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We synthesised a highly birefringent liquid crystalline (LC) side-chain polymer based on polymethacrylate
with a dinaphthyl-acetylene mesogenic unit in the side chain. Three polymer types with different carbon
numbers in the terminal alkoxy chain (m = 1, 3 and 6) were prepared, and their optical properties as well
as phase sequential behaviours were investigated. All polymers formed a nematic phase with a wide

temperature range, and a smectic C phase was detected between the nematic and crystal phases when m
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Accepted 8th December 2013 was extended to 6. Notably, for homologous m = 1, we successfully obtained a nematic glassy-state LC
film with high optical performance under ambient temperature conditions. The optical properties of this

DOI: 10.1039/c3py01525a LC film were shown to be consistent with those of a highly birefringent, low molar mass LC material, with
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Introduction

Liquid crystals (LCs) have been widely used for manufacturing
flat panel displays such as those used in televisions, personal
computers and mobile phones. This, in turn, is leading to
increasing use of high-birefringence (An) LCs for fabricating
telecommunication devices," laser emission films,> organic light-
emitting diodes (OLEDs),® optical fibres* and photostorage
devices.” The use of high-An LC materials in such applications is
advantageous in not only reducing the size of the devices, ie.,
reducing cell gaps and film thickness, but also for reducing the
cost of materials. It is known that to obtain the high-An property,
introduction of a m-conjugation moiety along the molecular long
axis is practical. To extend the conjugation length further,
multiple bonds or unsaturated rings are commonly employed.*®
In our previous studies, dinaphthyl diacetylene (DNDA) and
dinaphthyl acetylene (DNA) moieties were employed as meso-
genic units. Consequently, the so-called DNDA-OCm and
DNA-OCm (m is the carbon number of the tail) exhibit a wide
temperature range corresponding to the nematic (N) LC regime
and high An properties, reaching as high as 0.62 for DNDA-OC2.°
Thus, the potential of DNDA and DNA derivatives as high-An LC
materials for use in various optical applications was confirmed.

For use in such optical applications, it is also important for
the developed materials to exhibit high-An properties at ambient
temperatures. In this sense, a glassy film with uni-aligned LC
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birefringence, extraordinary and ordinary refractive indices of 0.36, 1.82 and 1.46, respectively at 550 nm.

polymers is a good candidate in terms of both optical properties
and usage under ambient conditions, because it can provide
high transparency by retaining a uniaxially aligned N orientation
through vitrification. Recently, we reported the synthesis of
highly birefringent polymethacrylates (PMs) with dialkoxy
diphenyl-diacetylene (DPDA) moieties in the side chain.'® The
obtained polymer had a wider N phase regime than the mono-
mer and it was successfully vitrified holding the N orientation.
Further, the polymer exhibited a high birefringence with the
highest value of 0.3 (at 550 nm) obtained at room temperature.
However, to develop such polymers for practical use in optical
devices, it is necessary to overcome the following problems: (1)
monomer synthesis is difficult and asymmetric DPDA is
prepared via reactions involving several steps, such as Sonoga-
shira, Negishi and Corey-Fuchs reactions.'"*> Therefore, the
total monomer yield is relatively low. (2) Radical polymerisation
cannot proceed in the presence of diaryl-diacetylene moieties;
consequently, only an anionic polymerisation can be performed,
which may not be practical.*® (3) The obtained An value, 0.3, is
high but still requires improvement through changes in the
molecular design. As an effective strategy for overcoming these
problems, we designed a PM with a highly birefringent DNA
pendant group in the side chain.

In this study, we synthesised a high-An LC PM with a side
chain mesogen based on DNA (Scheme 1) and succeeded in
obtaining a N glassy film with high birefringence at room
temperature. As mentioned above, the DNA moiety is a good
candidate for generating a high-An material and offers the
advantage of not trapping radicals during radical polymerisa-
tion. This synthesis was then successfully performed by free
radical polymerisation, which allowed us to prepare three
polymer types with differing alkoxy tail lengths. The phase
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transitional behaviours and optical properties, such as the
ordinary and extraordinary refractive indices and birefringence,
were examined.

