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 Light-Induced Refractive Index Modulation 
in Photoactive Liquid-Crystalline Elastomers   

    Blaž     Tašič      ,    Wei     Li     ,    Antoni     Sánchez-Ferrer     ,    Martin     Čopič     , 
   Irena     Drevenšek-Olenik      * 
     A comparative study of UV-irradiation-induced refractive index modulation in two analo-
gous monodomain nematic side-chain liquid-crystalline elastomer materials is conveyed. In 
one of them, mesogenic azobenzene derivatives are incorporated as pendant co-monomers, 
and in the other as crosslinking units. The dependence of the 
optical diffraction properties on the polarization state of the 
probe beam reveals that diffraction is predominantly of a bulk 
origin for both materials. For prolonged UV exposures, the 
material with pendant azobenzene derivatives exhibits practi-
cally constant diffraction properties, while the material with 
cross-linking azobenzene units shows a profound decrease 
of diffraction effi ciency with increasing exposure time. The 
difference is attributed to photoinduced alignment of the 
azobenzene molecules, which is much stronger in the mate-
rial with the crosslinking azobenzene units.             
  1   .  Introduction  

Adding a small amount of photoactive component to the 
polymer matrix opens up different possibilities for optical 
manipulation of mechanical, thermal, electrical, and 
optical properties of the polymeric material. [  1–4  ]  Recently, 
light-induced phenomena in liquid-crystalline elastomers 
(LCEs) containing photoisomerizable azobenzene deriva-
tives has gained a lot of attention. This type of LCE exhibits 
very interesting opto-mechanical properties that are a 
wileyonlin
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direct consequence of the coupling mechanism between 
conformational state of the polymer chains and orienta-
tional order of the liquid-crystalline molecules (mesogens), 
which depends on the isomerization state of the azoben-
zene molecules. [  5–7  ]  If exposed to optical irradiation, they 
change their size and shape, fl ip between different shapes, 
oscillate, or even move on the supporting surface. [  8–15  ]  This 
makes them very promising for photomechanical trans-
ducers, actuators, cantilevers, microfl uidic tools, etc. [  16–23  ]  
Another interesting property of azo-containing LCEs is 
their huge opto-optical response, which is associated with 
huge light-induced modifi cations of the optical refractive 
index, that appear due to collective response of the LCE 
medium to the  trans- to- cis  photoisomerization process. For 
that reason optical patterning of LCEs provides simple fab-
rication of tunable optical diffraction structures (volume 
holograms) that can easily be manipulated by external 
strain and/or temperature variations. [  24–26  ]  

 A photoactive moiety can be incorporated into the 
LCE matrix by different methods: for example, physi-
cally dissolved in the network via a swelling process or 
chemically attached to different segments of the material 
elibrary.com   DOI:  10.1002/macp.201300493  
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      Figure 2.  Temperature dependence of normalized sample length 
 L  along the direction of nematic director  n , where  L  0  denotes 
length at the highest temperature applied in our experiment. 

      Figure 1.  Chemical structure of the LCE materials SCE-p (a) and SCE-c (b). 
structure. [  27–29  ]  In our recent paper, it was shown that two 
different means of chemical incorporation of azobenzene 
derivatives into a monodomain of a nematic side-chain 
liquid-crystalline elastomer (SC-LCE), namely as pendant 
co-monomer groups or as crosslinking units, resulted in a 
profound difference of their opto-mechanical response. [  28  ]  
In this paper, we report on a comparative study of opto-
optical response of the same two types of the LCE mate-
rials. We show that, in contrast to opto-mechanical effi -
ciency, the opto-optical effi ciency is considerably larger 
for the material including azobenzene moiety as a pen-
dant group. The difference is explained by a mismatch 
between direct shape modifi cations related to conforma-
tional conversion of the azobenzene moiety ( trans -to- cis  
“shrinking”) and indirect shape modifi cations related 
to photoisomerization-induced decrease of the nematic 
liquid-crystalline order. This mismatch is predominant in 
the material with the crosslinking azobenzene units.  

