularly focused (size
0.2 x 2 mm) on the samples placed on a vertically
mounted heating platform. A position sensitive detector
was used to simultaneously measure the angular posi-
tion 6i, of the in-plane diffraction signals as well as the
intensity distribution as a function of the exit angle os
(rod scans). The resolution along af was 0.0055°. The
collimation of the incoming monochromatic synchrotron
beam was better than Ao; ~ 0.005° and A6, ~ 0.01°.
The (001) reflection was chosen for the measurements
owing to the perpendicular arrangement of the net plane
relative to the surface normal. The 26;, angle was then
fixed close to the measured in-plane Bragg position
followed by a rotation around the surface normal (w-
scan) to detect the appropriate angular position in o
which fulfilled the Bragg condition.°

The grazing incidence diffraction allows a depth
resolution of the diffraction. If L; defines the length
perpendicular to the surface for which the intensity is
reduced by a factor of e, this can be expressed by>!

I—i = (Iqu)71 (7)

Neglecting absorption of X-rays, g, is imaginary when-
ever a;j < o¢. In this case the incoming wave becomes
evanescent, i.e., the exponentially damped wave propa-
gates parallel to the sample surface. Their penetration
depth of X-rays is very small, it amounts to about 44 A
for the investigations that took place below the critical
angle. If aj > o¢, L is approximately defined by the
linear photoabsorption coefficient, u, so L; ~ sin oi/u.
For weakly absorbing materials, as in the present case,
L; approaches 100 nm.

Results and Discussion

The homopolymers with mesogenic side chains (I and
I11) have clearing temperatures of 103 and 149 °C
(Table 1), values that are higher than that of poly-
(eicosene sulfone) at 68 °C® but much lower than that
of a similar polymer with an a-helix within the back-
bone®2 (>250 °C). The increments are 35 °C for polymer
I, with one cyanobiphenyl group, and 81 °C for polymer
111, with two cyanobiphenyl groups, but the associated
enthalpy changes are similar at about 4.6 kJ/mol, as
shown in parts a and b of Figure 1. The ester groups
in the side chains of the homopolymers, I and 111, both
have glass transitions at about 15 °C; see Figure 1. The
steps in the specific heat capacity at the glass transition
are 0.13 and 0.22 J deg~! mol~1 for polymers I and 111,
respectively, reflecting the extra ester group in the
spacer of the latter. For the terpolymers Il and 1V,
which are predominantly poly(eicosene sulfone), below
0 °C the specific heat capacity is constant down to about
—50 °C. The clearing temperatures at 50 °C are lower
than that of poly(eicosene sulfone) itself, 68 °C, a rather
surprising depression when it is considered that there
are just 0.03—0.05 cyanobiphenyl groups per residue.
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Table 2. UV/Visible Characteristics of Thin Films?2

effect of annealing polar scans
DinZP SpinzP
polymer NP YP ZP R S #6ldeg virg ann virg ann

| +6 —17 —15 0.37 0.63 29.8 0.97 0.56 0.02 0.42

Admax/nm

1 +1 —3 0.74 0.26 44.3 0.96 0.90 0.02 0.05
11 +6 —13 —12 0.50 0.50 35.3 0.93 0.69 0.03 0.42
v 0 —2 0.69 0.31 42.8 0.96 0.77 0.02 0.13
\Y 0 0 1.00 0.00 1.00 1.00 0.00 0.00
VI +2 +2 0.84 0.16 485 1.00 0.98 0.01 0.01

2 Admax IS the shift in absorbance maximum on annealing. NP
is the normal position, YP is the twisted position, and ZP is the
leaning position. R, S, <sin?0>, D, and S, are terms describing
the degree of alignment defined in equations 1-5. virg is the virgin
film and ann is the annealed film.

The melting or clearing enthalpies are similar, but
greater than that for poly(eicosene sulfone)® (8.2 kJ
mol~1), the aromatic groups are perhaps promoting a
greater degree of crystallinity in the space between the
backbones. The order within the paraffin side chains
of these polymers these terpolymers is rather high, as
the bulk X-ray diffraction studies show them to be
hexatic or crystalline smectic phases.?!

X-ray Diffraction Measurements on Bulk Poly-
mers. Densitometer traces are shown in Figure 2 for
polymers I and 111, and the smectic layer spacings are
given in Table 4. Following an inspection of the texture
with the optical microscope, we made the following
observations.