Results and discussion

Synthesis

The synthetic route for side-chain LC type of PM with DNA-OCm
(poly-DNA-OCm) is shown in Scheme 1. These novel monomers
were mainly synthesised according to the following steps: (1)
Williamson ether reaction for compound 1 and 6-bromo-1-hex-
anol; (2) Sonogashira coupling reaction for compound 3 and
subsequent removal of a protecting trimethyl silyl group for
compound 4 to obtain compound 5; (3) Sonogashira coupling
reaction for compound 5 and 2 (4) esterification between
compound 6 and methacrylate chloride to obtain the mono-
mers.** The monomers could be easily polymerised by employing
conventional free radical polymerisation with azobisisobutyr-
onitrile (AIBN). The polymers were soluble in organic solvents
such as tetrahydrofuran and N-methylpyrrolidinone among
others. The chemical structure of the monomers was confirmed
by 'H nuclear magnetic resonance (NMR) and **C NMR spec-
troscopy, and that of the polymers was confirmed by "H NMR

Table 1 Number average molecular weight (M,)) and polydispersity
(M\/M,,) for poly-DNA-OCm

m 1 3 6
M, 30 000 27 000 56 000
M, /M, 1.91 1.98 2.18
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Table 2 Phase transition behaviours of monomers and polymers?

Compound Transition temperature/°C (enthalpy/k] mol ")

Mono-DNA-OC1
Mono-DNA-OC3
Mono-DNA-OC6

Cr 103.5 (37.1) N 159.0 (0.52) Iso
Cr 102.0 (20.7) N 183.2 (0.19) Iso
Cr 104.5 (5.57) N 157.0 (0.90) Iso

Poly-DNA-OC1 G 67.4 (0.20) N 251.4 (0.61) Iso
Poly-DNA-OC3 Cr 113.8 (5.37) N 246.5 (0.61) Iso
Poly-DNA-OC6 Cr 140.0 (5.42) SmC 178.1 (0.47) N 231.2 (0.62) Iso

“ Transition temperatures were determined upon cooling process.

spectroscopy.'® The number average molecular weight, M,, and
polydispersity of the polymers, M,/M,, were determined by gel
permeation chromatography, which are listed in Table 1.

Mesomorphic properties

The phase sequential properties upon cooling, of both the
monomeric compounds (mono-DNA-OCm) and polymers (poly-
DNA-OCm) are listed in Table 2. All monomers showed enantio-
tropic crystal (Cr)-N and N-isotropic (Iso) phase transitions upon
heating and cooling. Interestingly, all compounds showed a wide
N temperature range over 50 °C, implying that the DNA mesogenic
unit had sufficient potential as a nematogenic monomer unit. On
the other hand, the mesomorphic properties of the polymers
seemed to be much more complicated than those of the mono-
mers. First, the appearance of an additional smectic C (SmC)
phase was observed for poly-DNA-OC6 between the Cr and N
phases, which might be caused by the extension of the alkoxy
length in the pendant side-chain. Upon polymerisation, it was
clear that the isotropisation temperatures (T;) of the polymers were
higher than those of the monomers, which was the result of both
the degree of polymerisation and carbon number of the terminal
chain (m). However, the melting temperature remained near 100
°C, except for the m = 6 homologue. First, the most noticeable
effect of polymerisation was an expansion of the N phase
temperature range, which was basically derived from the elevation
of Tj; consequently, a wide N temperature range over 100 °C was
realised, which was more than double that of the monomers.
Thus, poly-DNA-OCm is definitely a promising material with high
processability apart from its outstanding optical performance.
Second, it was clearly observed that poly-DNA-OC1 showed a glass
transition temperature (7) at 67 °C, which would provide a highly
oriented N glassy film state at ambient temperature.

Optical properties

Measurement of An was performed for a homogeneously
aligned N LC kept in a thin cell with rubbed polyimide.®
Because the viscosities of the polymers were higher than those
of the monomers, the polymers could hardly be loaded by
capillary force. Thus, it was sandwiched between a pair of glass
plates after heating to over T; (the cell gap (d) was controlled
between 4 and 6 pm using film spacers). The transmittance of
light under cross-polarisation conditions was then observed as
a function of wavelength, A, by a microscope spectroscopic
method. Here, the rubbing direction, i.e., a N director, was set

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Transmittance spectra observed for a glassy film of poly-DNA-
OC1 at 25 °C (black open circle) and the fitted value (red solid line) by
determination of Cauchy's coefficients. As can be seen, the fitted curve
is in good agreement with the observed.

with an angle of 45° to the polarisers. Typical transmittance
data obtained from poly-DNA-OC1 are shown in Fig. 1. As can
be seen in Fig. 1, the transmitted light intensity, I, was fitted
well by eqn (1) and Cauchy's eqn (2), leading to the determi-
nation of coefficients a, b and c. Here, A is constant.

