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a  b  s  t  r  a  c  t

Photoactive  nanofilled  nematic  is  proposed.  Stable  three-component  photoresponsive  nanocomposite
was  prepared  from  photo-insensitive  nanofilled  nematic  by inclusion  of  3 wt.%  azobenzene-containing
photoactive  mesogen  4-(4′-ethoxyphenylazo)phenyl  hexanoate  (EPH).  The  host  nanofilled  nematic
was  produced  from  the  room-temperature  nematic  liquid  crystal  4-n-heptyl  cyanobiphenyl  (7CB)  and
3 wt.%  filler  of  Aerosil  300  hydrophilic  silica  nanospheres  of size  7 nm.  Apparent  effect  of stimula-
tion  with  a relatively  weak  continuous  illumination  by  UV light  (375  nm  wavelength)  takes  place
for  both  the  alternating-current  electric  field-dependent  optical  transmittance  and  the  electro-optic
amplitude-frequency  modulation  by thin  films  (25 �m  thick)  of  the  EPH/aerosil/7CB  nanocomposite.  The
ptical films
lectro-optical properties
hoto-controllable electro-optics

light-stimulated  electro-optics  of  EPH-doped  aerosil/7CB  films  and  the  corresponding  reversible  light
control are  achieved  through  trans-cis-trans  photoisomerization  of  the  photoactive  agent  EPH.  As  such,
the  initial  electro-optical  response  of  the  studied  photoactive  nanocomposites  is  recovered  with  contin-
uous  blue-light  illumination.  The  examined  EPH/aerosil/7CB  nanocomposites  exhibit  photo-controllable
electro-optical  response  that is  of  practical  interest.

 Polis
©  2018  Association  of

. Introduction

The composites of nanoparticles doped liquid crystals (LCs)
re not only interesting from fundamental science point of view
ut also promising for a wide variety of applications in the elec-
ronic device industry and technology, as well as in bio-medical
esearch and diagnostics [1–4]. An important advantage of the
C nanocomposites is their relatively easy preparation. Among
he challenging types of nanocomposites, LCs doped with sil-
ca (SiO2) nanoparticles attract significant research attention due
o their valuable properties and multi-functional applications
ased on electro-optical (EO) and dielectric response [5–8]. Fur-
hermore, such advanced nanofilled materials are currently of
ncreasing interest driven by the possibility of implementing new
O mechanisms for active control, manipulation and modulation
f light. In particular, nanocomposites of aerosil nanoparticles
ANPs) of a size 7–10 nm dispersed in cyano-biphenyl nematic
Cs have been widely explored in view of their potential electric

nd EO applications [9–12]. Using LC-silica dispersions, LC elec-
ric lens and scattering-type bistable and multistable LC display
evices have been demonstrated [13–15]. Very recently, we  have

∗ Corresponding author.
E-mail address: georgibh@issp.bas.bg (G.B. Hadjichristov).
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investigated the EO response of thin (25 �m)  films of nanocompos-
ites consisting of room-temperature nematic heptylcyanobiphenyl
(abbreviated name 7CB) and 3 wt.% ANPs [16,17]. For the scatter-
based electro-optics of ANPs/7CB films we have shown: (i) the
possibility to control the optical transmittance and the amplitude
of the second harmonic EO modulation by means of the applied
alternating-current (AC) voltage, and (ii) that at high AC voltage the
second-harmonic EO modulation by such films is almost frequency
independent over a wide frequency range.

The fabrication of photoresponsive nanocomposite materials
is an advanced trend, e.g., for practical use in organic light-
controllable EO devices. For purpose, the nanocomposites may
be doped with efficient photoactive compounds, such as azoben-
zenes whose effective light-induced trans-cis conversion can be
exploited. It is well known that some azobenzene-doped nemat-
ics exhibit a considerable photoactivity [18–21]. Like various novel
azobenzene-containing LCs [22,23] and polymers [22,24], as well
as other advanced photoresposive LC systems [25], the azo-doped
nanofilled nematics would be useful for widespread practical appli-
cations, e.g., for adaptive and photo-controllable electro-optics
and photonics. In this context, an effect of ultra-violet (UV) light-
induced transparency enhancement upon applying AC electric field

was briefly reported for thin films of ANPs/7CB doped with pho-
toactive azobenzene LC compound 4-(4′-ethoxyphenylazo) phenyl
hexanoate (EPH for short), and having polyimide alignment layers
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ular conformers of the azobenzene LC compound EPH.
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Fig. 1. Diagram depicting the trans and cis molec

26,27]. This effect useful for light control and modulation through
he trans-cis photoisomerization of the EPH molecules [20] was
nalyzed as depending on the concentration of the azo nanodopants
n ANPs/7CB [28]. Here, we present an expanded experimental
tudy on 25 �m-thick ANPs/7CB films (with 3 wt.% hydrophilic
NPs – Aerosil 300 of size ca. 7 nm)  doped with 3 wt.% EPH, aimed

o inspect in more details such photo-sensitized nematic nanocom-
osite structures in view of their feasibility for light-controllable
O applications based on the efficient trans-cis photoisomerization
pon illumination with continuous light sources.

. Materials and methods

.1. Nanocomposite preparation

For the experiments performed, the commercial (from Merck)
C 4′-heptyl-4-biphenylcarbonitrile (abbreviated as 7CB) acted as
he host compound. This thermotropic LC has a stable nematic
hase at room temperature. Its isotropic-to-nematic phase tran-
ition temperature (the clearing point, TI-N) was measured to be
2.35 ◦C [29]. 7CB exhibits a large positive dielectric anisotropy
�� ∼ 10 at frequency 1 kHz and temperature of 25 ◦C [30]).