Polymer I. The X-ray diffraction pattern of the bulk
polymer | at a temperature of 70 °C is shown in Figure
2. Two orders of sharp smectic layer diffraction peaks,
corresponding to a layer spacing of 48.1 A, were
observed in the low-angle region, together with a diffuse
peak in the wide-angle region corresponding to 4.8 A.
These characteristics identify the mesophase as a smec-
tic A or C,% but from the optical microscopy studies in
which we obtained some regions of homeotropic align-
ment, we can confirm it to be a smectic A phase. There
also appeared to be a diffuse peak under the second-
order layer diffraction peak at a spacing of about 26 A
which may come from an amorphous component.>* The
smectic layer spacing was measured to be 50 A at 30
°C and was found to decrease gradually on heating to
the clearing point at 103 °C, where it was 46.5 A.

Polymer 11. X-ray diffraction characterization of
polymer 11 in the bulk showed it to form two meso-
phases, in contrast to the DSC observations, but the
upper phase extended over only a few degrees. The
higher temperature fluid smectic phase had a layer
spacing of 41.5 A. The diffuse peak in the wide-angle
region corresponded to a spacing of 4.8 A. The lower
temperature phase was identified as a hexatic phase
with a layer spacing of 42.0 A, the diffraction peak in
the wide-angle region being less diffuse. Similar be-
havior has been found for poly(eicosene sulfone) itself.2

Polymer 111. The X-ray diffraction pattern of the
mesophase polymer 111 at 70 °C, is shown in Figure 2,
two orders of sharp smectic layer diffraction peaks,
corresponding to a layer spacing of 44.1 A, being
observed in the low-angle region and a diffuse peak in
the wide-angle region corresponding to 4.8 A. These
characteristics identified the mesophase as smectic A.
There also appeared to be a diffuse peak under the
second-order layer diffraction peak corresponding to a
spacing of about 24 A, which again may come from an
amorphous component. The smectic layer spacing was
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Table 3. Fluorescence Characteristics of Thin Films?2

solution virgin film annealed film
polymer Amax/NM fwhm/nm Amax/NM fwhm/nm /1y Amax/NM fwhma/nm
| 365 47 379 70 0.35 398 80
1 365 45.5 356 53 0.52 358 53.5
11 367 54 385 72 0.35 397 76
v 364 47 356 65 0.68 357 70
\Y 367 54 367 53 0.99 367 53

aKey: fwhm, full width at half-maximum; lJ/l,, intensity ratio of annealed to virgin film.

Table 4. Smectic Layer and Other Spacing Measurements by X-ray Diffraction

polymer bulk d/A thin filmad /A £ 1
I 50.0 (30 °C) 48.1 (70 °C) 46.5 (80 °C) 476
" 43.1 (Sg, 30 °C) 40.7 315 15.7
" 44.1 (Sa) (30 °C) 41.9
v 42.0 (Sg, 30 °C) 41.5 (S, 46 °C) 40.0 20.0 15.9

a At ambient temperature ~25 °C.

Scheme 2. Schematic Model of the Mesogenic Unit
Packing within Polymer 1112

()

B

(H)

)

(Pz) Py >
D) \)

a B represents the helical backbones viewed along the helix
axis, the pitch, p, being the distance above the page for a single
turn. d represents the smectic layer and s the spacing between
the backbones. (H) and (J) represent theoretical H and J
aggregates respectively; (P1) and (P;) represent cyanobiphenyl
groups with different degrees of overlap. The diagram shows
an ideal alignment and orientation of one layer of backbones
above another.

found to be 44.1 A at 30 °C and to decrease gradually
on heAating to the clearing point at 149 °C where it was
41.8

Polymer IV. X-ray diffraction showed the copolymer
to have a fluid smectic phase (smectic A or C), which
had a layer spacing of 43.1 A at 30 °C and of 41.5 A at
62 °C.

