This article was downloaded by: [Changchun Institute of Optics, Fine Mechanics and Physics]

On: 16 March 2014, At: 18:24

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/tlct20

Fast response property of low-viscosity
difluorooxymethylene-bridged liquid crystals

Zenghui Peng ? , Yonggang Liu ? , Zhaoliang Cao ? , Quanquan Mu # , Lishuang Yao ? , Lifa Hu
2 Chengliang Yang ® , Rina Wu ® & Li Xuan @

& State Key Laboratory of Applied Optics , Changchun Institute of Optics, Fine Mechanics
and Physics, Chinese Academy of Sciences , Changchun , China

® School of Science , Shenyang Ligong University , Shenyang , China
Published online: 10 Oct 2012.

L
o)
—
F
o
i
o
e
=
—
—
=
=3
o

To cite this article: Zenghui Peng , Yonggang Liu , Zhaoliang Cao , Quanquan Mu , Lishuang Yao , Lifa Hu , Chengliang Yang ,
Rina Wu & Li Xuan (2013) Fast response property of low-viscosity difluorooxymethylene-bridged liquid crystals, Liquid
Crystals, 40:1, 91-96, DOI: 10.1080/02678292.2012.733035

To link to this article: http://dx.doi.org/10.1080/02678292.2012.733035

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained

in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any

form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions



http://www.tandfonline.com/loi/tlct20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02678292.2012.733035
http://dx.doi.org/10.1080/02678292.2012.733035
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Changchun Institute of Optics, Fine Mechanics and Physics] at 18:24 16 March 2014

Liquid Crystals, 2013

Vol. 40, No. 1, 91-96, http://dx.doi.org/10.1080/02678292.2012.733035

Taylor & Francis
Taylor & Francis Group

Fast response property of low-viscosity difluorooxymethylene-bridged liquid crystals

Zenghui Peng?, Yonggang Liu®*, Zhaoliang Cao?, Quanquan Mu?, Lishuang Yao?, Lifa Hu?,

Chengliang Yang?®, Rina Wu® and Li Xuan®

“State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of
Sciences, Changchun, China; ®School of Science, Shenyang Ligong University, Shenyang, China

(Received 24 August 2012; final version received 19 September 2012)

In this study, three kinds of low-viscosity difluorooxymethylene-bridged (CF,0) liquid crystals (LCs) were synthe-
sised. These materials exhibit low melting point and low viscosity at room temperature. The viscosity of the final
LC mixture significantly decreased when LC compounds were mixed with high-birefringence (An) isothiocyanato
LCs. The tested curves with varied temperatures of LC mixtures showed that some CF,0 LC compounds could
enhance the response performance of high-An LCs in a specific temperature range. Therefore, LC compounds with
low viscosity could become a component of LC mixtures with fast response performance.

Keywords: low viscosity; fast response; liquid crystals

1. Introduction

Liquid crystal (LC) devices have great application
potential when used as display, light valves, tuneable-
focus lens, spatial light modulators and other photonic
devices [1-5]. Photonic devices always need fast
response speed. The rise time and decay time for
homogeneous LC devices are described in the follow-
ing equations [6]:

42
Trise = D " 5 (1)
Knm2 |(V/Va)? = 1|
nd*
Tdecay = K1_17T2 (2)

where y is the rotational viscosity, K is the elastic
constant, J and V7, are turn-on driving and threshold
voltages, respectively, and d is the cell gap. Generally,
the rise time can be shortened by the overdriving
method. However, the decay time depends on the
intrinsic parameters of LC devices, which are the
key factors for response performance. According to
Equation (2), the low visco-elastic coefficient (y; /K1)
and the thin cell gap could give a fast response for
LC devices. However, these photonic devices require a
definite retardation depth, such as a 2 phase change
for wavefront corrector. Hence, the cell gap cannot be
arbitrarily decreased. Based on the same modulation
depth, increasing the birefringence (An) of LC mate-
rials allows a thinner cell gap to enhance response
speed. Therefore, LC materials with high An and low
viscosity are needed for these photonic devices.

