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a  b  s  t  r  a  c  t

The  preparation  of composite  materials  has  gained  tremendous  attention  due  to  the  potential  synergy
of the  combined  materials.  Here  we  fabricate  novel  thermal/electrical  responsive  photonic  compos-
ite films  combining  cellulose  nanocrystals  (CNC)  with  a  low  molecular  weight  nematic  liquid  crystal
(NLC),  4′-(hexyloxy)-4-biphenylcarbonitrile  (HOBC).  The  obtained  composite  material  combines  both
intense structural  coloration  of  photonic  cellulose  and  thermal  and  conductive  properties  of  NLC.  Scan-
ning electron  microscopy  (SEM)  results  confirmed  that  liquid  crystals  coated  CNC  films  maintain  chiral
nematic  structure  characteristic  of  CNC  film  and simultaneously,  transversal  cross-section  scanning
electron  microscopy  images  indicated  penetration  of  liquid  crystals  through  the CNC  layers.  Investi-
gated  composite  film  maintain  NLC  optical  properties  being  switchable  as  a  function  of  temperature
hermo-responsive
lectro-responsive

during  heating/cooling  cycles.  The  relationship  between  the  morphology  and  thermoresponsive  in the
micro/nanostructured  materials  was  investigated  by  using  transmission  optical  microscopy  (TOM).
Conductive  response  of  the  composite  films  was  proved  by Electrostatic  force  microscopy  (EFM)  mea-
surement.  Designed  thermo-  and  electro-responsive  materials  open  novel  simple  pathway  of  fabrication
of CNC-based  materials  with  tunable  properties.

© 2017  Published  by Elsevier  Ltd.
. Introduction

One recent international trend is to focus to develop novel
ellulose nanocrystal-based materials with diverse advanced func-
ionalities. Cellulose nanocrystals (CNC) may  be prepared through
ontrolled acid hydrolysis of bulk cellulose (Rånby, 1951). CNC are
btained as highly crystalline fibrils with nanometer dimensions
nd high-aspect-ratio rodlike that at sufficiently high concentra-
ions in aqueous suspensions self-assemble in chiral nematic liquid
rystalline phase (Revol, Bradford, Giasson, Marchessault, & Gray,
992). The chiral nematic structure of CNC suspension can be

reserved in solid films endowing the resulting materials with a
elicoidal structure and brilliant iridescent colors (Revol, Godbout,

 Gray, 1998). Integrating the optical properties of chiral nematic

∗ Corresponding author.
E-mail address: moliriavs@iq.unesp.br (M.V. Santos).

ttp://dx.doi.org/10.1016/j.carbpol.2017.03.078
144-8617/© 2017 Published by Elsevier Ltd.
CNC structure with stimuli-responsive guest species may afford
novel composites materials with an advanced set of functions, tun-
able properties and wide range of application possibilities. In this
context, bio-derived photonic film formed by CNC have recently
attracted attention as hosts for metal NPs (Chu et al., 2015; Qu  et al.,
2016; Querejeta-Fernandez et al., 2015), magnetic NPs (Espinha
et al., 2016), shape memory polymers (Giese et al., 2016) and lumi-
nescent NPs (Chu et al., 2014).

In parallel, low molecular weight nematic liquid crystals (NLC)
are organic macromolecules, that self-assembly depending on
external stimuli such as electrical field, temperature and light
(Doane, Vaz, Wu,  & Žumer, 1986; Drzaic, 1986). These mate-
rials have been extensively used combined with polymers to
design electro- and thermo-sensitive material where the dis-
persed mesophase can be switched from opaque scattering state

(OFF-state) to transparent state (ON-state) due to matching of
the refractive index of the polymer and that of the oriented
NLC by applying an external electrical voltage or thermal gradi-

dx.doi.org/10.1016/j.carbpol.2017.03.078
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2017.03.078&domain=pdf
mailto:moliriavs@iq.unesp.br
dx.doi.org/10.1016/j.carbpol.2017.03.078
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nt (Campbell, Tasinkevych, & Smalyukh, 2014; Ganesan, Wirges,
ellinger, & Gerhard, 2010; Gutierrez, Tercjak, Algar, Retegi, &
ondragon, 2012; Tercjak & Gutierrez, 2011; Zhou, Collard, Park,

 Srinivasarao, 2002). Also chiral nematic mesoporous silica have
een combined with LCs to design thermal-optical devices (Giese
t al., 2013; Manning et al., 2014).

Recently, some of us designed new optical materials by
reparing composite films from NLC and bacterial cellulose (BC)
elf-sustainable membranes (Tercjak, Gutierrez, Barud, & Ribeiro,
016). BC membranes display peculiar and unique properties that
llow the utilization of this green material in different applications
rom biomedicine to photonics (Legnani et al., 2008; Pinto et al.,
015; Shah et al., 2013; Sulaeva, Henniges, Rosenau, & Potthast,
015). Emergent properties of the composite materials so pre-
ared include conductive and thermal response, characteristic of
he coated NLC, added to thermal stability and mechanical prop-
rties of the BC membrane, for example. Therefore, the designed
hermoresponsive materials displayed original tunable properties
hat would not be possible with the individual components (Tercjak
t al., 2016).