We suggest a model of the polymers in Scheme 2
which has the helical sulfone backbones® arranged with
a spacing, d, between the smectic layers of 40 to 50 A
separation. According to Mansfield!! the pitch, p, is
about 7 A, there being 5 or 6 residues in a turn. As
polymer I11 in optical studies can form a partly homeo-
tropic texture, which is characteristic of a smectic A
phase, the director for the cyanobiphenyls lies normal
to the plane of the film. The focal conic texture observed
by optical microscopy for polymer 111 is shown in Figure
3. The proposed structure for the mesophase is shown
in Scheme 2 with partially overlapping cyanobiphenyl
groups, in a partial bilayer smectic A phase (Sad),>® and

with the flexible spacers linked to each other before
joining to the helices. The helices of one layer may not
be parallel to those in its neighbors, though that is
shown here. Within an ideal cuboid formed by the layer
spacing, d, the distance s separating the helices within
a layer, and the pitch, p, there are the cyanobiphenyl
units of 5.5 residues. Taking the residue molecular
weight of 903 for polymer 111 and assuming the density
of a polysulfone! to be 1.00 g/cm3, the volume of the
cuboid is 8.24 x 103 A3. Taking a value of d as 44 A
and of p as 7.0 A we calculate s to be 27 A, which is
close to the diffuse 24 A spacing reported above in the
X-ray pattern. If it comes from the intralayer spacing,
the difference might readily be attributed to our as-
sumed density being too low; some biphenyls®” have a
density of 1.4 g/cm3. 1t would not be possible to reconcile
these dimensions with a bilayer smectic A phase (Saz)
type of mesogen packing, so that the partial bilayer
packing (Sag) shown in Scheme 2 is then supported. For
polymer 1, d is 50 A, the residue molecular weight is
526, and s is found to be 14 A (which is about half the
28 A spacing noticed in the X-ray pattern). In this novel
model the two controlling features are the Mansfield
helix pitch!! and the manner in which the mesogens
pack, which is determined by their shape and dipole. If
the cross-sectional area of the cyanobiphenyl group®® is
20 A2, then for polymers I and Il p x s should be
respectively 110 and 220 A2 per residue. The volume
of the disorganized spacers controls the remaining
orthogonal distance, d, which is obtained by experi-
ments. d is smaller for polymer 111 than for polymer |
because the value of s for polymer 111 is twice that for
polymer 1. At low temperatures the spacer region
vitrifies and causes the observed glass transition, which
does have a higher step for 111 than for I. In monomeric
4-n-alkyloxy-4'-cyanobiphenyls, the weight of the all-
trans conformation alkyl chain is higher in the liquid
crystalline state than in the isotropic liquid,>” but this
may not be so for the spacers of these polymers, as their
end-to-end distance is constrained by the need for them
to pack within the region between the cyanobiphenyls
and the backbones. The model does not predict whether
there are H or J aggregates, or whether the degree of
overlap corresponds to Py or to P,.

Optical Studies on the Films by UV—Visible
Spectroscopy. In chloroform all the polymers show
very similar spectra, with the 7—a* absorbance at 296
nm and the ¢—¢* absorbance at 225 nm being caused
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by the biphenyl moiety. Freshly prepared films were
optically isotropic and showed the same shape of the
spectra and wavelength of maximum absorbance (Amax)
as had those of the polymers in chloroform. The UV—
visible spectra of the films spun on silica glass displayed
large changes upon annealing the film at about 2 °C
below the clearing temperature, followed by a slow
cooling to room temperature. As may be seen in Figure
4 for the homopolymers I and 111, the z—=z* absorbances
in the normal position fell to about 30% of the initial
value, the fall being accompanied by a bathochromic
shift of 6 nm. In contrast to the decrease of this band
(characteristic for a transition of the aromatic moiety
in the direction of the long axis of the chromophores),
the ¢—¢* absorbance band at 230 nm from transitions
perpendicular to the long axis remained nearly constant,
as in cases in which the rotation of the aromatic cores
is not restricted. Terpolymers Il and IV, containing
only about 4.8 and 1.5%, respectively, of the cyanobi-
phenyl bearing residues amid a matrix of mainly poly-
(eicosene sulfone) residues, suffered no change in Amax
and only a 25% fall in absorbance. A chemical reason
for this decrease of absorbance may be excluded. The
large fall of intensity indicated a significant out-of-plane
orientation of the biphenyl chromophores, so we sus-
pected a homeotropic alignment of the side groups upon
annealing. To establish this effect for polymer I, an
annealed film was examined with plane-polarized light,
the sample being held in the laboratory frame with the
film either normal to the beam (NP) or at an angle of
45° (YP or ZP) while the plane of polarization was
rotated. The angle-dependent measurements show that
the film is isotropic in the NP plane, but the annealing
caused a significant decrease in absorbance. As the
beam was rotated in the tilted positions YP and ZP, a
significant anisotropy in absorbance is observed. To-
gether with the change in Amax there was a shift in Amax
between 276 and 292 nm, as plots in Figure 4 indicate.
Dichroism was largest at about 270 nm. The blue shift
of the absorbance maximum, attributed to H aggregates,
was found when the plane of the polarized light was
vertical; the aggregates of the cyanobiphenyl units that
form during the annealing are thus normal to the plane
of the film. The absence of J aggregates from the
spectra suggests that contact between mesogens at-
tached to different layers may be of type P; (Scheme 2).