A series of high-An LC compounds with a linear
shape and a long conjugated group was synthesised to
obtain a fast-response LC material. Gauza et al. syn-
thesised biphenyl, cyclohexyl-biphenyl isothiocyanato
(NCS) LC compounds with an An value of 0.2 to
0.4 and a visco-elastic coefficient of approximately
10 ms pm~2 [7]. Figure-of-merit (FoM) [8] was defined
to describe the response performance of the LC mate-
rial in Wu’s work (Equation (3)). An NCS LC material
with unsaturated substituted groups was synthesised
and investigated in 2006 [9]. In this study, the final
two NCS LC mixtures showed An values of 0.25 and
0.35, a visco-elastic coefficient of approximately 6 ms
pwm~2, and FoM values of 10.1 and 18.7 wm? s~!. The
response speed of the LC material, which worked in a 2
pm device, was 640 s at 35°C. In subsequent research,
a series of fluro-substitued phenyl-tolane NCS LC
materials with an An value of up to 0.5 at room tem-
perature was developed, some of which showed better
response performances [10]:

FoM = Ky An? [y (3)

The aforementioned studies hardly attempted to
develop an LC compound with a small An and a
low viscosity to formulate a fast-response LC mix-
ture. We previously synthesised difluorooxymethylene-
bridged (CF,0) LCs [11] with an ultra-low viscosity
of approximately 90 cP. Within a certain concentra-
tion range, the response performance of the final LC
mixture could be improved by mixing it with a high-
An NCS LC [12]. In the present work, three kinds
of CF,0 LC compounds were synthesised and mixed
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into a high-An LC. The response performance of the
final mixtures and the effects of the CF,0O group on
the visco-elastic coefficient of the LC compound were
investigated.

2. Experimental details
2.1 Synthesis

Scheme 1 illustrates the procedure used to synthe-
sise 4'-n-propyl-biphenyl-a, a-difluoromethyl 3,4,5-
trifluorophenyl ether (LC2) [11].

2.1.1 Synthesis of intermediate compound 1
Compounds 4'-n-propylbiphenyl-4-carboxylic acid
(17.0 g, 0.10 mol) and 1, 3-propanedithiol (14.07 g,
0.13 mol) were dissolved in a mixed solvent
of toluene (30 mL) and isooctane (30 mL).
Trifluoromethanesulfonic acid (15.59 g, 0.13 mol)
was added dropwise in 30 min, and the suspension
was stirred at 50°C. The reaction mixture was heated
to 100°C at reflux and was stirred for 4 h. The suspen-
sion was cooled to room temperature and then filtered.
The obtained yellowish solid product is compound 1.
IH NMR (400 MHz, CDCls, 3/ppm): 0.978 (t, 3H,
J = 144 Hz), 1.648-1.716 (m, 2H), 2.625-2.669
(m, 2H), 7.272-7.300 (m, 2H), 7.518-7.575 (m, 2H),
7.634-7.702 (m, 2H), 8.012-8.033 (d, 2H, J = 8.4 Hz),
8.154-8.175(d, 2H, J = 8.4 Hz).

2.1.2  Synthesis of 4 -n-propyl-biphenyl-a,
a-difluoromethyl 3,4,5-trifluorophenyl ether ( LC2)
The compound 3,4,5-trifluorophenol (8.10 g,
55 mmol) was dissolved in a mixture of triethy-
lamine (5.8 g, 58 mmol) and CH,Cl, (90 mL). The
solution was cooled to —70°C. Subsequently, a solu-
tion of compound 1 (50 mmol, 23.0 g) dissolved in

C2H7COOH ’ :
g* i HO—QF Et;N 3HF
1

CH,Cl; (90 mL) was added at the same temperature.
The mixture was stirred for 1 h, and Et;N 3HF
(20 mL, 250 mmol) was added by a syringe. A solution
of bromine (40.0 g, 250 mmol) in CH,Cl, was added
dropwise in 30 min at —70°C. The solution was
stirred for one more hour at —70°C. The solution was
then warmed to room temperature. The solution was
poured into an aqueous solution of NaOH (0.8 mol)
with ice. The organic layer was collected, and the
aqueous layer was washed twice with CH,Cl,. The
organic solution was dried over anhydrous MgSOy.
After the solvent was removed, the crude product
was purified by column chromatography (silica
gel/petroleum ether) to give a white solid with a 50%
yield. "H NMR (400 MHz, CDCl;, 8/ppm): 0.985 (t,
3H, J = 14.4 Hz), 1.649-1.742 (m, 2H), 2.651 (t, 2H,
J = 15.2 Hz), 6.958-6.993 (m, 2H), 7.278-7.298 (d,
2H, J = 8.0 Hz), 7.523-7.543 (d, 2H, J = 8.0 Hz),
7.675-7.747 (m, 4H).