  2   .  Experimental Section 

 The synthesis of poly(methylhydrosiloxane)-based nematic 
side-chain LCE materials denoted as SCE-p (pendant azobenzene 
monomer, Figure  1 a and SCE-c (crosslinking azobenzene mon-
omer, Figure  1 b) is described elsewhere. [  28  ]  Aligned monodomain 
fi lms with a thickness of about 300  μ m were prepared according to 
the two-step “Finkelmann crosslinking procedure.” [  30  ]  Both mate-
rials contain the same fraction of azoderivative (5.6 mol%) and 
the same concentration of crosslinker (11.1 mol%), and exhibit a 
glass transition temperature  (T  g ) below room temperature. Their 
www.MaterialsViews.com
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absorption maxima related to all  trans -conformation of the azo-
derivatives appear at   λ   ab   =  358  ±  1 nm. Figure  2  shows results 
of analysis of spontaneous thermal contraction of both mate-
rials in absence of UV illumination. The contraction takes place 
along the direction of the nematic director  n . From the obtained 
dependencies, one can deduce that the nematic-paranematic 
phase transition of SCE-p and SCE-c occurs at  T  c-p   ≈  82  ° C and  
T  c-c   ≈  110  ° C, respectively. The higher  T  c  value for SCE-c is associ-
ated with its larger concentration of mesogenic molecular groups 
(88.8 mol% for SCE-c versus 83.3 mol% for SCE-p). However, at 
room temperature, both materials exhibit quite similar liquid-
crystalline order. [  28  ]    
2745
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      Figure 3.  Experimental setup for the analysis of optical diffraction 
properties. Vectors  n  and   K  g   denote nematic director and optical 
grating vector, respectively. Azimuthal angle   θ   denotes polariza-
tion direction of the probe beam, where   θ    =  0 corresponds to 
ordinary (o) and   θ    =  90 °  to extraordinary (e) polarization. Image 
on the right shows diffraction peaks observed on a white screen 
placed 20 cm behind the sample. The bright spot marked as 0th 
order peak corresponds to the transmitted beam and the spots 
marked as  ± 1st order peaks correspond to diffracted beams. 
 Optical experiments were performed at room temperature 
( ≈ 296 K). Films of the size of 5 mm  ×  2 mm were mounted into 
the setup in three different confi gurations. In the “free” confi gu-
ration, the upper edge of the fi lm was fi xed to the frame of the 
sample holder, while the lower edge was hanging freely in the 
air, loaded only with a small weight of 0.5 g. In the “clamped” 
confi guration both, the upper and the lower edge of the fi lm, 
were fi xed to the frame and before starting the experiments 
the fi lm was stretched for 10% of its natural length. In these 
two cases, the nematic director  n  was parallel to the direction of 
external stress. In the “constrained” confi guration, the fi lm was 
placed between two glass plates that were pressed together with 
a constant force. Surface friction constrained size modifi cations 
of the sample in the plane of the plates. In this confi guration, 
external stress was perpendicular to the nematic director  n . 

 The samples were irradiated with an interference fi eld of 
two intersecting UV laser beams from an Argon ion laser oper-
ating at a recording wavelength of   λ   R   =  351 nm. The beams were 
expanded to the cross-section of about 0.2 cm 2 . The power of 
each UV beam impinging on the sample was 10 mW. The inter-
section angle between the beams was 1.1 °  resulting in an optical 
interference pattern with periodicity   Λ   =   9.3  μ m. UV irradiation 
stimulates photoisomerization of the azobenzene moiety and 
this causes modifi cation of the material refractive index. The 
rate of isomerization process is proportional to the UV intensity. 
Accordingly, illumination with the periodic intensity pattern 
results in formation of a 1D optical transmission grating with 
grating period   Λ  . In our experiments, the grating vector   K    g    =  
(2 π /  Λ  ) e g   was perpendicular to the nematic director  n . The polar-
ization of the UV beams was parallel to  n  (i.e., the beams were 
extraordinarily (e) polarized). 

