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ABSTRACT: Siloxane-containing liquid crystalline compounds were found effective to induce distinct phase sep-

aration, when combined with multi-functional acrylates, over a wide concentration range from 6wt% to 20wt% in the

formation of holographic gratings. Use of ring-opening polymerizable bi-functional epoxides as one of the reactive

cross-linking matrix component together with penta- or tetra acrylate initiated by 3,30-carbonylbis(7-diethylaminocou-

marin)-diphenyliodonium hexafluorophosphate greatly improved the diffraction efficiency and angular selectivity of the

formed grating. Fine gratings with 70% and 78% diffraction efficiency and angular selectivity of about 5� were formed

with 10wt% 4-cyano-40-{(5-heptamethyltrisiloxan-1-yl)pentyloxy} biphenyl and 4-cyanophenyl 4-{(5-heptamethyltri-

siloxan-1-yl)pentyloxy}benzoate using pentaerythrytol pentaacrylate-neopentylglycol diglycidyl ether-tripropylene

glycol diacrylate (4:5:1) as the polymer matrix component. [doi:10.1295/polymj.PJ2005201]
KEY WORDS Siloxane-containing Liquid Crystalline Compound / Multi-functional Acrylate /

Bi-functional Epoxide / Photo-polymerization / Phase Separation / Holographic Grating /

Since holographic storage enables fast data transfer
rates by simultaneous writing and reading, an upsurge
of interest in optical holography has been noticed in
the past decade. Photopolymers and polymer dis-
persed liquid crystals have been mainly investigated
for holographic storage systems. Kawabata reported
the holographic recording based on photopolymer
system.1 R. L. Sutherland2–7 proposed a grating for-
mation via the phase separation of liquid crystal
(LC) during the photo-polymerization irradiated by
two coherent interfering laser beams. Grating was
formed as a refractive index-modulated interference
fringe pattern of stratified alternating layers of LC
and polymer (holographic polymer dispersed liquid
crystal, HPDLC). Principle and application of PDLC
systems have been extensively studied.8–13 An impor-
tant role of LC is the response against electric field in
the formed gratings, which makes it possible to be ap-
plied as display devices,14–16 switchable lenses,17,18

and wave-guided switches.19 In these systems, control
of the morphology of the LC droplets in a photo-poly-
merized matrix, which depends on the LC content, the
cure rate, and compatibility among the components, is
the key to develop high performance holographic
films with controllable and repeatable electro-optic
performances.
For HPDLC systems, the principal role of LC is to

phase-separate by the diffusion during the polymer-
ization of multi-functional monomer giving polymer

matrix, and to give high modulation of the refractive
index of the formed gratings. The phase separation
is a balance between the rate of diffusion of LC and
the rate of gelation of the polymer network dictated
by the polymerization kinetics. In designing efficient
holographic gratings, much attention has been focused
mainly on the elucidation of the effects of functional-
ity of photo-polymerizable monomers.20–23 Little at-
tention has been paid to the importance of the chemi-
cal structure. In our previous study, it was found that
siloxane-containing epoxide monomers were effective
for inducing effective phase separation.24,25 It was also
reported that introduction of fluorinated alky group to
acrylate diluent enhance the phase separation.26

One of the objectives of this paper is to show the
effectiveness of siloxane-containing spacer of liquid
crystalline compound to induce distinct phase separa-
tion over that with long alkyl spacers in fabrication of
transmission gratings formation. The second objective
is to show the importance of bi-functional epoxide as
a cross-linking polymer matrix component to enhance
the diffraction efficiency. In these systems, the type of
the initiating system also played an important role.
Real-time diffraction efficiency and angular selectivi-
ty of the final grating were evaluated, and the well-
constructed morphology of the formed gratings was
evidenced by scanning electro microscope (SEM) ob-
servation.
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EXPERIMENTAL

Materials Used in Holographic Grating Formation
Unless stated otherwise, all reagents and solvents

were of commercial grade and used as received with-
out further purification. Chemical structures of the liq-
uid crystalline compounds used in this study are
shown in Figure 1.
4-Cyano-40-pentylbiphenyl and 4-cyano-40-octylbi-

phenyl were purchased from Aldrich Chemical. 4-
Pentenyl group was introduced by substitution reac-
tion in the synthesis of 4-cyanophenyl-40-pentenyl-
oxybiphenyl. The crude products were purified by re-
crystallization from ethanol �70% yield. The siloxane
chains were introduced via hydrosilylation of the
olefinic group by terminal silane-functionalized oligo-
dimethylsiloxanes. The crude products were firstly
passed through a silica gel column with hexane, and
further purified by HPLC using hexane:ethy acetate =
20:1 as a mobile phase to obtain pure compound in
�90% yield.