The other CF,0 compounds, LC1 and LC3, were
synthesised through the similar reaction process. The
NMR results are listed as follows:

4'-n-propyl-cyclohexyl-a, a-difluoromethyl 3,4-
difluorophenyl ether (LC1): 'H NMR (400 MHz,
CDCls, 8/ppm): 7.45-7.43 (d, 1H), 7.19-7.15 (m, 2H),
2.64-2.59 (m, 1H), 1.69-1.55 (m, 1H), 1.35-0.81 (m,
15H).

4’-n-butyl-tolan-«, a-difluoromethyl 4-fluorophenyl
ether (LC3): 'H NMR (400 MHz, CDCl3, 8/ppm):
0.935 (t, 3H, J = 14.4 Hz), 1.334-1.390 (m, 2H),
1.591-1.610 (m, 2H), 2.633 (t, 2H, J = 15.6 Hz),
7.031-7.074 (m, 2H), 7.170-7.190 (d, 2H, J = 8.0 Hz),
7.213-7.247 (m, 2H), 7.450-7.470 (d, 2H, J = 8.0 Hz),
7.597-7.618 (d, 2H, J = 8.4 Hz), 7.675-7.696 (d, 2H,
J = 8.4 Hz).

For comparison, the LC compounds without the
CF,0O group were synthesised through the Suzuki
couple reaction of substituted boronic acids and sub-
stituted bromobenzene, respectively.

SH
+ CF;SO3H
SH

toluene and isooctane

F

ii Br,

F
F
LC2

Scheme 1. Synthesis of CF,O compound.
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4'-n-propyl-cyclohexyl-3,4-difluorobenzene (LC4):
'H NMR (400 MHz, CDCl;3, §8/ppm): 0.80-1.45 (m,
15H), 1.60-1.75 (m, 1H) 2.62-2.66 (m, 1H), 7.20-7.28
(m, 2H), 7.38-7.48 (d, 1H, J = 8.0 Hz).

4’ -n-propyl-3,4,5-trifluoroterphenyl (LC5) [13]: 'H
NMR (400 MHz, CDCls, 8/ppm): 0.983 (t, 3H, J =
14.8 Hz), 1.664-1.720 (m, 2H), 2.644 (t, 2H, J =
15.2 Hz), 7.212-7.288 (m, 4H), 7.535-7.569 (m, 4H),
7.658-7.679 (d, 2H, J = 8.4 Hz).

2.2 Characterisation techniques of an LC compound

The chemical structure was confirmed by 'H NMR
spectra using a Bruker 400 MHz spectrometer (av400),
with CDCl; as the solvent and TMS as the inter-
nal standard. The phase transition temperature was
detected on a differential scanning calorimetry (DSC)
instrument (CDR-4P) at a heating rate of 10°C min~!.

2.3 Response parameter measurement of LC mixture

The melting points of the three kinds of CF,O
LCs were very different. Each compound was mixed
into a high-An LCs at 10.0 wt% for measure-
ments of An, y;/Kj;, and FoM. The high An LC
is the mixture of isothiocyanato LCs, SG2, which
consists of 4'-alkyl-cyclohexyltolaneisothiocyanate, 4'-
alkyl-4-isothiocyanatetolanes, and 4’-alkyl-terphenyl-
4-isothiocyanate [14]. Each LC mixture was injected
to a homogeneous cell of 7.78 pm (pretilt angle of
alignment film: ~1.0°). At a specific temperature, the
An and visco-elastic coefficient were determined using
an optical method. The LC cells were sandwiched
between two crossed polarisers. The LC directors with-
out electric field were located 45° to the polarising
direction of the polariser, whereas the incident light
(& = 589 nm) direction was perpendicular to the sub-
strate. When the applied voltage (10 V, square wave,
1000 Hz) was released, transient light intensity was
recorded using a photomultiplier and an oscillograph.
Thus, the phase retardation of decay response was
also obtained. The An value of the LC mixture at
589 nm was obtained by measuring the phase retarda-
tion of the LC cell. The value of 74, was calculated
according to the following equation through the fitting
method. The visco-elastic coefficient was calculated
through Equation (4) [15]:

6(0 =d exp(_ZI/Tdecuy) (4)

where & is the initial relative phase retardation.

3. Results and discussion
3.1 Mesomorphic properties

Table 1 lists the phase transition temperatures of
the five LC compounds that were investigated. The
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melting points of CF,0 LCs (LCI and LC2) are lower
compared with those of their corresponding biphenyl
LCs (LC4 and LC5):

LCI < LC4 LC2 < LC5

The CF,0 compounds show weak intermolecular
force, which decreases the melting point of the LCs.
When a practical LC mixture is formed, the compo-
nent with a low melting point is useful. The CF,O
compound will decrease the melting point of the LC
mixture for applications at low air temperature.