As a photoactive agent incorporated in the photo-insensitive
CB-based nanofilled nematic, we employed 4-(4′-ethoxy pheny-

azo)phenyl hexanoate (abbreviated hereafter as EPH) procured
rom Eastman Organics. The chemical structure of EPH is given in
ig. 1. This chemically-, photo- and thermo-stable azo-containing
iquid-crystalline compound also exhibits a nematic mesophase at
oom temperature. The latter feature helps in arriving at homoge-
eous mixtures of EPH and 7CB. As shown in our previous work
20,21], the inclusion of EPH even at a concentration of 1 wt.% in
hoto-insensitive nematics makes them photoactive with a poten-
ial for device applications. For the present studies, we have used

 wt.% of EPH in aerosil/7CB nanofilled nematic.
To realize the restricted geometry, hydrophilic aerosil nanopar-

icles (ANPs) - Aerosil A-300 nanospheres with a mean diameter of
7 nm were used [29]. The ANPs were capped with silanol groups.
he preparation of mixtures is described in [29]. The ANPs were
ixed with 7CB at concentration of 3 wt.%. At this concentration,

anofilled alkyl/alkoxy cyanobiphenyls (such as 7CB) do form soft
els exhibiting thixotropic properties [31,32].

.2. Methods and instruments
The samples (plane-parallel thin films with a thickness of
5 �m)  were prepared as sandwiched between a pair of 0.7 mm-
hick flat glass plates (from Delta Technologies Ltd., USA) separated
Fig. 2. Schematic drawing of the experimental set-up.

with spacers. The inner surfaces of the glass plates were coated with
∼80 nm-thick transparent conductive layers of indium tin oxide
(ITO) to serve as electrodes with a low (<10 �/sq) sheet resistance.
Further, the ITO surfaces were overcoated with polyimide PI-2555
(from HD Microsystems, USA) and rubbed unidirectional. Owing
to the high viscosity of the aerosil composites, the usual method
of filling the sample by capillary action was not adopted. Instead,
the sample was placed on one substrate and then the second sub-
strate was  kept on top and the cell sealed using UV-light-curing
epoxy. Caution was taken not to expose the sample area to UV  light
during this curing process. In this way, films of ANPs/7CB/EPH dis-
persion were prepared, as well as nanocomposite films of undoped
ANPs/7CB gel for comparative measurements. The latter samples
were sandwiched by use of identical glass plates (0.7 mm-thick,
with ITO & PI-2555 unidirectionally rubbed). In order to assess the
net effect from the azo-dopant EPH, complementary measurements
of the optical absoption in the UV–vis spectral range were con-
ducted by 25 �m-thick ANPs/7CB/EPH films in cells with quartz
plates. The morphology of the nanocomposite films was examined
in transmission by means of Zeiss NU-2 polarizing microscope, and
imaged using a microscope photocamera (Moticam 2500) inter-
faced to computer.

For EO measurements, we used a setup (schematically shown
in Fig. 2) designed in our laboratory. The EO response of the
nanocomposite films was  investigated by means of He-Ne laser
beam polarized circularly (∼1 mW optical power, wavelength �
= 632.8 nm). The laser beam was  directed at normal incidence to
the sample, the beam diameter on the sample was about 1 mm.
The alternating current (AC) electric field was applied perpen-
dicular to the plane of the nanocomposite films, thus coinciding

with the direction of the laser beam. The electro-optics of the
nanocomposite films, in terms of light transmittance and frequency
modulation EO characteristics, were measured by a silicon photodi-
ode in conjunction with a lock-in amplifier (SR830 DSP) controlled
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Fig. 3. UV–vis light transmittance spectra recorded for ANPs/7CB/EPH and
ANPs/7CB nanocomposites, as well as for pure liquid crystal 7CB, in identical cells
(assembled from 0.7 mm-thick glass plates with ITO overcoated with rubbed poly-
imide). The transmittance spectrum of the same cell with a gap of 25 �m, but empty,
74 G.B. Hadjichristov et al. / Opto-E

y computer. The output sinusoidal AC voltage was  subsequently
mplified using a high voltage amplifier (Pintek HA-400) in order
o be in the range 0–100 VRMS when applied to the samples.

The photodiode detector was placed at a distance of 30 cm
rom the sample. By measurements of the static EO character-
stics of the films (their optical transmittance as a function of
he applied AC voltage at a fixed frequency), the time interval
etween the data points was 8 s. The frequency spectra of the sec-
nd harmonic of the transmitted modulated laser beam (dynamic
haracteristics of the films) were recorded by sweeping the elec-
ric field frequency in the range 1 Hz–3 kHz. The photoresponsive
NPs/7CB/EPH nanocomposite films were photo-activated with
npolarized light from two continuous-light LEDs (light-emitting
iodes) with stabilized intensity: ‘UV-LED’ (NSHU550A, Nichia Cor-
oration, Japan) and ‘blue LED’ (Optica Laser curing unit, model
05-8B), both of a relatively low optical power but with highly
irected and uniform outputs. The LEDs were supplied by 4-channel
rogrammable Linear DC Power Supply Instek GPD-4303S (DC
oltage stability ± 0.01%). The same device was employed to pro-
rammable switching of the LEDs in time. The light intensity on the
amples were 1.8 mW cm−2 (±5%) and 5.7 mW cm−2 (±3%), for the
llumination by the UV-LED (peak wavelength of 375 nm)  and blue
ED (peak wavelength of 455 nm), respectively. At these intensity
evels (kept on throughout the measurements), no photo-induced
rreversible changes (e.g., photo-chemical) or phase transitions
e.g., surface melting [33]) were observed for the films during our
xperiments. To reject any reflected or scattered light (UV or blue)
rom the samples, both the photodiode and the microscope pho-
ocamera were equipped with red spectral filter. All experiments
ere carried out in the dark in order to avoid any influence of other