1H NMR (�, CDCl3, 500MHz).
9OS2CB: 0.05 [s, 6H, OSi(CH3)2], 0.07 [s, 9H,

OSi(CH3)3], 0.55 [t, J ¼ 8:1Hz, 2H, CH2Si(CH3)2],
1.42–1.47 [m, 2H, CH2CH2Si], 1.48–1.54 [m, 2H,
CH2CH2CH2Si], 1.82–1.87 [m, 2H, OCH2CH2], 4.04
[t, J ¼ 6:5Hz, 2H, OCH2], 7.00 [d, J ¼ 8:8Hz, 4H,

CH
O

CH

], 7.52 [d, J ¼ 8:8Hz, 4H,
HC

HC
O], 7.63 [d, J ¼

8:6Hz, 4H,
CH

CH
NC ], 7.70 [d, J ¼ 8:6Hz, 4H,

HC

HC
NC ].

11OS3CB: 0.08 [s, 6H, OSi(CH3)2O], 0.13 [s, 6H,
CH2Si(CH3)2], 0.15 [s, 9H, OSi(CH3)3), 0.63 [t, J ¼
7:8Hz, 2H, CH2Si(CH3)2], 1.45–1.50 [m, 2H, CH2-
CH2Si(CH3)2], 1.51–1.55 [m, 2H, CH2CH2CH2Si-
(CH3)2], 1.80–1.86 [m, 2H, OCH2CH2], 3.98 [t, J ¼
6:4Hz, 2H, OCH2], 6.97 [d, J ¼ 8:7Hz, 4H,

CH
O

CH

],
7.47 [d, J ¼ 8:7Hz, 4H,

HC

HC
O], 7.56 [d, J ¼ 8:2Hz,

4H,
CH

CH
NC ], 7.59 [d, J ¼ 8:5Hz, 4H,

HC

HC
NC ].

13C NMR: 0.027, 1.080, 1.622, 18.01, 22.88, 28.79,
29.49, 67.85, 109.87, 114.88, 118.64, 126.68, 127.99,
130.83, 132.19, 144.87, 159.66.
9OS2BE: 0.05 [s, 6H, OSi(CH3)2], 0.06 [s, 9H,

OSi(CH3)3], 0.57 [t, J ¼ 7:9Hz, 2H, CH2Si(CH3)2],
1.40–1.43 [m, 2H, CH2CH2Si], 1.45–1.48 [m, 2H,
CH2CH2CH2Si], 1.82–1.87 [m, 2H, OCH2CH2],
4.06 [t, J ¼ 6:6Hz, 2H, OCH2], 6.98 [d, J ¼ 8:8Hz,
4H,

CH
CN

CH

], 7.35 [d, J ¼ 8:8Hz, 4H,
HC

HC
O COO], 7.74

[d, J ¼ 8:8Hz, 4H,
HC

HC
CNO ], 8.12 [d, J ¼ 8:8Hz,

4H,
CH

COO
CH

O ].
11OS3BE: 0.03 [s, 6H, OSi(CH3)2O], 0.08 [s, 6H,

CH2Si(CH3)2], 0.09 [s, 9H, OSi(CH3)3], 0.58 [t, J ¼
7:8Hz, 2H, CH2Si(CH3)2], 1.41–1.43 [m, 2H, CH2-
CH2Si(CH3)2], 1.46–1.49 [m, 2H, CH2CH2CH2Si-
(CH3)2], 1.85–1.90 [m, 2H, OCH2CH2], 4.05 [t, J ¼
6:4Hz, 2H, OCH2], 6.96 [d, J ¼ 8:8Hz, 4H,