1 . o (TdAn(2)
- Asin (f) )]
An(/\):a—i-%—i-% 2)

Fig. 2 shows the wavelength dispersions of An determined for
poly-DNA-OCm (m = 1, 3 and 6). Firstly, for a comparison within
the nematic phase, the An values were plotted against the same
reduced temperature, 7/T; = 0.9 as shown in Fig. 2 (a). Here, the
An values showed an increase with decreasing terminal chain
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Fig. 2 Wavelength dispersions of birefringence for poly-DNA-OCm
compared with (a) the same reduced temperature (T/T; = 0.9) in the
nematic phase and (b) their highest values at the nematic glass state,
nematic phase and smectic C phase for m =1, 3 and 6, respectively.
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length, m, from 6 to 1 even though the absolute temperatures of
measurements also increase by decreasing m. This decrease
resulted from a dilution effect in which an increase in the
number of carbon atoms in the alkoxy tail contributed less to the
molecular polarisability because its contribution to the optical
anisotropy of molecules per unit volume was less effective than
that of a conjugated moiety.'*"” Secondly, in order to confirm the
best optical performance for each material, An values were also
plotted with their highest values, which were collected at 110 °C
(N phase) for poly-DNA-OC3, 160 °C (SmC phase) for poly-DNA-
0OC6 and at room temperature (N glassy film) for poly-DNA-OC1.
Interestingly, in this case, not only a dilution effect of the
terminal chain length but also a vitrification effect could be
responsible for the notable increase in An observed for a
nematic glassy film of poly-DNA-OC1. This will be discussed in
detail below. The highest among the measured values was 0.36
at 550 nm for poly-DNA-OC1, which showed significant
improvement by 20% from the value of 0.3 at 550 nm previously
reported for the DPDA-based side-chain LC polymer.*°

To visualise the temperature dependence of birefringence
and compare it among the homologues, the An values collected
at 550 nm were plotted against the temperature as shown in
Fig. 3. In the higher temperature region near the isotropic-N
transition temperature (7;), the polymers exhibited relatively
low birefringence, whereas birefringence gradually increased
with decreasing temperature. This result could be explained by
the temperature dependence of the order parameter (S) of the N
director, which is well described by Haller's approximation
given in the following equations."®
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Fig. 3 Temperature dependence of birefringences obtained for poly-
DNA-OCm. (a) Plotted against reduced temperature. (b) Plotted
against temperature and fitted by egn (3) and (4). For m = 3 and
6 compounds, the fitting was performed within the nematic phase
region. The arrows indicate glass transition and N to SmC transition
points.
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Table 3 Determined values of Ang and 8 by Haller's approximation

m An, 6 T;
1 0.479 0.233 249.6
0.455 0.213 236.2
6 0.417 0.236 235.3
An = AngS (3)

5= (1_%)6 (4)

here, An, is the extrapolation value that is, the birefringence
expected for a perfectly oriented N LC and ( is the material
constant characteristic of the N LC. This equation fits well as
shown in Fig. 3 and the determined values of An, and g8 are
listed in Table 3. Among the polymers, poly-DNA-OC1 showed a
noteworthy trend. Near the T, An reached the highest value,
deviating from the expected fitting value of 120 °C, which could
be the result of vitrification of the N LC. In other words, the
highest optical performance of poly-DNA-OC1 films could be
achieved in the solid film. The order parameter at room
temperature calculated by eqn (3) was approximately 0.76 and
when the order parameter was 1, which is attained by coupling
of the elongation, the film held a An value of 0.479 at 550 nm.
This is definitely a high value and is a promising characteristic
of these materials that can find various usages in fabrication of
optical devices.
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Fig. 4 (a) A typical example of the transmittance spectra (blue open
circle) observed perpendicular to the nematic director for poly-DNA-
OC1 at room temperature. Curve fitting (red open circle) was also
performed in order to obtain the ordinary refractive index. (b) Wave-
length dispersion of extraordinary (ne) and ordinary (n,) refractive
indices and ne — n, measured for the poly-DNA-OCI1 film at room
temperature. An value presented in Fig. 2 is also plotted
simultaneously.
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For a more detailed analysis of the optical performance, we
measured an extraordinary refractive index, n. and an ordinary
refractive index, n, using a multiple-beam interference (MBI)
method.” Measurement of transmitted intensity via MBI was
performed using two geometries in which the linearly polarised
incident light was set either parallel or perpendicular to the
direction of the N director, . Here, the extraordinary and
ordinary refractive indices were defined with optical geometries
that allowed the transmitted light intensity to be observed, such
that the plane of the linearly polarised incident rays was parallel
or perpendicular to the molecular long axis.”