In the normal position (NP), both before and after
annealing, polymer I's absorbance was unaltered as the
plane of polarization was rotated, showing that the
chromophore was optically isotropic in the plane, as may
be seen in parts a and b of Figure 5. However, when
the annealed film was tilted vertically toward the
measuring beam at an angle of 45° (ZP), near 300 nm
the absorbance varied systematically with the angle of
rotation of the planar polarized incident beam. This
dichroism from the azimuthal absorbance of the chro-
mophores may be seen in Figure 5. That the absorbance
was a maximum when the plane of polarization was
vertical and a minimum when the plane of polarization
was horizontal confirms that the chromophores have
become at least partially aligned. Both results can be
caused by a homeotropic monodomain or by out of plane
orientation of side groups in a polydomain structure.
We investigated this further by inspecting areas about
10 um across by optical microscopy.>® It was found that
successive annealings enhanced the extent of homeo-
tropically aligned regions and extended a monodomain.
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In Figure 6 we show how Sp for polymer | is enhanced
by one annealing and then stays fairly constant through
five subsequent annealings. If the individual values of
Amax and Anin are consulted, it may be seen that each
becomes slightly smaller during each annealing, and
that a limit may be approached. The nonpolarized
measurements using egs 2 and 3 as well as the polarized
measurements using eqs 4 and 5 are summarized in
Table 2. All LC poly(olefin sulfone)s show this ordering
tendency, which is strongest for the two homopolymers
I and IIl. So, in the annealed film of polymer | a
homeotropic orientation with an order parameter Sy =
0.63 is established. The corresponding spectroscopic
order parameter S, = 0.42 was obtained from the
homeotropically aligned film in the ZP arrangement of
the sample.

The second homopolymer, polymer 111, was made to
enhance congestion within the aromatic side chains, and
was similarly examined. In Figure 4c it is seen that
annealing lowered the absorbance at 300 nm but made
little difference to that at 225 nm. Studies after an
overnight annealing found again that dichroism of the
m—x* transition had developed, as the spectrum in
Figure 4c and the polar scan of Figure 5h confirm.
Further, we obtained the values for the parameters
characterizing the optical order that are given in Table
2. By both factors S and D (ZP) polymer 1 is slightly
more ordered than I11, perhaps because the backbones
are closer together in the backbone planes. Similar
studies were also performed on the terpolymers Il and
1V, as shown in parts b and d, respectively, of Figure 4.

The importance of chromophore concentration for
producing alignment and aggregation may be gauged
from the measurements on the copolymers, polymers |1
and 1V, in which the cyanobiphenyl groups are present
in only 4.8% and 1.5%, respectively, of the side groups.
After they were annealed, the spectra of these copoly-
mers suffered a negligible change in wavelength and
only a 25% fall of absorbance. For both polymers there
was observed a bathochromic shift of only 2 nm in ZP,
when the leaning position as ¢ was rotated (Figure
4b,d). The polar scans of Figure 5i indicate that there
is only a little ordering of the cyanobiphenyl groups in
the direction perpendicular to the plane of the film after
annealing: in contrast to the homopolymers, a low
anisotropy in the ZP position was established. A
statistical distribution of the side groups did not allow
sufficient aggregation to change Amax and the tendency
for homeotropic orientation is smaller.

To clarify the role of the backbone structure in the
annealing process we have examined a liquid crystalline
poly(methacrylate), polymer VI, also bearing cyanobi-
phenyl moieties in the side group. The backbones are
expected to have a random coil configuration.® In
Figure 7 we present the UV—visible spectra of a film of
polymer VI. It may be seen that the methacrylate
polymer differs from polymer | (see Figure 4a), in that
it has only a small decrease of absorption after anneal-
ing and no anisotropy, indicating that a layered struc-
ture and H aggregates are not formed. However, in
contrast to the poly(olefin sulfones), annealing of the
methacrylate polymer resulted in an increase of the
background absorption caused by light scattering, in-
dicating the formation of a polydomain structure.