ight sources.
The spectra of optical transmittance of the samples were

ecorded in the wavelength range from 300 nm to 900 nm (spectral
esolution of 0.5 nm)  using Perkin Elmer Lambda 1050 spectropho-
ometer. The time response of the films upon illumination with
he LEDs was measured with photodiode and analog-to-digital
onverter (ADC) interfaced to computer (temporal resolution of

 s). The temperature of the sample was maintained (± 0.1 ◦C)
ith hot stage (Mettler FP82 and the associated controller). For

he variable-temperature thermo-optical measurements, the light
ransmittance data were collected (by means of He-Ne laser beam,
hotodiode and ADC) while the samples were cooled from 39 ◦C to
6 ◦C at a rate of 1 ◦C min−1.

. Results and discussion

.1. Optical spectroscopy data

As a rapid means of providing information at molecular level,
he optical spectroscopy can be used to look for the changes of the
ost 7CB nematic upon mixing with ANPs and EPH molecules. Fig. 3
eports the UV–vis light transmittance spectrum of 25 �m-thick
NPs/7CB nanocomposite film as compared to the transmittance
f a 25 �m-thick layer of pure 7CB nematic, both in identical
ells (from 0.7 mm-thick glass plates with ITO and unidirectionally
ubbed polyimide PI-2555 coatings). The modification of the film
ransmittance due to the dispersed ANPs can be clearly seen. Unfor-
unately, the plates of the cells we have used exhibited a peculiar
ransparency (shown also in Fig. 3) which does not allow to unam-
iguously register and distinguish the spectral subbands specific
or the prepared ANPs/7CB/EPH composites (because the cell plates
ask the characteristic bands of EPH azobenzene LC admixture that
s in relative small amount in ANPs/7CB/EPH).

In order to get a clear spectral evidence for the azo dopants, we
ecorded the UV–vis absorption of the studied three-component
is  given for reference. The spectra were obtained under identical experimental con-
ditions; temperature 26 ◦C.

ANPs/7CB/EPH films when they were in cells assembled from
quartz plates (without any coatings, neither ITO nor polyimide),
also in order to surmount the 50% light cut-off of the optical glass
at ∼ 380 nm.  Thus, the presence of EPH azo-bonded molecules is
proven by the spectral band of EPH trans-conformers, in our case
the broad shoulder at around 370 nm (Fig. 4a) (as known, the trans-
azobenzenes �–�* absorption band is close to this wavelength).
Further, the absorption spectrum of EPH-doped ANPs/7CB shown in
Fig. 4(a) indicates that one can expect an efficient photoactivation of
this composite by photoisomerization of the EPH photoactive com-
ponent by using a light at wavelength of 375 nm that is close to the
absorption peak of EPH. The absorption spectrum of EPH oneself
is also shown in Fig. 4(a). Actually, the latter spectrum is relevant
to a mix  of trans and cis molecular conformers of EPH. By that, the
trans-state is predominant because this is thermodynamically more
stable state (energetically more stable configuration).

For the sake of completeness, Fig. 4(b) represents the photo-
induced UV–vis absorption changes related to the trans-cis confor-
mational changes of the used azobenzene LC EPH, being in concen-
tration of 3 wt.% in the composite material ANPs/7CB/EPH under
study. The photo-induced spectral modifications were registered
after illumination wither with blue light (to display the absorp-
tion of the trans-conformers of EPH), or with UV light (to display
the absorption of the cis-conformers). By these measurements, care
was taken to avoid any impact of ambient light (e.g., from lumines-
cent lamps, sunlight, etc.). The recorded spectra reveal two absorp-
tion bands centered at ∼370 nm and ∼450 nm.  They are attributed
to � – �* transition band of the EPH trans-isomer and n – �* transi-
tion band of the EPH cis-isomer, respectively. As seen from Fig.4(b),
the absorbance of the EPH (trans) diminishes by UV light, and in the
same time the corresponding absorbance of the EPH (cis) increases,
clearly indicating the efficient UV-light-induced trans-cis isomer-
ization of azobenzene contained in the film. Regarding the presence
of both kinds of EPH isomers, these spectra reveal two photo-
induced states with: (i) large amount of the EPH trans-isomers
(and low amount of cis-isomers) produced with a blue light; and
(ii) UV light-activated state with more cis-conformed EPH than
trans-isomers. The relative percentage of both photo-induced EPH
isomers in these ‘mostly trans’ and the ‘cis-rich’ states, as well as

the conversion rate, depend on the intensity/dose of the input light.

At the wavelength range of the emission of the UV-LED we  have
employed, 7CB in the nematic state exhibits practically no absorp-
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Fig. 4. (a) UV–vis absorption spectrum of 25 �m-thick ANPs/7CB/EPH nanocomposite film between quartz plates. For comparison, the spectrum of solution of EPH (1 wt.%) in
transparent organic solvent (measured in a quartz cuvette with optical path of 1 mm)  is also shown (down). The emission spectra of the UV-LED and the blue LED employed,
are  also plotted (dashed), as well as the position of He-Ne laser wavelength. (b) UV–vis absorption spectra of 25 �m-thick ANPs/7CB/EPH film in a cell assembled from
0.7  mm-thick glass plates with ITO overcoated with rubbed polyimide. The spectra were recorded at 24 ◦C after illumination either with blue LED for 3 min., or with UV-LED
for  3 min.
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ig. 5. Illustration of the structure of nano(aerosil)-filled nematic. The gel networ
roups  decorating the aerosil nanospheres are also depicted. The liquid-crystal mol