A representative transmittance spectrum is presented in
Fig. 4(a), as observed for the poly-DNA-OC1 film with polarised
incident light perpendicular to the molecular orientation that
is, measuring ordinary refractive index. The spectra were then
curve-fitted using eqn (5) to determine the coefficients a and b.

For normal incidence, the transmittance intensity can be
expressed as:

% = ! I = {1 — A'sin’ (?ndﬂ (5)
' 14 A’sin’ (7nd)

n(2) =a+— (6)

where 1, and n, are the refractive indices of the glass and the LC
polymer media, respectively. Here, the wavelength dependence
of A’ is ignored because the final value of A’ can be considered
small. By utilising Cauchy's eqn (6) with the determined coef-
ficients a and b, we obtained the values and wavelength
dispersions of . and 7, as well as the difference between n. and
n, as presented in Fig. 4(b). First, the high An property of
DNA-OC1 can be attributed to the high extraordinary refractive
index of 1.82 at 550 nm, whereas the ordinary refractive index
was 1.46. Second, both birefringence values of n. — n, and An
simultaneously plotted in Fig. 4(b) show good agreement with
each other, which implies that our measurement of n. and n,
was sufficiently reliable.

o4 O poly-DNA-OCT (30K)
A S o00m - A poly-DNA-OCI (8K)
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Fig. 5 Temperature dependence of birefringences obtained for
mono-DNA-OC1 and poly-DNA-OC1 with different molecular
weights of 30 000 and 8000. Not only polymerisation but also the
degree of polymerisation affects the absolute value of birefringence.
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Finally, the optical properties of the monomer and polymers
were compared. Fig. 5 shows the typical temperature depen-
dence of birefringence observed for mono-DNA-OC1, poly-DNA-
OC1 (8k) with M,, = 8000 and poly-DNA-OC1 (30k) with
M,, = 30 000. It is apparent that the An value increased by
polymerisation as demonstrated by a comparison between
mono-DNA-OC1 and poly-DNA-OC1. Further, an increase in
birefringence was obvious with increasing molecular weight
from 8000 to 30 000. This feature is striking from the view point
of molecular polarisability per unit volume, because the poly-
mer main chain backbone would be in a perpendicular direc-
tion to the side chain mesogenic moiety and then the
polymerisation seemed to have less effect on the An value. One
possible explanation for the increase in the An value by poly-
merisation and with an increase in M,, might be an increase in
the order parameter upon polymerisation. To compare the
order parameters of poly-DNA-OC1 (30k) and mono-DNA-OC1,
An/An, values (at 550 nm) were calculated at room temperature
and 115 °C (N phase) for the poly-DNA-OC1 glassy film and
mono-DNA-OC1, respectively. As already presented in Fig. 5, the
former gave a An/An, = 0.76 whereas the latter gave a An/
Ang = 0.70, which is apparently smaller for the monomer than
the polymer unit. Then, once again we have confirmed their
order parameters via X-ray measurements for oriented samples
using a magnetic field. Fig. 6(a) and (b) show typical oriented
wide-angle X-ray diffraction (WAXD) patterns obtained for the
poly-DNA-OC1 film and mono-DNA-OC1 at room temperature
and N phase (140 °C), respectively. As can be seen from the
diffraction patterns, the outer broad diffractions at g (= 27/d) =
2m/4.4 A= were located on the equatorial line, indicating the
uniaxial alignment of mesogenic units, i.e., the side chains were
successfully oriented parallel to the magnetic field. However, it
was obvious that the degree of orientation was higher in the
polymer (Fig. 6(a)) than in the monomer (Fig. 6(b)) as clearly
shown in Fig. 6(c), which shows the beta scan profile of the
outer diffractions observed in Fig. 6(a) and (b). The order
parameter, Sx (here, we adopted a subscripted ‘x’ to distinguish
it from the order parameter, S, calculated from the birefrin-
gence observations) was induced with the distribution of
azimuthal angle (8) and the corresponding intensity, (), into
the conventional equation:*