 Optical diffraction effi ciency of the recorded gratings was 
probed with a low-power ( < 1 mW) beam from a He–Ne laser 
operating at a wavelength of   λ   P   =  632.8 nm. The arrangement 
of the probe beam is shown in Figure  3 . The linearly polarized 
probe beam entered the fi lm at normal incidence. In the meas-
urements performed during UV illumination, the probe beam 
was extraordinarily polarized (e), while in the investigations of 
polarization dependence its polarization direction was rotated 
from ordinary (o,   θ    =  0 ° ) to extraordinary (e,   θ    =  90 ° ) using a   λ  /2 
Macromol. Chem.  Phys. 2
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plate. The diameter of the probe beam in the sample was about 
0.2 mm. The intensities of the 0th (transmission direction) and 
 ± 1st order diffraction peaks were detected with photodiodes. 
The total intensity of all higher order diffraction peaks was 
always below 20% of the sum of intensities of the 0th and the 
 ± 1st order peaks, so their contribution was neglected. After each 
experiment, the sample was heated to the paranematic phase 
( T   >   T  c ) and slowly cooled back to room temperature to ensure 
full erasure of the previously formed grating structure before 
starting the next measurement.  

 Details of the mechanism of UV light-induced periodic modi-
fi cations of the refractive index in azo-doped LCE fi lms are 
described in our previous papers. [  31,32  ]  The modifi cations are in 
the range  Δ  n   ≈  10 −2 , while the modulation depth is in the range 
of few micrometers to few tens of micrometers. Therefore, the 
corresponding diffraction regime for the probe beam typically 
lies somewhere between the thin grating (Raman–Nath) and the 
intermediate grating regime. [  31  ]  All of the measurements were 
performed at room temperature (23  ° C). At this temperature, 
the spontaneous  cis-trans  relaxation, which causes exponential 
decay of the diffraction effi ciency after termination of the UV 
irradiation, is very slow (relaxation time larger than 2 h), so its 
effects were neglected. [  28,31  ]   

  3   .  Results and Discussion 

  3.1   .  Kinetics of Grating Formation 

 At the beginning of the illumination with the UV inten-
sity pattern, the photoisomerization reaction takes place 
only in a few micrometers thick surface layer of the fi lm, 
but later on, photobleaching of the azobenzene dye mol-
ecules allows UV light to penetrate deeper and deeper into 
the sample depth. [  32,33  ]  The associated periodic refractive 
index modulation causes optical diffraction of the probe 
beam. The kinetics of the build-up of the modulation pat-
tern can be monitored by in situ analysis of diffraction. In 
our experiments, we monitored the diffraction effi ciency 
of the 1st order diffraction peak defi ned as:

η = I+ 1 / I+ 1 + I0 + I−1

)
  (1)       

 This defi nition of   η   was chosen to account for partial 
absorption ( ≈ 50%) of the probe beam that takes place 
mainly in the non-perturbed part of the LCE fi lm. Meas-
urements were repeated three times for each sample and 
each confi guration. 

 Typical dependencies of   η  ( t ) obtained for the mate-
rial with pendant azobenzene groups (SCE-p) are shown 
in Figure  4 . UV illumination starts at  t   =  0. The initial 
increase rate (d  η / d t )  ≈  0.33 min −1  is very similar for all 
three mounting confi gurations. The maximum of   η   is 
reached within few minutes from the start of the UV 
exposure with 0.3  <    η   max   <  0.4. This is in the range of 
maximal possible diffraction effi ciency of 0.34 for the 
www.MaterialsViews.com
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      Figure 4.  Time dependence of diffraction effi ciency for the  + 1st 
order diffraction peak during grating formation in the material 
with pendant azobenzene molecules (SCE-p). The different col-
ours/line thicknesses correspond to different mounting arrange-
ments of the sample. 
thin grating (Raman-Nath) diffraction regime. [  34  ]  For 
prolonged UV exposures, the effective grating depth 
increases approximately logarithmically with  t , [  32  ]  so 
also phase modulation of the probe beam is expected 
to increase monotonously with time. However, further 
increase of phase modulation leads to a gradual decrease 
of the  ± 1st order diffraction intensity on behalf of the 
higher order diffraction peaks (over-modulation effect). [  34  ]   

 Figure  5  shows results of analogous measurements for 
the material with the crosslinking azobenzene units (SCE-c). 
One can immediately notice some profound differences 
with respect to the material with pendant azobenzene 
www.MaterialsViews.com

      Figure 5.  Time dependence of diffraction effi ciency for the  + 1st 
order diffraction peak during grating formation in the material 
with crosslinking azobenzene units (SCE-c). Different colours/line 
thicknesses correspond to different mounting arrangements of 
the sample. 