ion (according to data, obtained either by optical spectroscopy,
or instance [34], or by ultra-performance convergence chromatog-
aphy [35]). The significant absorption of 7CB is below 320 nm.
n the other hand, the fact that 7CB contains no triple bond or
ouble bond, makes this LC compound quite resistant to UV expo-
ure (in fact, no sign of any photo-degradation was observed in
he course of our experiments). Incidentally, 7CB also does not
xhibit significant absorption in the blue (430 nm–500 nm)  and in
he red (633 nm)  wavelength regions (see Fig. 4a). In contrast, one
hould note the strong absorption of EPH-doped ANPs/7CB films
n the visible, resulting in their yellow color, as well as the strong
ight scattering by these films (at zero field, no voltage applied)
n the whole spectral range considered here (namely as a result
f light scattering, the baseline of the spectrum of ANPs/7CB/EPH
lm in Fig. 4(a) is in a high position). The wavelength of He-Ne

aser (� = 633 nm)  is very suitable for measurements of the electro-
ptical response of our ANPs/7CB/EPH nanocomposite films. Also
aking into account the appropriate transmittance of the cell plates
∼80%) at this wavelength. Actually, any laser source with a vis-

ble wavelength above 600 nm is proper. As seen from Fig.4(a),
uch a wavelength is beyond the spectral range of the strong
bsorbance of EPH and its photoactivity. Furthermore, at minimum
bsorbance of the studied ANPs/7CB/EPH films (Fig.4a) one can
rmed by ANPs (colored in orange); the hydrophilic aerosil "coronas" from silanol
, in our case nematic 7CB, are colored with blue.

avoid any undesirable effects leading to their heating and photo-
degradation.

Just as in ANPs/7CB, the strong light scattering by the
ANPs/7CB/EPH films does result from the structure formed in
this kind of nematic nanocomposites (namely a soft gel, weak
gel) [11,29,31,32]. Such filled nematic dispersions exhibit inho-
mogeneous morphology due to ANPs agglomerates [36,37] of
macroscopic and submicron sizes, as well as some local variations
of concentration due to agglomerate segregation. As known, the
large-scale structure of the aggregates is responsible for the inten-
sity at small scattering angles, and the small-scale structure of the
aggregates determines the intensity at large scattering angles (the
contributions of the various sizes of the aggregates can be hardly
resolved).

In more details, an irregular and fragile gel network is formed
in nano(aerosil)-filled nematics, like ANPs/7CB nanocomposite
[12] (Fig. 5) that exhibits a spatial confinement. This hydrogen
bond network of ANPs is caused by the interactions between the
silanol groups decorating the aerosil nanospheres and renders the

quenched random disorder to be created in situ. The feature that
the confined geometry in filled nematics [7,9,13] introduces a dis-
order is well established for these heterogeneous nanostructured
LC systems [38–41], in particular, for ANPs/7CB dispersions hav-



176 G.B. Hadjichristov et al. / Opto-Electronics Review 26 (2018) 172–182

F n its nematic state. The film is in a cell with polyimide orienting layers (colored in yellow
i ed by ANPs is drawn by circles, the molecules of the nematic 7CB are depicted colored in
b rans-conformed; (b) cis-conformed.
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Fig. 7. The thermal variation of light transmittance of ANPs/7CB/EPH film in the
cooling mode without applying an electric field. The film was initially illuminated
with a blue light and then measured (open circles) and subsequently UV-light illumi-
ig. 6. Sketch of morphology of the studied nanocomposite film of ANPs/7CB/EPH i
n  the picture) over ITO glass plates. No electric field applied. The gel network form
lue.  The LC molecules of the EPH azo dopants are presented colored in violet: (a) t

ng concentration and size of ANPs as the presently studied [29].
ndeed, such dispersion of ANPs in the nematic 7CB destabilizes the
ematic ordering of the host 7CB and reduces TI-N from 42.35 ◦C to
1.9 ◦C [29].

The LC material in ANPs/7CB gel does scatter light namely by
ocal inhomogeneities due to the ANPs dopants, and the scattering
an be electrically-controllable (in simple terms, the ANPs gener-
te orientation defects in anisotropic liquid-crystalline matrix, and
he orientation of the molecules of the nematic 7CB in electric field
eads to a diminishing the effect of these defects). To a large extent,
he EO performance of the examined nanocomposites is deter-

ined from the agglomeration and segregation of ANPs dispersed
n the nematic LC, i.e.  the performance of this nano-structured

aterial is directly related to the concentration of ANPs.
Clearly, the EPH admixture in the ANPs/7CB nanocomposite

ntroduces an additional disorder in the bulk of the three-
omponent mixed system ANPs/7CB/EPH. As for the orientation of
he EPH molecules within this system in its nematic state, the EPH
rans-conformers are expected to be directed mostly tangentially
oward the 7CB molecules (Fig. 6a). The orienting polyimide layers
ver the ITO glasses of the cells used for our experiments will pro-
ote a planar orientation of the LC molecules in the nematic phase

such alignment should be well pronounced close to the orient-
ng layers). However, inside the film the LC molecules become less
ligned due to the presence of ANPs chains. Since both peripheral
ides of the EPH molecule consist of hydrophobic tails, in vicinity
f the long and randomly crossing ANPs chains these molecules
re not tagged to the hydrophilic ANPs. In the bulk of the gel
lm (Fig. 6b), the randomly distributed cis-conformers efficiently
nhance the disorder of the nematic gel system because of the lower
nisometry of the cis-state.