CH
O

CH

],
7.34 [d, J ¼ 8:7Hz, 4H,

HC

HC
O], 7.72 [d, J ¼ 8:6Hz,

NC C5H11

4-cyano-4'-pentylbiphenyl   5CB

NC C8H17

4-cyano-4'-octylbiphenyl   8CB

NC

4-cyano-4'-{(5-pentamethyldisiloxanyl)pentyloxy}biphenyl   9OS2CB

Si O Si CH3C5H10O

CH3

CH3

CH3

CH3

NC

4-cyano-4'-{(5-heptamethyltrisiloxan-1-yl)pentyloxy}biphenyl   11OS3CB

Si O SiC5H10O

CH3

CH3

CH3

CH3

Si

CH3

CH3

O CH3

NC

4-cyanophenyl 4-{5-(pentamethyldisiloxanyl)pentyloxy}benzoate   9OS2BE
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CH3

CH3

CH3

CH3
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CH3

CH3

CH3

CH3

Si

CH3

CH3

O CH3

O C

O

NC O C

O

4-cyanophenyl 4-{5-(pentamethyltrisiloxan-1-yl)pentyloxy}benzoate  11OS3BE

Figure 1. Structures and abbreviations of liquid crystalline compounds.
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4H,
CH

CH
NC ], 8.11 [d, J ¼ 8:6Hz, 4H,

HC

HC
NC ].

Phase transition temperatures of the compounds
were evaluated by differential scanning calorimeter
(DSC) with a cooling rate of 5 �C/min. All the transi-
tions were enantiotropic, and the results were tabulat-
ed in Table I.
Multi-functional compounds used as matrix compo-

nents are shown in Figure 2.
N-vinylpyrrolidone (NVP) and benzyl glycidyl

ether (BGE) were used as mono-functional reactive
diluents. Abbreviations F and R were used to indicate
acrylate (F) and epoxide (R) monomer and the numer-
als indicate the functionality, for example, 5F and 2R
indicate penta-functional acrylate and bi-functional
epoxide, respectively. S2 and S3 indicate disiloxane
and trisiloxane.
NVP, BGE, tripropylene glycol diacrylate (2F),

trimethylolpropane triacrylate (3F), pentaerythritol
tetraacrylate (4F), dipentaerythritol pentaacrylate
(5F), and ring-opening polymerizable di-functional
epoxides were obtained from Aldrich Chemical. The
photo-sensitizer, Rose Bengal (RB) and the initiator
N-phenylglycine (NPG) were obtained from Kanto
Chemical. 3,30-Carbonylbis(7-diethylaminocoumarin)
(KC)-diphenyliodonium hexafluorophosphate (DPI)
initiator system as shown in Figure 3, which produces
proton and radical species, were also used.

Table I. Phase transition temperatures

of liquid crystalline compounds

Liquid crystal
Phase transition temperatures

TS-C TN-S TI-N

5CB 24 — 35

8CB 22 34 41

11OCB 56 73 76

9OS2CB 30 — 50

11OS3CB �10 — 29

9OS2BE nd �14 ��10

11OS3BE �47 1.9 36

In second cooling.

H2C C
O

O CH2 C

CH2 OC CH CH2

CH2 OC

O

CH

CH2 OC
O

CH

H2C C
O

O CH2CH

CH3

OCH2CH

CH3

OCH2CH

CH3

C CH2

Tripropyleneglycol diacrylate, 2F

Pentaerythritol tetraacrylate, 4F

O

O 2 C

CH2OH

CH2 OC CH CH2

CH2 OC
O

CH CH2CH2C C O CH2

H2C C O CH2

H2C C

O

O CH2

CH2

O

O

CC2H5

CH2O

CH2O

CH2O

C CH=CH2

O
C CH=CH2

C CH=CH2

O

O

Trimethylolpropane triacrylate, 3F

Dipentaerythritol pentaacrylate, 5F

O
O

O
CH2

CH2

O
CHH2C CH2OCH2 C CH2

CH3

CH3

OCH2 CH CH2
O

Neopentyl glycol diglycidylether, N2R

CH CH

CH CH

CH

CH

CH

Figure 2. Structures and abbreviations of matrix components.
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Figure 3. Structures and abbreviations of photo-sensitizers and photo-initiators.
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Fabrication of Holographic Grating
The photo-polymerization solution was prepared