Until now only liquid crystalline polymers have been
considered. The amorphous polymer V has the same
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Figure 5. Angular-dependent absorbance for films of (a) polymer I in the normal position NP at 296 nm, (b) in the twisted
position YP at 275 nm, and (c) in the leaning position ZP at 275 nm; (d) polymer Il in NP at 298 nm and (e) polymer 111 in NP
at 296 nm; (f) polymer 1V in NP at 298 nm and (g) polymer Il in ZP at 295 nm; and (h) polymer 111 in ZP at 275 nm and (i)
polymer IV in ZP at 295 nm. (®) denotes virgin film measurements and (O) at same wavelength after annealing.

poly(olefin sulfone) backbone but does not show any in the solvent (see Table 3). These are small medium
change concerning absorbance, shift, and anisotropy on effects. Stokes shifts of 56—100 nm were observed in
annealing for more than 10 h above the glass transition the virgin films of the liquid crystalline polymers, the
temperature at 57 °C for it does not have a liquid smallest, of 56 nm, being for copolymer Il in which the
crystalline phase.® The liquid crystalline polymer VI, cyanobiphenyl chromophores are isolated. Annealing
without a helical backbone, did not self-order upon of this film caused a minimal change of the shape of
annealing. the fluorescence spectrum on the red-shift side, but
Optical Studies of the Films by Fluorescence there was not any change of the maximum fluorescence
Spectroscopy. We show fluorescence spectra of the in front-face excitation. However the intensity was
liquid crystalline homopolymers I and 111, the copolymer reduced by 65%. Within experimental error there was
IV, and the amorphous copolymer V in Figure 8 in no change in the behavior of the film of the amorphous
chloroform, and both before and after annealing spun polymer V so all the changes in the other polymers are
films. For the films the excitation beam (1ex = 300 nm) clearly linked to the processes of alignment and ag-
was at 30° and the angle of detection at 60° to the gregation.
normal, the paths being in the same plane. For the In the virgin films polymer | emitted at 379 nm, 5
liquid crystalline homopolymers 1 and 111 the virgin nm below polymer 111, but much above the terpolymers
films have Anax at 16 nm greater than in the solvent, I1, 1V, and V in which the chromophores were dilute
but for the terpolymers Il and IV Aqax showed a and isolated (Table 3). Annealing caused the emission

bathochromic shift of about 8 nm in the film less than of both of the liquid crystalline homopolymers to move
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Figure 7. Absorbance of polymer VI as virgin film (i) and an
annealed film (ii) in NP and as an annealed film (iii) in 45°
leaning position ZP.

to 397 nm and caused the bandwidth to rise from 72 to
82 nm but did not influence the maxima of the other
polymers: Amax remained at 356 nm for the liquid
crystalline eicosenesulfone copolymers, Il and 1V, and
at 367 nm for the hex-1-ene sulfone copolymer, V. There
was also evidence for polymer 1V for a shoulder at 400
nm that intensified a little on annealing, suggesting that
the chromophores, found in pairs on the same residue,
were then able to associate more after annealing in the
parallel manner (H aggregates). This feature was
absent from the spectrum of the terpolymers (11 and V)
which had a single chromophore diluted in the side
chains, but was the main feature in the spectra of the
well-endowed polymers | and 111. We attribute the 400
nm feature in the fluorescence spectra of polymers | and
111 to an association of the chromophores. A further
characteristic of annealing was that the intensity of the
emitted light fell for the liquid crystalline polymers, to
about 35% of that for the homopolymers | and 111, and
to about 52% of that for the terpolymers Il and 1V, but
was unchanged when the amorphous terpolymer V was
cooled from above its glass transition temperature.
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Figure 8. Fluorescence of the polymers I (a), 111 (b), 1V (c),
and V (d) in chloroform (i) and as virgin (ii) and annealed (iii)
films.