Fig. 7 presents the light transmittance of ANPs/7CB/EPH film
ersus the temperature. As seen, TI-N of EPH-doped ANPs/7CB
anocomposite is significantly lower than that of undoped
NPs/7CB (∼ 42 ◦C [29]). When the EPH molecules are in their trans-

orms, Tno UV
I−N = 37 ◦C. More importantly, upon UV light a relatively

arge lowering (of about 7 ◦C) of TI-N is evident. This isomeriaztion-
nduced feature is well known (photo-driven phase transformation,
hoto-induced isotropic phase, an isothermal transition from the
ematic to isotropic). Unlike the rod-like trans-form that is com-
atible with the formation of the LC phase, the bent cis-form will
estabilize the LC phase, and thus one can expect that the trans-to-
is conformation generally reduces T [18] (i.e., T UV < T no UV ). In
I-N I−N I−N

act, with UV light at comparable intensity (∼ 1 mW cm−2) similar
hift of TI-N was reported for polyimide oriented planar films of a
uest-host mixture of 3.4 wt.% EPH in 7CB [42].
nated (the blue light turned off) and so measured (solid circles). The arrows indicate
the transition temperatures. The inset shows the same data on an expanded scale
(from 26 ◦C to 28 ◦C in the temperature range of the nematic phase).

3.2. Alteration of the EO response of ANPs/7CB/EPH
nanocomposite by light

3.2.1. Film morphology and AC field-dependent transmittance
Fig. 8 shows optical microscope images of ANPs/7CB/EPH film

texture (the temperature of the film was  kept a few degrees
below T UV

I−N). Micrometer-scaled regions of disordered textural
formations of LC material containing agglomerates of ANPs were
present. The UV-light induced changes were well observable at
higher voltage of the AC electric field applied on the sample. Both
photo-induced and the electrically-driven EO effect appear like
a brightening of the texture – the ANPs/7CB/EPH nanocomposite
films are cleared up. After the removal of the UV light, the samples
retain this state for enough time, e.g.  for hours (notice, this holds
at the UV light intensity employed here, as well as at the present
concentrations of EPH and ANPs, each of 3 wt.%). During this time
takes place a very slow gradual return to the initial state of the
sample (i.e., the state before the exposure upon UV light) in which
the EPH molecules are mostly in their trans-forms. Such cis-to-trans
transformation of the EPH molecular shape occurs spontaneous in
the “dark” (and in the absence of electric field) by the process of
thermal back relaxation.

Similarly to undoped ANPs/7CB nanocomposite [16,17,29], the
voltage-induced increase of the transparency of ANPs/7CB/EPH

films seen in Fig. 8 is because of the AC electric-field-driven reorien-
tation of the LC molecules along the electric field direction, from the
surface dictated planar to the homeotropic orientation induced by
higher magnitude of the applied electric field (and due to the posi-
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F ght; (b) UV light. AC (1 kHz) voltages applied on the film: 20 VRMS; 40 VRMS and 60 VRMS.
T  film was maintained at 26 ◦C.
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Fig. 9. (a) Electric-field-dependent light transmittance of ANPs/7CB/EPH nematic
film  after illumination with: (a) blue-light (circles); UV light (points). The frequency
of  the applied electric field was 1 kHz. The temperature of the film was maintained

◦

ig. 8. Micrographs taken after illumination of ANPs/7CB/EPH film with: (a) blue li
he  other experimental conditions were kept the same, and the temperature of the

ive dielectric anisotropy of all the components – 7CB, EPH, EPH/7CB
ixture [42] as well as of the composite material ANPs/7CB/EPH as

 whole). On the other hand, the photo-induced EO effect results
rom UV-light induced photoisomerization of azobenzene EPH (the
ransformation from elongated rod-like trans isomers to bent cis
somers, recall Fig. 1) [18–21] within the illuminated area of the
lms. Reasonably, no such distinct photo-induced textural changes
ere observed for undoped ANPs/7CB films in identical cells and
nder the same experimental conditions.

We  have to point out that the morphology images of the stud-
ed nanocomposite films did not depend on the polarization of the
ncoming light, a feature also true for their EO characteristics dis-
ussed below. This is owing to the lack of planar orientation of the
lms despite the unidirectional rubbing of the inner surface of the
ell plates. Obviously, the absence of LC molecular alignment (as
roved by polarizing microscope) does result from the strong ran-
om disorder of the studied nematic gel structure due to the ANPs
llers [16]. That is why, no polarizers were used by the experiments
escribed below.

Understandably, the electrically- and UV-light induced mor-
hology change of ANPs/7CB/EPH films does reflect in their light
ransmittance characteristics. Fig. 9(a) presents the He-Ne laser
eam transmission through ANPs/7CB/EPH nematic film versus the
pplied AC voltage, after an illumination with blue light or UV light
t 375 nm.  According to the well established mechanism of light
cattering by nanofilled nematics [13,38], the electrically-driven

eorientation of LC molecules having positive dielectric anisotropy
eads to reduction of scattered light with increasing AC electric
eld and thereby to increase of film transparency.Thus, an electrical
ontrol of the film transparency can be readily achieved.

at  26 C. The inset presents the low-voltage region of the same plots on an expanded
scale; (b) the degree (�UV) of the UV-light induced effect for the ANPs/7CB/EPH film
(the ratio of the with/without datasets in (a) as a function of the applied AC voltage.
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Fig. 10. Photo-switching of the electro-optics of ANPs/7CB/EPH nanocomposite film (temporal response) probed by He-Ne laser beam. The film was illuminated by UV-LED
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nd  alternatively by blue LED. The illumination time intervals (shown at the top of
ED.  In both cases, the applied voltage was 100 VRMS at a frequency of 1 kHz. The te
b).