Macromol. Chem.  Phys. 2
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molecules. First of all, the values of   η   max  for “free” and 
“constrained” confi gurations are profoundly smaller 
(  η   max   <  0.1) than for the SCE-p sample (  η   max   >  0.3). In addi-
tion to this, for longer UV exposure times, the diffraction 
effi ciency for all confi gurations decreases towards zero. 
This decrease cannot be attributed to over-modulation, 
because observed maximal values of   η   max , in particular 
for the “free” and the “constrained” confi guration, are far 
below the theoretically expected value of 0.34. [  34  ]  Simi-
larly, it cannot be attributed to vibrations in the experi-
mental setup, which are a common cause of smearing 
of the recorded patterns for prolonged recording times, 
because the same setup should then produce very similar 
smearing effects for both types of the samples. Hence, 
we believe that this decrease occurs because of a specifi c 
structural rearrangement in the SCE-c material.  

 In the nematic phase of the monodomain LCE, rod-
shaped  trans -azobenzene moieties are oriented predomi-
nantly along the nematic director  n . Illumination with UV 
light that is linearly polarized along  n , causes  trans- to- cis  
photoisomerization of the azobenzene units.  Cis -isomers 
act as impurities in the liquid-crystalline phase and con-
sequently they generate a decrease of the liquid-crystal-
line orientational order parameter  S  ( S   =   < (3cos 2  φ  – 1)/2 > , 
where  φ  is the angle between the long axis of the meso-
genic molecules and n and brackets denote averaging) in 
their neighborhood. Due to the coupling between the ori-
entational order and the conformation of polymer chains, 
the decrease of  S  results in spontaneous contraction of 
the polymer network in the direction of  n . The relation 
between LCE length  L  (in direction of  n ) and  S  is given by: 
(( L / L  0 ) – 1)  =   aS , where  L  0  is sample length at  T   >  >   T  c  and  a  
is positive constant. [  5  ]  Consequently, the relative contrac-
tion can be expressed as:

�LS
L

= �S

a + S
≤ �S

S   (2)      

where  Δ  S  is customarily explained by the down-shift of 
the nematic-paranematic transition temperature  T  c  due to 
the presence of the  cis  “impurities.” [  6,8  ]  This effect appears 
in both SCE-p and SCE-c material. For temperatures far 
below the  T  c , as is the case in our experiments, typical UV 
irradiation-induced modifi cations are in the range ( Δ  S / S ) ≤ 
0.05. [  28,35  ]  

 Besides the contraction related to  Δ  S , in the SCE-c, 
there exists also a direct contraction of the network due 
to  trans -to- cis  isomerization. This arises because the 
bent-like  cis -isomer exhibits an effective length  l  c  that is 
about 30% smaller than the effective length for the rod-
like  trans -isomer  l  t . [  28,36  ]  The effective length is here con-
sidered to be a distance between the two hydrocarbon 
end-groups of the molecule. When such a derivative is 
incorporated into the LCE material as a crosslinking unit 
2747
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      Figure 6.  Angular dependence of the intensity of the  + 1st order 
diffraction peak for short (open symbols) and long (solid symbols) 
UV exposure times. The squares denote material with pendant 
azobenzene molecules (SCE-p) and the circles material with 
crosslinking azobenzene units (SCE-c). 
(aligned along  n ), the isomerization process is expected 
to cause a local contraction of the polymer network along 
the direction of  n  in the range:

�Ld
L

=
(

�l

lt

)
3
√
CA

  
(3)

     

 where  Δ  l   =   l  t   − l  c  and  c  A  is volume fraction of the 
azomesogens. If, as a rough estimate for our material, we 
take  c  A   ≈  0.05, Equation  3  gives  Δ  L  d / L   ≈  0.1, which is consid-
erably larger than the contraction related to  Δ  S / S . This 
explains why UV illumination-induced mechanical stress, 
investigated in our previous paper, [  28  ]  is much larger in 
the SCE-c than in the SCE-p. Besides this, the above cal-
culation also reveals that UV illumination of the LCE-c 
drives the material to a length modifi cation, which is not 
in balance with the length modifi cation imposed by the 
associated variation of the nematic order. We believe that 
this strongly non-equilibrium situation leads to structural 
rearrangements, which produce a decrease of the refrac-
tive index modulation. Consequently also the diffraction 
effi ciency decreases. 