3.2 Birefringence

The guest-host method determines the An of the LC
compound. The CF,0O compounds were dissolved in
the host LC mixture, SG2, at 10 wt%. The An of the
CF,0 LC compound at 25°C can be calculated as
follows:

(An)g, = x(An)g + (1 — x)(An), ©)

where gh, g, and & denote the guest-host system, guest
LC, and host LC mixture, respectively, and x is the
concentration of the guest LC. Table 1 shows the
extrapolated An values of the LC compounds. The
sequence of the An value is as follows:

LC3>LC2> LCI

The tolan group in LCs has richer m-electrons
than the biphenyl and cyclohexyl groups. Therefore,
LC3 has the highest An value among the CF,O LC
compounds. This phenomenon is similar to the results
for common LC compounds.

The An value of the terphenyl LC compound was
evidently higher than that of the corresponding CF,O
LC compound:

LCS > LC2

The effective m-electron conjugation length of CF,O
LC2 is shorter than that of terphenyl LCs, because
the CF,O0 linking group breaks the molecular conju-
gation. Hence, the An value of the SG2+LC2 mixture
is lower than that of SG2+LC5 throughout the whole
temperature range (Figure 1(b)).

The An values of LC compounds were also cal-
culated using a theoretical method, as presented in
Table 2. The values of polarisability (Aa, o) were cal-
culated from oy, ayy, and oy, that come from the
semi-empirical AM1 method acting on the relevant
chemical structure. The An values were enumerated
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Table 1. Chemical structures and properties for LC compounds.

LC No. Structure Phase transition temperature (°C) An* T.*(°C)
F
F
2 C-‘HCWQF Cr73.61 0.14 98.6
F
3 CM@H = O CFzOGF Cr4715N73.61 0.21 117.0
F
4 o %F Cr23.01 0.01 90.3
F
5 CH O O O F Cr103.71 0.22 107.4
F

*Host mixture: SG2, T, = 112.6°C; test temperature: 25°C. **Clear point of SG2 mixed with LCx (x = 1-5) at 10.0 wt%.

Table 2. Calculated polarisability and An of the CF,0
compounds.

Ao a Olyy Ay oz An (cal)

LC1  83.581 145960 201.684 146.091  90.114  0.085
LC2 220.234 223.125 369.947 157.850 141.577  0.16
LC3 329.883 267.317 487.239 186.283 128.430 0.24
LC4 65269 128.265 171.778 133.056  79.961 0.084
LC5 236.052 212396 369.764 197.109  70.315  0.21

using the Vuks formula [16], while the density and
the order parameter S were assumed to be 1.0 g cm™3
and 0.6, respectively. The calculated An values of LC2,
LC3 and LCS5 are close to their experimental data

(@)
0.40

0.35 1

0.30 -

An

0.25 1

0.20 1

0.15

Temperature (°C)

(b)

An

20 30 40 50 60 70 80 90 100 110

in Table 1. However, the experimental An values of
LC1 and LC4 are much smaller than the calculated
values, because the clear point of the host mixture
mixed LCI (or LC4) was obviously decreased, as
shown in Table 1, and the order parameter of the LC1
(or LC4) mixture at 25°C is lower than that of host
mixture. Thus, the guest-host birefringence of LC1 and
LC4 is quite small.

Figure 1(a) shows the temperature-dependent An
value of SG2 that was mixed with different CF,0
LCs. The An value of the LC mixture with CF,O
LCs became smaller than the pure SG2 at most
of the test temperatures because the An value of
CF,0 LCs is lower. The experimental data of the LC

0.40
0.351 v——»
~
\'Q’Q\’\

0.30 -
0-251 —v— sez+|_c:1\A\>

—a—SG2+LC4 \
0.20 A —»—SG2+LC2 MY

SG2+LC5 \

0.15

20 30 40 50 60 70 80 90 100 110
Temperature (°C)

Figure 1. Temperature-dependent An of different LC mixtures. (a) SG2 host and CF,0O LC compounds dissolved in the host,
(b) comparison of guest LCs with and without the CF,0 group dissolved in SG2. The dots are experimental data, and the lines

are connecting lines.
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mixture as a function of temperature can be fitted
with Equation (6) [17], where the B values of SG2,
SG2+LC1, SG2+LC2, and SG2+LC3 were calcu-
lated as 0.239, 0.205, 0.210, 0.252, respectively:

An= Ang(1 —T/T,)P (6)