The UV-light-produced change becomes like an enhancement of
he film transparency. As such, the film transparency is increased
ithin the whole range of AC voltage we have applied. An interest-

ng maximum-shaped dependence on the AC voltage takes place
or the ratio �UV of the field-dependent transmittance of UV-
ight-illuminated ANPs/7CB/EPH film to the same behaviour but

easured upon illumination with blue light (Fig. 9b). Since the
egree of the UV-light induced effect (�UV) can be electrically
ommanded by the field, this could be an attractive option for
ight-controllable electro-optics.

In fact, the effect from UV illumination is expressed as a large
hift (in our case, by more than 25 V) of the curve of field-dependent
ransmittance of the ANPs/7CB/EPH films toward the lower volt-
ges of the applied AC electric field. As such, this light-induced
ffect can be very useful from practical point of view. Both the
ncrease of light transmittance of the films by increasing elec-
ric field above the distinct threshold, as well as the reduction of
he threshold voltage for the light transmittance characteristics of
PH-doped ANPs/7CB upon UV light, were compatible with our
ptical microscopy observations. No such features were found for
he corresponding characteristic curves obtained for the undoped
NPs/7CB nanocomposite films, being in identical cells under iden-

ical experimental conditions.
By switching-off the UV lightening followed by illumination

ith blue light whose spectral band is centered at 455 nm (see
ig. 4a) and overlaps the absorption of the EPH cis-form (the peak
orresponding to n – �* band of the azobenzene group, close to
50 nm (e.g., [43]), Fig. 4b), the ANPs/7CB/EPH system reverts to its

nitial state and restores the initial transmittance curve (Fig. 9a).
he recovery process can well be seen by switching the UV and
lue lights alternatively (Fig. 10a). Since the spectrum of the blue
ED used here explicitly activates the EPH dopants via the well
nown mechanism of cis-to-trans photoisomerization of azoben-
ene molecules (e.g., [43,44]), the above test evidences that just the
omponent EPH and its photoisomerization are only responsible
or the photoactive alteration of the electro-optics of the stud-
ed ANPs/7CB/EPH films. The light-controlled recovery of the EO
esponse is an important application aspect.

The stability of the photo-switching by the studied
NPs/7CB/EPH nanocomposite films was probed by repeating

ycles. To accelerate and intensify the cis-isomerization of EPH,
e used in this test a higher exposure dose of the UV light. For

xample, Fig.10(b) reports a switching cycle test of ANPs/7CB/EPH
lm being permanently upon AC electric field. The temporal series
raphs) were fixed at 5 min for the UV-LED and 10 min  (a); or 8 min  (b) for the blue
ature of the film held at 26 ◦C. UV light intensity: 1.8 mW cm−2 (a) and 5 mW cm−2

was recorded upon illumination by repeating cycles of alternating
switching (on/off) of the UV and blue lights, as shown in the
graph. The test indicates that after few cycles of trans-cis-trans
isomerization, the ANPs/7CB/EPH system does not hold the UV-
activated photostationary state, i.e.  the saturation regime that
was completely reached during the UV illumination (Fig.10b),
and this state is not fully recovered. Taking into account the high
thermo-physical stability of the azobenzene dopant, most proba-
bly, this is due to local heating caused by the UV  light (as well as
by the some accumulated heat during the subsequent illumination
with blue light) that leads to thermal cis-to-trans isomerization, a
process well known for azo compounds (the metastable cis state
is thermally reconvert to the trans) (e.g., [45,46]). The kinetics
of the thermal back reaction of azo compounds, azopolymers,
azo-LCs and azo-doped LCs [23,47–49] strongly depends on the
local heating, i.e.  on the light fluence. The above test illustrates that
such photo-induced thermal reaction of our nematic nanocom-
posites may  limit their usage in applications that require good
long-term stability of the photo-switching. The reversibility of
the photo-switching of the studied azobenzene-LC-containing
photoresponsive nanofilled nematic gels is not so sufficient as the
photo-switching of azopolymers (amorphous or liquid-crystalline)
or polymer-azobenzene complexes that have been shown to
exhibit excellent long-term stability in photo-induced changes
(e.g., [50,51]). Clearly, the sizable UV light absorption by the
host ANPs/7CB gel itself (recall Fig. 3) strongly contributes to
the local heating in our case. The time-stability test we have
performed simply indicates that for a reversible photo-induced
switching based on trans-cis photoisomerisation of azobenzene LC
EPH and to achieve efficient photo-controllable electro-optics of
ANPs/7CB/EPH nanocomposite films reported here, the dose of the
UV light has to be carefully portioned.

3.2.2. EO modulation
The photoactive azo-bonded EPH molecules included in the

ANPs/7CB nanocomposite films can modify also their amplitude-
frequency EO modulation characteristics. Fig. 11 reports the
frequency-dependent second-harmonic modulation of light passed
through ANPs/7CB/EPH nanocomposite film, as recorded without
or in the presence of UV illumination. As seen, the amplitude of

second-harmonic EO modulation can be altered with UV light, in
our case, a modulation enhancement by a factor up to 10 can be
achieved (this UV-light-produced change is reduced by increasing
magnitude of the applied AC electric field). Further, the slope of
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Fig. 11. UV-light produced effect on the EO second-harmonic modulation by EPH-
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Fig. 12. Electric-field-dependent light transmittance of non-illuminated
oped ANPs/7CB film, as measured at various AC voltages (under identical other
xperimental conditions). He-Ne laser beam was employed as a probe light. The
emperature of the film was 26 ◦C.

econd-harmonic EO modulation spectrum can be also changed
y UV lightening, an effect that is well pronounced at a stronger
eld (Fig. 11c). Like the AC voltage-dependent transmittance of
he ANPs/7CB/EPH films (discussed in Section 3.2.1), with blue
ight one can perform the reverse cis-to-trans conformation of EPH

olecules, and thereby, the recovery of the modulation behaviour
hat takes place in the non-illuminated case. Thus, the EO modula-
ion by azo-doped nematic nanocomposite films studied here can
e photo-controlled to some extent.