under diminished white light to eliminate any unex-
pected photo-polymerization before holographic re-
cording. The solution for radical recording consisted
of a multi-functional acrylate, RB, NPG, NVP and
a liquid crystal in varying weight concentration ratio.
Typical photo-polymerization solution consisted of
matrix (90wt%) [multi-functional acrylate (40wt%):
NVP (60wt%)] and a liquid crystal (10wt%). Just
before irradiation, 0.4wt% RB and 3wt% NPG were
added, and the mixture was vigorously stirred for
about 5min to obtain a clear homogeneous solution,
and dropped into a cell between the space of two glass
slides separated by 20 mm to control the thickness of
the sample. In the case of the recording using epoxide
derivatives, a part of multi-functional acrylate and
NVP were substituted by a bi-functional epoxide
N2R and BGE, respectively. The initiator DPI-KC
system was used.
Holographic transmission gratings were formed by

two coherent beams of Nd-YAG laser (� ¼ 532 nm)
(Coherent Inc., Verdi-V2) of equal intensity with a
true power of 15mW/cm2 as illustrated in Figure 4.
The beams were collimated and expanded by spatial
filters and lens.

Analysis of Diffraction Efficiency and Morphology of
Gratings
The diffraction efficiency (DE) was defined as the

relative ratio of diffraction intensity (Id) to the sum
of transmitted beam intensities (Id þ It) after record-
ing, as illustrated in Figure 5.
The inter beam angle was set to 16� against a line

perpendicular to the plane of the recording cell. Real-
time diffraction efficiency was measured by monitor-
ing the intensity of diffracted beam simultaneously
when the shutter was closed at a given time during
the hologram recording. After recording, all the sam-
ples were post-cured under a UV lamp to complete the
photo-polymerization of the remaining functional

groups for about 5min, and the diffraction efficiency
and the angular selectivity were determined by rotat-
ing the hologram precisely by constant angle using
motor-driven controller with the shutter closed to
cut-off the reference light. Holographic gratings were
also fabricated by changing the laser intensity and
irradiation time, and the optimum condition was es-
tablished to obtain the highest diffraction efficiency,
resolution, and long-term stability after recording.
Samples used for SEM were prepared by freeze-

fracturing the cells using liquid nitrogen and extract-
ing a liquid crystal with ethanol.

RESULTS AND DISCUSSION

Factors to Determine the Diffraction Efficiency of the
Grating Formation
For a simple transmission grating, Kogelnik’s cou-

pled wave theory27 gives the maximum diffraction
efficiency.

� ¼ sin2ð��nT=�Þ

Where � is the maximum diffraction efficiency, �n is
the modulation of refractive index, T is the film thick-
ness, and � is the recording wavelength.
In our experiments, the wavelength was fixed, and

rectangular distribution profile of the polymer matrix
was assumed in the ideal case. Accordingly, although
the diffraction efficiency in the present study does not
hold strictly to Kogelnik’s equation, this equation is
useful to semi-quantitatively evaluate the diffractive
efficiency relating to the �n and T.
The important factors to control the phase separa-

tion between polymer matrix and liquid crystal are:
1) distinct phase separation of liquid crystal from
polymer matrix, 2) balance between polymerization
rate to give cross-linked polymer matrix and diffusion
of monomers and liquid crystal. Structure and func-
tionality of multi-functional monomers in polymeriz-
able solution are important to determine the polymer-
ization rate. The diffusibility of monomer and liquid
crystal is influenced by the chemical structure.

P (1/2λ Plate), SF (Spatial filter), L (Collimating lens), M (Mirror),

PBS (Polarizing beam Splitter), RS (Rotational stage), PD (Photo detector)

Figure 4. Experimental setup of holographic recording.