(3(cos® B) — 1)

Sy = 5 )

where the average cosine square, (cos® §), was obtained from
the following equation:

/2

J I(8) cos® B|sin 8|dg

7 (8)
|, 1@)1sin pias

0

(cos’ B) =

The calculated Sy values were 0.79 for the poly-DNA-OC1 film
at room temperature and 0.57 for mono-DNA-OC1 at 140 °C,
which were consistent with the order parameter, S, observed
from the birefringence measurements. Here, the Sy for mono-
DNA-OC1 was 0.57, which is smaller than the An/Any = 0.70 at
115 °C. However, this difference seems to be the result of the
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Fig. 6 Oriented patterns of WAXD measurements for (a) poly-DNA-
OC1 film at room temperature and (b) mono-DNA-OCI1 at 140 °C. (c)
Azimuthal scans of outer broad reflections shown in (a) and (b) located
on the equatorial line at 2n/4.4 A~2,

measuring temperature as the X-ray measurement was per-
formed at a slightly higher temperature of 140 °C. At 140 °C, a
An/An, of 0.66 was calculated. Thus, it could be concluded that
the order parameters derived from the WAXD measurements
also showed the same result that the polymer could obtain a
higher orientation in the glassy film than the monomer's degree
of orientation in the N phase.

Here, it can be assumed that polymerisation can affect the
order parameter in a way that suppresses the individual fluc-
tuation of side chain deviation from the average direction of
mesogens, n-director, by tying up one of the terminal chains
into the rigid polymer backbone. Thus, the length of the spacer
(here, the number of carbon atoms is six) is thought to have an
important role that can also affect the optical properties
combined with the factor of molecular weight. Consequently,
effects of both polymerisation and vitrification seem to be
attributable to the current observation of high birefringence in
poly-DNA-OC1 with higher molecular weight.

Conclusions

By radical polymerisation, we synthesised highly birefringent
side-chain LC polymers, poly-DNA-OCm, which were composed
of PM with a DNA mesogenic moiety in the side chain.
Furthermore, we evaluated the optical performance of these
polymers, including birefringence and extraordinary and ordi-
nary refractive indices. Notably, we also succeeded in obtaining
a N glassy film of poly-DNA-OC1 with excellent optical proper-
ties at room temperature. Owing to not only high optical
performance of the DNA mesogenic unit, but also to a higher
order parameter effect that is derived from the vitrification at
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the ambient temperature region, the poly-DNA-OC1 film
exhibits a significantly high birefringence of 0.36, n. = 1.82, and
n, = 1.46 at 550 nm, which exceed those of the monomer. We
believe this optical performance can be attributed to both the
polymerisation and vitrification effects of the poly-DNA-OC1
glassy film resulting from the higher order parameter of poly-
meric compounds. This study provides a potential solution
involving a LC polymer that is transparent and can be used at
ambient temperature with significantly high optical ability for
future development of optical films.

Experimental section

Measurement of optical and thermodynamic properties and
X-ray investigation

The phase determinations were carefully made by using POM
observations, DSC measurements and WAXD investigations.*

Optical textures were observed under a crossed polariser
using a Nikon LV100 Pol polarising optical microscopy system.
Transition temperatures and the corresponding enthalpies were
determined by differential scanning calorimetry using a Perkin-
Elmer Pyris 1 calorimeter. The An measurement was performed
by a microscopic spectroscopy method using a Nikon LV100 Pol
optical microscope equipped with a USB4000 (Ocean Photonics)
spectrometer. X-ray investigations were carried out with
samples kept in glass capillary tubes (1.5 mm diameter) for
oriented patterns under either a magnetic field or supercon-
ductive magnetic field. WAXD measurements were performed
using both a Rigaku RINT-2500 X-ray generator equipped with a
flat plate-type imaging plate and a Bruker D8 DISCOVER X-ray
diffractometer equipped with a Vantec-500 detector using Cu-
Ko radiation.
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