Interactions of the chromophores in the ground and
excited states may cause a bathochromic shift of fluo-
rescence, the detected change is more probably caused
by ground-state aggregation. It is well-known that
H-aggregated species exhibit a weak fluorescence al-
lowed by non-perfect order in the smectic A phase.
X-ray Reflectivity Measurements and Grazing
Incidence Diffraction of the Annealed Films. We
have monitored the development of a layered structure
during the first annealing of an isotropically cast film
of polymer I in an energy dispersive X-ray experiment.
The sample was heated at 0.4 °C/min up to 86 °C and
then held there for 60 min. The results are shown in
Figure 9a. At 70 °C the system detected scattering in
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Figure 9. (a) Formation of the layered structure in spin
coated film of polymer | with the development of first Bragg
reflection, measured in an energy dispersive mode with less
resolution but with sufficient signal to detect changes during
a period of 1 min, at 17.168 keV (channel 380) on heating with
0.4 °C/min up to 86 °C. (b) SAXS Reflectivity curves of
annealed films for I, I, 11l and 1V.

channel 379, corresponding to ~48 A, from the layer
spacing, this signal increased quickly as the tempera-
ture rose and then more slowly once that was held. Thus
film annealing, which produced an arrangement of side
chain chromophores normal to the plane, was ac-
companied by the development of an extensive layer
structure.

The scattering patterns obtained by means of SAXS
from films of four of the polymers are shown in Figure
9b, where the two sharp peaks at room temperature
may be seen for the homopolymers I and Ill. These
layer spacings, d, are respectively, 47.6 and 41.9 A and
fall within the range found by the bulk powder diffrac-
tion measurements (Table 4). Calculation of the smectic
layer correlation length from fitting of a calculated
diffraction line shape to the experimental data*>*’ gives
a value of 166 nm for the annealed polymer I. This is
comparable with the thickness of the thin film and
indicates a very well developed smectic layer structure.
The diffuse diffraction feature observed at about 25 A
in the diffraction patterns of Figure 2 were not seen in
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Figure 10. (a) 2:1 in-plane detector scans at grazing incidence
for polymer 111 (O) with o; = 0.14° and polymer 1V (®) with o
= 0.15° (1V) showing peaks at spacings of 4.4 and 4.5 A
respectively. (b) Corresponding scans around the surface
normal at the angular position of the corresponding Bragg
maxima.

Figure 9b, so annealing may have removed any amor-
phous content from these films.

The thin film of polymer 1V has a broad SAXS peak
corresponding to a spacing of 15.9 A together with two
orders of the smectic layer peaks corresponding to a
spacing of 40 A. These peaks are more diffuse than that
of poly(eicosene sulfone)?! as the guest residues disrupt
the layer structure. The broad peak at a spacing of 15.9
A resembles that found for the parent poly(eicosene
sulfone)?! and may correspond to an amorphous com-
ponent not annealed from this film.

The thin film of polymer Il has a SAXS pattern with
two orders of sharp peaks corresponding to a layer
spacing of 40.7 A and two further broad peaks corre-
sponding to a spacing of 31.5 and 15.7 A which are
presently not understood; the latter may be a measure
of the spacings, s, within the layer of backbones, or
derive from an amorphous component. The SAXS
measurements for polymers I, 11, 111, and IV in com-
parison to the corresponding X-ray measurements in the
bulk polymer are given in Table 4. Though measured
at ambient temperatures the spacings in the thin films
correspond to values measured in the bulk at higher
temperatures. The dimensions may differ slightly as
these samples are films. Films of the amorphous
polymer V did not exhibit any sharp peaks in its
diffraction pattern and hence did not have a layer
structure.

Two polymer films were measured in grazing inci-
dence and in each case only one in-plane peak was found
in the range of 0 < gy < 2 A~1, parts of which are shown
in Figure 10a. From the half-widths of the peaks,
lateral correlation lengths of about four to five next
neighbor side groups were calculated. For the copoly-
mer IV the normalized intensity of the in-plane Bragg-
peak was found to be twice of that of the homopolymer
I11. At this angular position, detector scans around the
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Figure 11. “Rod”-scans in the first-order in-plane Bragg-
peaks of films of (a) polymer 111 (O) and (b) polymer 1V (®)
with 0 < g, < 0.9 AL,