Figure 5. Diffraction efficiency of grating.
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Superiority of Liquid Crystals with Siloxane Spacer
over those with Alkyl Spacer in Grating Formation
In general, the miscibility of liquid crystals with

long alkyl or alkoxy spacer with acrylate matrix com-
ponents was very low at room temperature, and grat-
ings with high diffraction efficiency could not be ob-
tained by simple radical polymerization systems.
Liquid crystalline compounds with siloxane spacer,
such as 11OS3CB were completely miscible with
the photo-polymerization solution. The change in re-
al-time diffraction efficiencies against irradiation time
for the solution with 10wt% LC compound and var-
ious NVP wt% in [multifunctional acrylate:NVP]
(totally 90wt%, 5F ¼ 40wt% and NVP 60wt%
gives the relative NVP weight of 54%) with radical
initiator system RB and NPG are shown in Table II.
The systems with 36wt% 5F or 4F with 10wt%

11OS3CB gave the highest diffraction efficiency of
38 and 43%, respectively (No 1 and 2). The system
with the same concentration of 3F gave relatively
lower diffraction efficiency of 24% (No 3). When a
major part of NVP was replaced by a bi-functional
2F, the diffraction efficiency was dramatically de-
creased (No 4), which suggested the too rapid forma-

tion of cross-linking matrix by a fast polymerization
of 5F-2F system having too high double bond concen-
tration. Liquid crystalline compounds with short alkyl
spacers, typically shown for 4-cyano-40pentylbiphenyl
(5CB), gave low final diffraction efficiency of 3%
(No 5) even with 5F-NVP. Diffraction efficiency rap-
idly reached 25% in the initial 20 s exposure, and de-
crease gradually to the final diffraction efficiency of
3%, which suggested the incomplete phase separation
of 5CB and other components by the rapid formation
of cross-linked matrix by the polymerization of 5F-
NVP system, followed by an equilibration by diffu-
sion and relaxation of the LC and other components.
These facts indicate that optimum concentration of
the acrylate functional groups exists to obtain high
diffraction efficiency. The role of the siloxane compo-
nent seems not only to contribute to increase the sol-
ubility, but also to make the diffusion of the LC easier.
We reported the influence of siloxane bonds on the
viscosity of the compounds, and indicated the impor-
tance of low viscosity of siloxane-containing com-
pound in fabrication of gratings with high diffraction
efficiency.28

SEM morphology of the grating was shown in
Figure 6. In SEM picture of the ethanol-washed sam-
ple in Figure 6, it was observed that the siloxane-con-
taining 11OS3CB well phase-separated from the poly-
mer matrix. The width of liquid crystalline layer is
close to 10% of spacing, which corresponds to the
feed ratio of 11OS3CB. Each layer could be peeled
off, which strongly suggested the well phase separated
layered structure of the grating. Thus, it was clearly
shown in Table II that 10wt% of 11OS3CB together
with 5F:NVP = 4:6 as photo-polymerization solution
was quite effective to cause an efficient phase separa-
tion in grating formation leading to high diffraction
efficiency.

Table II. Effect of concentration of functional groups

of multi-functional acrylate on grating formation

No
Matrix

(90wt%)
Liquid crystal
(10wt%)

DE (%)

1 5F:NVP = 4:6 11OS3CB 38

2 4F:NVP = 4:6 11OS3CB 43

3 3F:NVP = 4:6 11OS3CB 24

4 5F:2F:NVP = 4:5:1 11OS3CB 1

5 5F:NVP = 4:6 5CB 3

Polymerization solution included 0.4wt% RB and 3wt%

NPG.

(a) (b)

Figure 6. SEM morphology of grating (DE 38%) prepared with 11OS3CB (10wt%) and 90wt% matrix (5F:NVP = 4:6): (a) Side

view (b) Top view.
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Improvement of Diffraction Efficiency by the Coexis-
tence of Radically and Cationically Polymerizable
Matrix Components
The more important findings in this study are the

influence of the bi-functional epoxide used together
with multi-functional acrylates. The results are shown
in Table III.
The diffraction efficiency was not improved when