 One of the possible rearrangements that can explain 
the observed properties is illumination-induced con-
traction of the LCE fi lm along the direction of  n . In the 
“free“ mounting arrangement, this causes extension of 
the grating structure in the direction of grating vector 
  K  g   (see Figure  3 ) and consequently a smearing of the 
recorded pattern due to motion of the material during 
the recording process can appear. [  31  ]  However, this effect 
is expected to be present only in the “free“ confi guration, 
while we observed it also in the “clamped“ and “con-
strained“ confi gurations. 

 Another rearrangement that can come into play is reor-
ientation of the  trans -isomers into a direction perpen-
dicular to the direction of the UV light polarization. This 
photoinduced alignment is frequently observed in azoben-
zene-doped polymeric materials after several consecu-
tive  trans- to -cis  and  cis- to -trans  isomerization processes 
and is associated with angularly dependent probability 
for light absorption in the  trans -state. [  4,37  ]  Reorienta-
tion of  trans -isomers out from polarization direction of 
the UV light produces a decrease of UV absorption and 
consequently the patterning process is less and less effi -
cient. [  38,39  ]  This leads to the decrease of the diffraction 
effi ciency. The effect is most profound in the “free” con-
fi guration, in which there is no constrains on rearrange-
ments of the LCE fi lm, while in the “constrained” and 
especially in the “clamped” confi guration external strain 
hinders shrinking and hence also reorganization. 

 An interesting question that rises at this point is why 
photoinduced alignment appears to be negligible or at 
least much weaker in the SCE-p compound. The reason 
might be an anisotropic local molecular fi eld associated 
Macromol. Chem.  Phys. 2
© 2013  WILEY-VCH Verlag Gm
with the liquid-crystalline order, which produces a torque 
that pushes the mesogenic  trans -isomers back to the ori-
entation along  n . In the SCE-p material, this torque have 
no competing effects, while in the SCE-c material struc-
tural forces originating from the direct network shrinking 
seem to be prevailing and acting in favor of the photo-
induced alignment.  

  3.2   .  Depth of Refractive Index Modulation 

 In kinetics experiments (Figure  4  and  5 ), diffraction effi -
ciency was measured at normal incidence of the probe 
beam with respect to the sample surface. Due to this, 
one of the reasons for the decrease of the diffraction effi -
ciency with prolonged UV exposures can also be the tran-
sition from a thin-grating (Raman-Nath) to a thick-grating 
(two-beam coupling) diffraction regime. [  34  ]  For the former 
diffraction effi ciency does practically not dependent on 
the angle of incidence, while for the latter diffraction 
effi ciency is only large for incidence at the Bragg angle 
  α    =    α   B  and rapidly decreases with deviation from the Bragg 
angle. A variation of diffraction regime occurs due to the 
increasing depth of the patterning with UV illumination. 

 To resolve this issue, the angular dependence of the 
intensity of the  + 1st order diffraction peak (rocking-
curve) was measured for different UV illumination times. 
The results, normalized to  I   + 1 (  α    =  0)  =  1, are shown in 
Figure  6 . The angle   α    =  0 corresponds to normal incidence. 
The periodicity of the recorded grating structures was   Λ   =   
9.3  μ m. Therefore, the associated Bragg confi guration 
angle is   α   B   =  arcsin(  λ  P  /2  Λ  )  =  0.034 rd. One can notice that 
even for long UV exposures the angular width   σ   α    (FWHM) 
of the diffraction peaks is considerably larger than   α   B,  
www.MaterialsViews.com
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which means that measurements performed at   α    =  0 pro-
vide reasonable information on the refractive index mod-
ulation for all investigated UV illumination times.  