surface normal were carried out to measure the azi-
muthal arrangement of the polymer side groups within
the films. It was found that there was a modulation in
scattering intensity as the angular position, w, was
varied for polymer 1V, as shown in Figure 10b. Inten-
sity maxima are visible at w = 0, 90, 240, 270, and 300°,
such diffraction features can arise from just two do-
mains in the upper layer of the film. Polymer I11 film
shows no preferred orientation in the azimuthal direc-
tion as is expected for a fluid smectic phase.
Simultaneously, the crystal truncation rods® were
recorded. In the case of homopolymer 111 (Figure 11a),
the surface peak and, for to higher o values, only very
slight modulations of the rod were observed. This
suggests a vertical domain size which did not much
exceed one d spacing layer; perhaps each layer is
organized independently of its neighbors. The polymer
1V film did not show the surface peak but gave rise to
more intense undulations along oy, Figure 11b, suggest-
ing greater correlation through the layers in this ter-
polymer film. This suggests that it is a crystalline
smectic B phases rather than a hexatic B phase.5!
Optical Studies on Films by Circular Dichroism.
We readily found circular dichroism in the annealed
films of polymers | and Il when they were inspected at
an angle of 45° to the normal, all but negligible signals
from the virgin spun films when inspected in the same
manner (Figure 12), and no signals at all from their
solutions, as the polymers were of course not optically
active. The effects from the polysulfone films were
within a magnitude of each other, and were generally
positive (presumably random) in three or four regions
of 2. The main signal in each CD spectrum of the
homopolymers was at about 280 nm, a wavelength that
in parts a and b of Figure 4 displayed the largest linear
dichroism that we associated with H aggregates. There
are also less intense signals at 320 and 370 nm for
polymers I and I11 there being only a trace of the 320
nm feature in the signal from polymer I11. Features at
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the latter wavelengths are not seen in the UV spectra
of Figure 4 and may be the only evidence for J ag-
gregates. The side-chain structure of polymer 111 may
discourage their formation, and instead favor H ag-
gregates (see Scheme 2).

As polymer Il showed much less significant CD
signals between 220 and 400 nm (and only a small
change in the position of the UV absorption maximum
on annealing), the CD signal from that polymer cor-
relates with little aggregation of the chromophore. For
the cyanobiphenyl homopolymer, the largest CD signal
is at 265 nm, even more blue shifted than the maximum
of the dichroism (270 nm), which may be consistent with
chiral supramolecular structures being higher aggre-
gates. The CD signal from polymer 111 is similarly
prominent when measured at a 45° angle, having a
major feature at 270 nm, but the signals from the
terpolymers are less intense in that geometry. The
signals from the homopolymer are bimodal having
features at about 270 and 320 nm, but the more isolated
chromophores give broad bands centered on 290 nm.
Even the amorphous polymer V shows a minor effect.

Several structural effects may introduce chirality to
this system. First, the cyanobiphenyl rings are non-
planar, the angle of twist being ~40°,5556 so the simple
biphenyl unit itself is chiral, second, pairs® of or higher
numbers of cyanobiphenyl groups may be chiral, third,
aggregates may be chiral like the pinwheel structures
invoked by Whitten®” or in herringbone patterns,20.36:51
and finally, there are helices present in the backbone,
though these are remote from the chromophores.813 The
architecture of the aggregates may generate a chiral
assembly, to cause the interactions of the transition
moments to change the coupling oscillation strength, as
in the exciton—chirality Model.3233 When we turn to
polymer I11 we find a stronger CD effect after annealing
(Figure 12c). Again the maximum is blue-shifted (257
nm) compared to 275 nm for the maximum of the
dichroism and 285 nm for the Amax Of the monomer in
hexane. A pair of residues may have a chiral center,
or a pinwheel type of structure might form from three
or four of them. A graduation from strong CD signals
for the biphenyl homopolymers to smaller intensity for
the terpolymers and finally no signal for the amorphous
polymer confirms the assumption of induced chirality
by aggregation, but the structure of the aggregation is
elusive.

Conclusions

When annealed below the clearing temperature, spin-
coated films of poly(olefin sulfone)s with one or two
cyanobiphenyl side groups per residue developed liquid
crystallinity, and the optical and X-ray diffraction
properties were considerably modified, so there was no
suggestion of an amorphous component. The annealing
process caused a spontaneous self-assembly to form a
new type of smectic structure, in which the rodlike side
groups are homeotropically aligned and aggregated, and
helices form in the backbones as electrostatic effects
between the sulfone dipoles become effective, and then
their helices attract each other to become planar aligned
over the film. Polymers | and 11l fit the model of
Scheme 2, in which the structure-determining features
are the cross-sectional area of the aromatic mesogens
and the pitch of the backbone helix. The clearing
temperature rose and interlayer spacing d fell as the
number of mesogens per residue was changed from 1
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Figure 12. CD spectra of the polymers | (a), 11 (b), 111 (c), IV (d), and V (e) as virgin film (i), annealed film NP (ii) and annealed

film ZP (ii).