the initiator was simply changed from radical system
RB-NPG (No 6) to cationic system KC-DPI (No 7)
for the multi-functional acrylate recording solutions.
The efficiency was not improved either, by simply
changing NVP to BGE, when radical initiator system
was used (No 8). Polymerization solution in which
NVP was replaced by bi-functional epoxide, N2R,
gave increased diffraction efficiency (No 9), and re-
sulted in a dramatic increase in diffraction efficiency
when the initiator was changed from RB-NPG to
KC-DPI, which could initiate cationic polymerization
(No 10). The highest diffraction efficiency in radical
system, namely 43% was improved to 70% for the
system 5F-N2R-BGE [4:5:1]. Such effect was consid-
ered to be caused by relatively fast initial cross-link-
ing by 5F followed by the slower cross-linking of
the system by N2R. Dilution of functionality of 5F
with N2R, might result in the low extent of the initial
cross-linking, but the successive cross-linking by N2R
pushed the liquid crystal out more effectively than the
case of the rapid cross-linking by 5F alone. Thus,
gradual increase in diffraction efficiency was ob-
served. The reason for the moderate increase in dif-
fraction efficiency for 5F-N2R-BGE system by RB-
NPG might be a dilution effect of the too high double
bond concentration to optimize the cross-linking and
diffusion balance (No 9).
The effect of the concentration of functionality of

multi-functional acrylate in the presence of N2R
was shown in Table IV.
When the functionality of radically polymerizable

monomer was changed from 5 (No 10) to 4 (No 11)
or 3 (No 12), the diffraction efficiency was dropped
to 30–40% compared with 70% for the pentaacrylate
5F system. Importance of the functionality of the

acrylate to controll the cross-linking and diffusion of
LC was shown, even in these systems. Clearly phase-
separated structure could not be observed by SEM
for the sample prepared from 3F:N2R:BGE = 4:5:1.
The basic driving force of phase-separation should
be the cross-linking by multi-functional acrylates. The
effects of the concentration of N2R on diffraction
efficiency were shown in Table V.
Considerably high concentration of N2R was

required to obtain high diffraction efficiency (No 10,
15). The efficiency was also dropped by reducing
the amount of the initiator. When 1.5wt% initiator
was used the diffraction efficiency dropped to 24%,
in case of 5F:N2R:BGE = 4:5:1.
When bis(epoxide) groups were connected with

bis(phenol)A group, the diffraction efficiency was also
reduced (20%).

Effect of the Concentration of 11OS3CB on the Dif-
fraction Efficiency
The effect of the concentration of 11OS3CB on the

grating morphology was shown in Figure 7.
10wt% 11OS3CB gave better phase-separated

grating than that with 20wt%. It was found that in
this system the optimum concentration of 11OS3CB
was about 10wt%.
Effects of the structure of the mesogen and the

length of the siloxane terminal group in grating forma-
tion under the same concentration were shown in
Table VI.
There was no significant influence on the diffraction

efficiency of the gratings made with these liquid crys-
tals of different chemical structure, which seems to in-

Table III. Improvement of diffraction efficiency

by the co-presence of bis(epoxide) N2R

No Matrix
PS/PI

(0.4wt%/3wt%)
DE (%)

6 5F:2F:NVP = 4:5:1 RB/NPG 2

7 5F:2F:NVP = 4:5:1 KC/DPI 2

8 5F:2F:BGE = 4:5:1 KC/DPI 2

9 5F:N2R:BGE = 4:5:1 RB/NPG 18

10 5F:N2R:BGE = 4:5:1 KC/DPI 70

Photo-polymerization solution consisted of 90wt% matrix

(including the initiator) and 10wt% 11OS3CB.

Table IV. Effect of functionality of multi-functional

acryalte on the diffraction efficiency

in the system with N2R as bis(epoxide)

No Matrix Gelation time (s) DE (%)

10 5F:N2R:BGE = 4:5:1 12 70

11 4F:N2R:BGE = 4:5:1 15 31

12 3F:N2R:BGE = 4:5:1 15 42

Photo-polymerization solution consisted of 90wt% matrix

(including KC/DPI) and 10wt% 11OS3CB.

Table V. Effects of concentration of N2R

on the diffraction efficiency

No. 5F:N2R:BGE DE (%)

13 4:3:3 26

14 4:4:2 49

10 4:5:1 70

15 4:6:0 60

Polymerization solution consisted of 90wt% matrix, includ-

ing 0.4wt% KC and 3wt% DPI and 10wt% 11OS3CB.