As reported in [16], the slope of the frequency spectra of the EO
econd-harmonic modulation by ANPs/7CB nanocomposite films is
ecreased by increased electric field and this slope is considerably
maller than that by the pure 7CB itself [16] (where contribute the
arge bulk LC domains). By this specific EO effect, the modulation
pectra (EO response modulated by the dielectric oscillations of the
ematic director) measured at the doubled frequency of the driving
C electric field, become rather flat and extended towards the
igher frequencies of the field if the field strength is high enough.

n the nanostructured nematic gel, the smaller the size of the active
ulk domains, the smaller is the slope of the EO second-harmonic
odulation spectra (e.g., over the frequency range 1–1000 Hz and

t higher amplitude of the electric field [16]). The larger slopes of
he EO second-harmonic frequency-modulation characteristics of
NPs/7CB/EPH nanofilled nematic system upon UV light (Fig. 11,
specially Fig. 11b,c) suggest an enlargement of the dimensions
f the local bulk domains in this system upon UV light (or related
ffect).

.3. Explanation of the observed photo-stimulated EO effect in
NPs/7CB/EPH system

The UV-light induced lowering of the threshold voltage
bserved for the AC field-dependent optical transmittance of

NPs/7CB/EPH films (Fig. 9a) should be discussed in terms of

ocal Fréedericksz transition in the considered nanofilled nematic
29] doped with photoisomerizable LC molecules, as modified
y UV illumination (if there was no ANPs network, we  should
ANPs/7CB/EPH film at temperatures of 25 ◦C (open circles) and 32 ◦C (solid
circles). The frequency of the electric field applied on the film was 1 kHz. The inset:
the expanded low-voltage region of the same plots.

have a planar orientation of the film that provides developing of
bulk Fréedericksz transition). For this, the anisotropic EPH–ANPs,
ANPs–LC and EPH–LC surface and molecular interactions in the
anisotropic environment of LC matrix should be also taken into
account. Generally, in this case the corresponding EO mechanism of
the UV-light induced lowering of the Fréedericksz voltage is rather
complex and will be given in details elsewhere.

Phenomenologically, the observed photo-stimulated EO effect
should be regarded as electrical quenching of static light scatter-
ing by nano-disordered nematic. Central point in the interpretation
would then be the influence of various applied factors upon the
electric coherence length (�) [52] of the distorted regions around
the chains of ANPs. The reduction of � brings about a smoothening of
refractive indices’ gradients, and thus reduction of light scattering.

Upon UV illumination, the non-rod-like shaped (the cis form)
azo molecules induce a shift of the nanostructured system toward
the isotropic phase. This is consistent with the reduction of the
order parameter (S) of the system that is normally expected because
of anisometry reduction of the EPH LC molecules being in their cis
forms. According to theory [52], � is going to decrease with tem-
perature taking into account the dependence of S on the elastic
and dielectric constants. This effect can be proven by the electrical
quenching behaviour (the electic-field-dependent optical trans-
mittance) of our ANPs/7CB/EPH films measured (in the absence of
UV illumination) at two different temperatures within the range
of the nematic phase of the ANPs/7CB/EPH system (Fig. 12). Like
the threshold voltage shift of ∼25 V seen in Fig. 9(a), a difference
of ∼25 V between these two characteristic curves (at their steepest
slopes) is evident in Fig. 12 when the temperature differs by 7 ◦C. By
UV illumination under identical conditions, nearly the same tem-
perature shift (related to the depression of the clearing point by the
UV light) is present in the temperature-dependent optical transmit-
tance of the same film (Fig. 7). In this way we  demonstrate that the
mechanism behind the observed UV-light induced effect is asso-
ciated with a decrease of S. Such interpretation also explains why
an increase of the molecular disorder, i.e.  reduction of �, under UV
illumination leads to remarkable contribution to electrical quench-
ing of light scattering, as observed (Fig. 9a). Reduction of the light
scattering by the ANPs/7CB/EPH nematic system could be expected
even without electric field applied, but upon UV  illumination (as
indeed registered – see the insets in Figs. 7 and 9a).

3.4. Light control of ANPs/7CB/EPH electro-optics (application
aspect)
The photo-controllable scatter-based electro-optics by
ANPs/7CB/EPH nematic nanocomposites discussed above is
interesting from an application point of view. It should be empha-
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ized that the large UV-light induced reducing of the threshold
oltage of the voltage-dependent transmittance demonstrated
or the presently studied photo-sensitized nanofilled nematic
lms (recall Fig. 9a), is quite unusual. It is achieved owing to the
anostructure imposed by the aerosil network within the nematic
ystem and the LC confinement in the gel network. The observed
arge photo-stimulated lowering of the threshold voltage is not
ossible for a simple azo-doped nematic, e.g., EPH/7CB guest-ghost
ixture, where such an effect is expected to be very small. For

he sake of comparison, the Fréedericksz threshold of guest-host
ixture of 3.4 wt.% EPH in 7CB in similar planar cells and in the

ematic phase is equal to 2 V [42] (0.9 V for the nematic 7CB itself).
As seen from Fig. 9(b), the extent (�UV) of the observed UV-light

nduced effect is rather strong. For the experimental data given in
ig. 9, �UV was over 30, i.e. up to degree being of interest for practi-
al application. Further, depending on the registration regime, �UV
an be considerably enlarged. The experimental data in Fig. 9 were
btained within a collection spatial angle of 0.6◦. If the photodiode
etector is placed at a larger distance from the sample, i.e. the light
assed through the films is registered in the far-wave zone that
orresponds to a reduced effect from diffuse light scattering from
he films (at the wavelength of the probe laser beam used for the

easurements) and at collection spatial angle reduced up to the
ivergence limit for the same collimated laser beam, then the max-

mum of �UV can reach even 80–100 for the same ANPs/7CB/EPH
ample (and at the same AC voltage ∼60 V as in Fig. 9b).