3.3 Visco-elastic coefficient

Figure 2(a) shows the visco-elastic coefficient value of
the SG2 host and SG2 mixed with CF,O LCs. When
the CF,0 LCs were mixed with SG2, the visco-elastic
coefficient of the LC mixture decreased obviously.
As a result, the visco-elastic coefficient of SG2+LCl is
8.19 ms pwm~2, whereas the value of SG2 is 9.85 ms
pwm~2 at 25°C. The sequence of y; /K], is:

SG2 > SG2+ LC2 >> SG2+ LC3 > SG2+ LCl1

The rotational viscosity of the LC mixture can
be approximately expressed as the arithmetic aver-
age of the components in low concentration [18]. The
sequence above indicates that LC1 has a lower vis-
cosity than LC3, LC2, where K is assumed as a
constant. Anyway, LC1 can decrease the viscosity of
host LCs more sharply. The y; /K values of all the LC
mixtures became close as the temperature increased to
55°C.

In the comparison of the y,/Kj; values of the
LC compound with and without the CF,O group,
the experimental data indicate that the LCs with
the CF,0 group have a lower visco-elastic coefficient
(Figure 2(b)).

3.4 FoM

The FoM value can be used to compare the response
performance of LC materials which is calculated

(a)

10
9.
— —a—SG2
|E 8 1 —v—SG2+LC1
€ ] —»—5G2+LC2
g —+—SG2+LC3
= 61
£ 5
= 4]
37 S -,
2 T T T T T T

20 30 40 50 60 70 8
Temperature (°C)

(b)

Y4/Kq1 (Ms um2)

90 100 110 120
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according to Equation (3) by An and y;/Ki;.
Figure 3(a) shows the temperature-dependent FoM
value of different CF,O LC compounds that were dis-
solved in SG2. At 25°C, the values of SG2, SG2+LC3,
SG2+LCl1, and SG2+LC2 were 14.8, 15.9, 14.7, and
13.5 wm? s~!, respectively. Among these LCs, the mix-
ture of SG2+4LC3 has the highest FoM value because
LC3 has a lower visco-elastic coefficient and a moder-
ated An value. Thus, LC3 could improve the response
performance of SG2. However, LC1 maintained and
LC2 degraded the response performance of SG2 at
25°C. At test temperatures greater than 45°C, the
FoM values of SG2 mixed with the CF,O LC com-
pounds are all less than for pure SG2 because the
visco-elastic coefficients of the four LC mixtures are
similar; furthermore, the An value of pure SG2 is the
largest.

Figure 3(b) shows the temperature-dependent Fo M
value of the SG2-mixed LC compound with and
without the CF,O group. The CF,O LC mixtures
SG2+LC2 and SG2+LC1 have larger FoM values in
the low temperature region because their visco-elastic
coefficients are lower:

LC2 > LCS LC1 > LC4

The FoM value of SG2+LCS is larger than that
of SG2+LC2 when the temperature is higher than
65°C because the An value of SG2+LCS5 is larger than
that of SG2+LC2 and the visco-elastic coefficient of
SG2+LCS5 is as low as that of SG2+LC2.

4. Conclusions

Three difluorooxymethylene-bridged LCs with differ-
ent An values were synthesised. The visco-elastic coef-
ficient of host LC mixtures decreased at different
degrees when the CF,0 LC compounds were mixed

11

101 v SG2+LCT
9] s SG2+LC4
8] > SG2+LC2

SG2+LC5
7 .
6] .
5. \\
4 1 ~3 ~
31 g SN

2 T T T T T T T T
20 30 40 50 60 70 80 90 100 110
Temperature (°C)

Figure 2. Temperature-dependent visco-elastic coefficient of different LC mixtures. (a) SG2 host and CF,0 LC compounds dis-
solved in the host, (b) comparison of guest LCs with and without the CF,0 group dissolved in SG2. The dots are experimental

data, and the lines are connecting lines.
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L 1571 ¢ —=—8G2 e ¥ —v—SG2+LC1 \
—v— SG2+LCA1 10 - —a—SG2+LC4 A
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Figure 3. Temperature-dependent FoM values of the different LC mixtures. (a) SG2 host and CF,0 LC compounds dissolved
in the host, (b) comparison of guest LCs with and without the CF,0 group dissolved in SG2. The dots are experimental data,

and the lines are connecting lines.

at high An isothiocyanato LCs. The CF,O LC, 4”-n-
butyl-tolan-a, a-difluoromethyl 4-fluorophenyl ether,
could enhance the FoM value of the NCS LCs at room
temperature. Therefore, some CF,O LC materials can
be used in fast-response LC photonic devices.
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