to 2. A glass transition temperature at about 15 °C was
associated with the spacers. Both the initial and the
annealed films were optically isotropic when examined
at a normal direction, but the annealed films showed
also a significant dichroism of the 7—xa* transition on
measuring the sample in a tilted orientation, the Amax
shift indicating H aggregates. The spontaneous orien-
tation of the side groups led to a significant decrease of
the n—xa* absorbance of the biphenyl moieties when
measured in the normal direction and resulted in
spectroscopic degrees of order as high as 0.63—0.50 for
the smectic homopolymers bearing two and one side
chain mesogens respectively per residue. Enhancing s
reduces the order possible in the side chains. The
ordered films were optically clear and did not scatter
light, indicating the formation of a homeotropically
aligned monodomain of the side groups of the liquid
crystalline polymers. There was not just a thermotropic
self-organization to form domains, but X-ray reflection
and SAXS indicated the film has a layered structure of
the backbones parallel to the interfaces which went
through the whole film. For the crystalline polymer IV
there were probably only two domains in the surface
layer, the spacing of which corresponded to the penetra-
tion depth.

Annealing spun films of polymers Il and IV by cooling
also yielded layered structures, together with some
amorphous content, with only polymer 1V having a fluid
smectic A phase, with in a small temperature range.
At room temperature the crystalline B phases again
extended over the plane of the substrate, but the diluted
chromophores were only partly aligned normal to the
plane. Helicity and polarity of the backbones created
these layers, as in poly(eicosenesulfone), but the small
fraction of aromatic units suppressed or limited the
formation of a fluid smectic phase and promoted crys-
tallization.

Accompanying the molecular self-association of the
biphenyl moieties in | and 111, z— interactions caused
the formation of dimers or clusters of chromophores.
This was not seen in the liquid crystalline or amorphous
polymers in which only a few residues bore such groups,
but there was a small effect when as in polymer 1V, the
mesogenic units came in pairs, perhaps when larger
aggregates formed. An exclusive content of mesogens
in the side chain and the enforced organization in the
liquid crystalline poly(olefin sulfone) homopolymers
favored such packing. The aggregates were the most
homeotropically aligned structures in I and IlI; they
were characterized by a blue shift in absorption, a red
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shift in fluorescence, and an induced circular dichroism.
The spectral shift is ascribed to exciton interaction
between the aromatic side groups in H aggregates,32:33
the absence of J aggregates perhaps indicating a P, type
of interdigitation in the partial bilayer (Scheme 2).
Moreover, the induced circular dichroism showed that
the aggregated side groups of the poly(olefin sulfone)s
formed a chiral supramolecular structure. This finding
within such planar fluid layers is an extension of recent
results concerning aggregated achiral chromophores in
phospholipid bilayers3"6263 within micelles and spon-
taneous formation of chirality in the case of J aggregates
of achiral cyanine dyes.*?2 Cyclic tetramer units
(“pinwheel”) or herringbone lattices have been
discussed?0:37.62-64 g5 supramolecular structures produc-
ing this effect, but in the present case, the helical sense
of the backbones may feature, though they are rather
remote. So the spectral properties of the chromophores
are strongly affected by their mode of orientation and
aggregation by the ordered microenvironment in the
two-dimensional layers of these polymers.

The structure—property relationships suggests that
these orientation and aggregation phenomena in thin
films were driven by the liquid crystallinity and the
segregation tendency of the two components, the polar
backbone and aromatic side groups of these polymers.
These effects were missing from the amorphous poly-
(olefin sulfone), polymer V, and the smectic poly-
(methacrylate), polymer VI, with identical cyanobiphen-
yl side groups. The comparison of the homopolymers |
and 11 with poly(eicosene/biphenyl) copolymers Il and
1V shows the requirement for a full complement of the
stiff, aromatic side groups in the side chain orientation
process. In contrast to these poly(olefin sulfone)s other
combined main and side chain liquid crystalline poly-
mers with comparable side chain mesogenic groups tend
to have alignment of the rodlike side groups parallel to
the polyglutamate®* or aromatic® backbones. Polar
effects within the polysulfone backbones cause helices
to form, polar effects between the backbones causes
them to form planar layers, and the aromaticity of the
side chains cause a homeotropic self-assembly. For this
supramolecular structure we introduce the term homeo-
planar smectic.
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