 As shown in our recent paper, the angular width of 
the diffraction peak can be used to deduce the effective 
depth of the recorded grating structure. [  32  ]  This depth 
is inversely proportional to the width of the diffraction 
peak. From the data shown in Figure  6 , it follows that 
the depth of patterning is considerably larger in the 
SCE-c sample than in the SCE-p sample. This fi nding is in 
agreement with the above-discussed photoinduced align-
ment of  trans -azobenzene molecules, which results in 
a decrease of absorption and hence a larger penetration 
depth. The effective thickness of the grating structure is 
given as  d  eff   ≈  (  Λ  /  σ    α  ), which gives  d  eff   ≈  10  μ m for SCE-p 
after 1 min of UV illumination,  d  eff   ≈  15  μ m for SCE-p after 
60 min and for SCE-c after 2 min of UV illumination, and 
 d  eff   ≈  45  μ m for SCE-c after 60 min of UV illumination. All 
values of  d  eff  are signifi cantly smaller than the thickness 
( ≈ 300  μ m) of the LCE fi lm. So a large part of the material 
structure remains unperturbed.  

  3.3   .  Angular Dependence of Refractive Index Modulation 

 LCEs are optically anisotropic materials. So the refractive 
index modulation produced by UV irradiation is expected 
to exhibit different diffraction properties for different 
polarization angles   θ   of the probe beam (Figure  3 ). Figure  7  
shows obtained dependencies of   η  (  θ  ) for the material 
with pendant azobenzene molecules (SCE-p). UV irradia-
tion was terminated slightly after a maximum value of 
  η   for extraordinary polarized probe beam (  θ    =  90 ° ) was 
observed (see Figure  4 ). Polarization direction of the probe 
www.MaterialsViews.com

      Figure 7.  Dependence of the  + 1st order diffraction effi ciency on 
polarization direction of the linearly polarized probe beam for 
material with pendant azobenzene units (SCE-p). The orientations 
  θ    =  0 correspond to ordinary (o) and   θ    =  90 °  to extraordinary (e) 
polarization, respectively. The different colours/line thicknesses 
correspond to different mounting arrangements of the sample. 

Macromol. Chem.  Phys
© 2013  WILEY-VCH Verlag G
beam was rotated for two full rotations in steps of 10 ° . 
A gradual decrease of the signal from the fi rst to the last 
measured data point is a consequence of the spontaneous 
 cis- to- trans- thermal back-isomerization process, which at 
room temperature exhibits a decay time of several hours. 
One can notice that for all mounting confi gurations the 
diffraction effi ciency is about four times larger for extraor-
dinary polarization (  θ    =  90 ° , e) than for ordinary polariza-
tion (  θ    =  0 ° , o).  

 Figure  8  shows the results of analogous measure-
ments for sample SCE-c. The results are very similar as 
for the sample SCE-p. Also for SCE-c material,   η   is about 
four times larger for extraordinary polarization than for 
ordinary polarization. In the following, we will show that 
this can be explained by the intrinsic properties of the 
nematic phase.  

 The order parameter  S  of the nematic phase is related 
to the optical anisotropy of the LCE medium. The optical 
dielectric tensor is optically uniaxial with optical axis 
parallel to the director  n . Its principal components   ε   II  
 =  ( n  e ) 2  and   ε   ⊥   =  ( n  o ) 2  (where II and  ⊥  denote directions 
parallel and perpendicular to  n,  and  n  e  and  n  o  denote 
extraordinary an ordinary refractive index, respectively) 
are related to the average dielectric constant ε̄   and dielec-
tric anisotropy   ε   a  as: [  38,40  ] 

ε̄ =
2ε⊥ + εII

3
, εa = εII − ε⊥

) ≈βS  
(4)

       

 The proportionality constant   β   depends on the volume 
density of the mesogenic molecular units and the anisot-
ropy of their molecular polarizability. 
2749

      Figure 8.  Dependence of the  + 1st order diffraction effi ciency on 
polarization direction of the linearly polarized probe beam for 
material with crosslinking azobenzene units (SCE-c). Orientations 
  θ    =  0 correspond to ordinary (o) and   θ    =  90 °  to extraordinary (e) 
polarization, respectively. Different colours/line thicknesses cor-
respond to different mounting arrangements of the sample. 
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      Figure 9.  Dependence of the  + 1st order diffraction effi ciency on 
polarization direction of the linearly polarized probe beam for 
material with crosslinking azobenzene units in clamped confi gu-
ration. Orientations   θ    =  0 correspond to ordinary (o) and   θ    =  90 °  
to extraordinary (e) polarization, respectively. Solid line is a fi t to 
Equation  9 . 
 According to Equation  4 , any variation of order para-
meter  S  produces variations of   ε   II  and   ε   ⊥  given by