Transmission Holographic Gratings
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dicate that the siloxane terminal group played essen-
tially important role on the grating formation than
the mesogenic group. We already pointed out that di-
siloxane chain is enough to reduce the glass transition
temperature of the polymers with siloxan as side
chains.29 The essential role of the siloxane chain is
to give the mobility to a compound through lowering
the viscosity. Cyanophenyl benzoate liquid crystals
gave highere diffraction efficiency (No 17, 18) than
cyanobiphenyl liquid crystals (No 10, 16), which
was also consistent with above discussion. Fine grat-
ing with 78% diffraction efficiency was formed with
10wt% 4-cyanophenyl 4-{(5-heptamethyltrisiloxan-

1-yl)pentyloxy}benzoate (11OS3BE) using penta-
erythrytol pentaacrylate-neopentylglycol diglycidyl
ether-tripropylene glycol diacrylate (4:5:1) as the
polymer matrix component (No 18).

Effect of Irradiation Power on the Diffraction Effi-
ciency
The influence of irradiation power on the diffraction

was studied. The diffraction efficiency was saturated
with the power higher than 15mW/cm2. Thus the
optimum conditions for the formation of grating with
the highest efficiency in the present system could be
obtained with 5F-N2R-BGE [4:5:1] with 10wt%
11OS3CB, 0.4wt% KC, and 3wt% DPI under 15
mW/cm2 irradiation power of Nd-YAG laser (532
nm). Both too high irradiation power (35mW/cm2),
or too low irradiation power (2.5mW/cm2) resulted
in the decrease of the diffraction efficiency.
Under these conditions, even 5CB could give grat-

ing (DE = 34%), although the grating morphology
was not as well-controlled as in the case of 11OS3CB,
as shown in Figure 8.

(a) (b)

Figure 7. Effect of concentration of 11OS3CB on grating morphology. Gratings prepared with 5F:2R:BGE = 4:5:1 and with

(a) 10wt% (b) 20wt% of 11OS3CB.

Table VI. Effect of the structure of mesogen and length

of siloxane spacer on the diffraction efficiency

No. SLC (10wt%) DE (%)

16 9OS2CB 68

10 11OS3CB 70

17 9OS2BE 73

18 11OS3BE 78

(a) (b)

Figure 8. SEM morphology of grating made with different LC (10wt%), prepared with 5F:N2R:BGE = 4:5:1 (KC 0.4wt%, DPI

3wt%): (a) 11OS3CB, (b) 5CB.
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All these findings are consistent with the argument
of the importance of the balance between polymeriza-
tion and phase separation.

Angular Selectivity of Grating Made with Various
Incident Angle
Angular selectivity of the gratings prepared with

11OS3CB was evaluated. It was found that the dif-
fraction efficiency did not change so much at small
incident angle such as <30�. Reasonably narrow
angular selectivity �5� was obtained.27

CONCLUSIONS

Siloxane spacer of cyanobiphenyl liquid crystal
dramatically increased the diffraction efficiency, due
to the effective phase separation caused by the low
viscosity, when combined with multi-functional acry-
lates, over a wide concentration range. Use of ring-
opening polymerizable bi-functional epoxides as one
of the reactive cross-linking matrix component togeth-
er with penta- or tetraacrylate initiated by 3,30-car-
bonylbis(7-diethylaminocoumarin)-diphenyliodonium
hexafluorophosphate greatly improved the diffraction
efficiency of the formed grating. A fine grating with
70% and 78% diffractive efficiency and angular selec-
tivity of about 5� was formed with 10wt% 4-cyano-
40-{(5-heptamethyltrisiloxan-1-yl)pentyloxy}biphenyl
and 4-cyanophenyl 4-{(5-heptamethyltrisiloxan-1-yl)-
pentyloxy}benzoate using pentaerythrytol pentaacry-
late-neopentylglycol diglycidyl ether-tripropylene
glycol diacrylate (4:5:1) as the polymer matrix com-
ponent.
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