In fact, at a given temperature corresponding to nematic
hase of ANPs/7CB/EPH, over a relatively large AC voltage range
his nanocomposite exhibits two stable and well differentiated
hoto-commanded states for its voltage-dependent optical trans-
ittance: (i) an ‘OFF’ state, with a minimized transparency owing

o maximum EPH trans-isomers (and minimum cis-isomers) pro-
uced and controlled with a blue light; and (ii) UV light-activated
tate with maximum cis-conformed EPH and enhanced light trans-
ittance (‘ON’ state) (Figs. 9 and 10). Both EO states can be

lectrically- and photo-controlled. In a certain voltage range, a large
ynamic range (contrast) between the values of the optical trans-
ittance relevant to these states can be achieved, being useful

eature of the proposed photoactive ANPs/7CB/EPH nanocompos-
tes. We  have to mention that such their function is in the frequency
ange generally considered to be the dielectric regime (kHz) of
peration of LC devices. In the low-frequency range (<10 Hz)
eferred as the conducting regime when the ions in the LC medium
nfluence its electrical properties, both UV-light induced shifts (of
he phase transition temperature and the threshold voltage for EO
peration, reported above) for the ANPs/7CB/EPH nematic system
an be strongly diminished.

The observed photo-stimulated effect on the electro-optics of
he studied ANPs/7CB/EPH films may  be more useful if a larger and
aster light-induced modification of their EO characteristics can be
chieved, as well as a rapid recovery. This may  be done by more
ntensive and quick photoisomerization of the EPH photoactive
gent. The acceleration of the photoisomerization process might
e performed with high-power optical pulses (e.g., from short-
ulsed lasers), thereby enabling more efficient light control, or by
pplying a DC bias voltage [42]. Surely, the use of more intense
ight impact will enhance the considered photo-stimulated effect
nd will improve the performance of light-controllable EO devices
ased on such LC nanocomposites with trans-cis photoisomeriz-
ble agent. At best, an acceleration of the light control on the EO
esponse can be implemented by lasers radiating UV/blue-light in
hort and ultra-short pulses (e.g., in the nano- to femto-second

cales) (work in progress). Such light pulse duration ensures high-
ntensity optical field and in the same time by ultra-short pulses
ne can avoid the light-induced local thermo-effects due to the
ptical absorption, thereby preventing the non-desirable thermal
nics Review 26 (2018) 172–182

degradation of the photoresponsive nanocomposite organic mate-
rial.

Finally, very important from an application’s point of view is
the long-term stability (as well the possible aging, unwanted) of
the photoactive nematic nanocomposite proposed here. As rele-
vant to potential applications, we have proved the photo-controlled
EO response of this material in a time period of more than two
years. The tests indicated that both the static and dynamic EO char-
acteristics of the inspected optical films of EPH-doped ANPs/7CB
nanocomposite remain the same when keeping the same exper-
imental conditions, i.e., the produced nanocomposite material is
photo- and thermo-stable, did not undergo any irreversible changes
and its functionality has not been changed with time during this
period.

4. Conclusions

We  have composed a stable photoresponsive nanofilled nematic
of 3 wt.% aerosil (silica nanospheres with a mean diameter of
about 7 nm)  and nematic 7CB as doped with photoactive azoben-
zene nematic (namely, EPH). Upon simultaneous application of AC
electric field and by illuminating with appropriate UV light, thin
films of such room-temperature nanostructured nematic exhibit
modified EO properties. In particular, the inclusion of relatively
small amount of 3 wt.% EPH into the nematic aerosil/7CB nanogel
allows both the static (the AC electric-field-controlled transmit-
tance) and the frequency-doubled EO modulation characteristics
of thin films (25 �m)  of the composed aerosil/7CB/EPH nanofilled
nematic material to be efficiently changed by light.

The demonstrated photo-stimulated EO effect occurs owing to
the nano(aerosil) network within the studied azo-doped nanofilled
nematic. This effect is photo-driven by the facile light-induced
steric effect of molecular conformation change of the azo-bonded
molecules (the transformation of EPH from trans to cis isomers,
and vice versa) within the illuminated area of thin films of this
nanocomposite. Thereby, the EPH-doped nanofilled aerosil/7CB
nematic provides a photo-activated ON–OFF switching through
two distinct EO states that are photo- and electrically-controllable.
The underlying cause for the observed photo-driven effects and
light-modified EO behaviors of the aerosil/7CB/EPH nematic is the
photo-induced change of magnitude of the nematic short range
order.

The efficient light- and AC field-control makes the photorespon-
sive nano(aerosil)-filled nematic systems attractive for specific
scatter-based room-temperature EO applications, such as photo-
controllable EO switches and attenuators (working by transmitted
light), in amplitude-frequency modulators, as well as for photonics
and sensorics based on photo-sensitive electro-optics. Reason-
ably, of great importance for the engineering of such photoactive
nanocomposites are the concentrations of both nanoscale dopants
- the aerosil nanoparticles and the azo-bonded molecules. Besides
the suitable concentration of the photosensitizer, for sufficient
light-induced stimulation of the electro-optics of these materials
one has to consider also the illuminating light intensity, as well as
the amplitude of the applied AC electric field. Furthermore, the size
of the effect reported here strongly depends on the temperature.
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