�εII ≈ 2
3

β�S, �ε⊥ ≈ −1
3

β�S
  (5)       

 For small  Δ  S , it follows that:

�ne ≈ 1

3
β�S /ne, �no ≈ −1

6
β�S /no  (6)       

 In accordance with Equation  6 , spatial variation of  S  
induced by inhomogeneous UV illumination produces 
spatial modulation of both the extraordinary and the 
ordinary refractive index of the LCE. The modulations 
have opposite phase and the modulation amplitude for 
extraordinary polarization is about two times larger than 
the modulation amplitude for ordinary polarization. 

 For small modulation amplitudes, the diffraction effi -
ciency of the grating structure   η   is proportional to the 
square of the modulation amplitude  Δ  n , [  34  ]  from which 
one obtains:

ηe

ηo

=
(
2
no

ne

)2

≈ 4
  

(7)
       

 This result is in very good agreement with our obser-
vations. To describe the complete dependence of   η   on   θ  , 
one should decompose the incident polarization vector  E  in  
into its extraordinary and ordinary components:

Ein = E0 eo cosθ + ee sinθ
)
  (8)      

where  e  o  and  e  e  are unit vectors perpendicular and par-
allel to the nematic director  n . The corresponding diffrac-
tion effi ciency is then given by:

η ∝ �no cosθ
)2 + �ne sinθ

)2 ≈ C
[
(cosθ)2 + 4 (sinθ)2

]
  (9)       

 The fi t of Equation  9  to the experimentally obtained 
dependence of   η  (  θ  ) for the “clamped“ sample of the SCE-c 
is shown in Figure  9 . The agreement between data and 
theory is very good. From this result, we conclude that 
UV irradiation-induced refractive index modulation in 
the LCE materials can be well described by considering 
only the bulk response of the nematic phase. This indi-
cates that a contribution from the UV-irradiation-induced 
surface relief structure is negligible. Surface relief grat-
ings usually play a very important role in photosensitive 
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polymeric materials at temperatures below the glass 
transition temperature  T  g , however, all our measure-
ments were performed at  T   >   T  g  where this effect is usu-
ally absent. [  1  ]     

  4   .  Conclusion 

 Our observations demonstrate that the way of incorpora-
tion of azobenzene derivatives into the LCE matrix strongly 
affects optical-patterning capability of the material. We 
observed that UV-irradiation-induced variation of refrac-
tive index is signifi cantly larger in the material with pen-
dant azobenzene molecules than in the material with 
crosslinking azobenzene units. This signifi es that chemical 
attachment of the mesogenic azobenzene-units as pen-
dant groups leads to their optimal compatibility with the 
nematic phase. This provides large localized modifi cations 
of the nematic- order parameter and correspondingly also 
large localized modifi cation of optical birefringence of the 
medium. UV illumination of the same type of LCE with 
azoderivatives attached as crosslinking units produces 
more delocalized illumination-induced perturbations and 
consequently the refractive index modulation is smaller. 

 The observed dependence of optical diffraction prop-
erties on polarization state of the probe beam resolves 
that UV-irradiation-induced refractive index modulation 
is practically entirely of the bulk origin. This abandons 
the often proposed hint that surface undulation gratings 
should play an important role in the light-induced micro-
structuring of LCE fi lms. This is explained by the fact 
that the glass transition temperatures of conventional 
www.MaterialsViews.com
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polysiloxane-based LCE materials are usually below the 
typical temperatures used for their investigations. 

 Large differences in the kinetics of UV-irradiation-
induced changes between both investigated materials 
suggest that also photoinduced alignment of the azoben-
zene groups strongly depends on the way of their incor-
poration into the LCE structure. The alignment effect 
seems to be very strong for azobenzene units that are 
built into the structure as crosslinkers, while it appears 
to be practically negligible for pendant azobenzene moi-
eties. Anyhow, as our experiments provide only indirect 
evidence, further experiments are needed to fully resolve 
the issue of photoinduced alignment in LCE materials.  
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