Taking all these described features into account, the design of
 new optical sensor platform is proposed here, that is, compos-
te material based on CNC film and NLC. In contrast to examples

entioned above, where NLC were dispersed into the polymeric
ost, we proposed here a novel, facile and scalable approach based
n the coating CNC film with NLC, resulting, upon evaporation, in
ridescent films with thermal and conductive response.

CNC were extracted from BC membranes that were prepared at
ur laboratory as described before (Pinto et al., 2015; Tercjak et al.,
016). In the first step to obtain the new composites, iridescent CNC
ree-standing films around 40 �m thick were obtained by casting
NC suspensions on plastic substrates. In a second step CNC films
ere coated with the NCL 4′-(hexyloxy)-4-biphenylcarbonitrile

HOBC) by using the easy and inexpensive method proposed before
Tercjak et al., 2016). This new composite material was obtained
s free-standing iridescent films, that exhibit tunable properties,
n response to thermal gradient or relatively small electrical volt-
ge in addition to the properties of the CNC films. The relationship
etween the surface structure and thermo-responsive properties of

nvestigated HOBC coated CNC film was investigated using trans-
ission optical microscopy (TOM). Additionally, electrostatic force
icroscopy (EFM) measurement was employed to prove the effect

f external stimuli, in this case applied voltage, on the HOBC liquid
rystal coated CNC film.

. Materials and methods

.1. Materials

Sulfuric acid (95–98%) was purchased from Sigma-Aldrich.
ater was purified (Millipore Milli-Q purification system). Low
olecular weight NLC, HOBC, was supplied by Sigma-Aldrich, and

sed without further purification. The thermal behavior of HOBC
iquid crystal was evaluated by differential scanning calorimetry
DSC) (Fig. S1, Support information) and summarized in Scheme 1.
OBC displays crystalline-nematic transition at around 59 ◦C and
ematic-isotropic transition around 76 ◦C.

.1.1. Production of BC inoculum
The cellulose producing strain used was Gluconacetobacter

ylinus (ATCC 23760) supplied by André Tosello Foundation,

ampinas-SP, Brazil. It was cultured in Hestrim-Schramm medium
HS medium) that containing d-glucose glycose, yeast extract,
eptone, di-sodium hydrogen phosphate (Na2HPO4), citric acid,
gar and purified water. Analytical grade chemicals were used as
Scheme 1. HOBC Structure, crystal-nematic transition (TC-N) and nematic-isotropic
transition (TN-I) obtained by DS.

received. Before the bacterial strain inoculation, the strain culture
medium was  sterilized and then was cultivated during 1 day at
28 ◦C in an air circulating oven as conditioning chamber.

2.1.2. Biosynthesis of BC
BC culture medium was prepared according to the method pre-

viously reported (dos Santos et al., 2014; Tercjak, Gutierrez, Barud,
Domeneguetti, & Ribeiro, 2015). 45 mL  of culture medium and 5 mL
of the inoculum were cultivated during 3 days in static conditions
at 28 ◦C in a 250 mL  Erlenmeyer flask in an air circulating oven.
After this time, jelly-like BC pellicle was  harvested and purified
to eliminate the culture medium (to remove the cells and other
impurities). The purification protocol was realized following the
pathway described before (Tercjak et al., 2015). Finally, purified BC
hydrated membrane was dried in order to obtain BC film.

2.2. Preparation of CNC film

CNC were prepared according to the method previously
reported (Dong, Revol, & Gray, 1998). Dried BC films (5 g) were
milled using an IKA

®
A11 basic analytical mill and sieved with a

stainless steel sieve (mesh 35) to ensure uniform particle size and
to increase the surface area. The milled BC was hydrolyzed in 88 mL
of a 64 wt% sulfuric acid solution at 50 ◦C for 0.5 h under vigorous
stirring. The suspension was then diluted (10×) with ultrapure cold
water (resistivity 18.2 M� cm at 25 ◦C) to stop the hydrolysis, and
allowed to settle overnight. The clear top layer was decanted and
the remaining cloudy layer was centrifuged at 6000 rpm for 10 min
(Jouan C3i –CR3i multifunction centrifuge). The supernatant was
decanted and the resulting thick white suspension was  washed
3 times with ultrapure water. The thick white suspension was
transferred to a dialysis cellulose membrane sleeve (12000–14000
molecular weight cut-off) and dialyzed against ultrapure water. The
membrane sleeve containing the CNC were placed periodically in
ultrapure water, and the procedure was continued until the pH
of the water became constant (pH = 2.4) over a period of 1 h. The
suspension was  diluted to the desired concentration (3.0 wt%) and
dispersed using an ultrasound homogenizer (Sonics Vibra-Cell VC
505 500W 20 kHz) with a 6 mm diameter probe. Typically, 50 mL
of a 3.0 wt% CNC suspension was  placed in a 100 mL plastic tube
and sonicated at 60% of the maximum power (300 W).  Prolonged

sonication (to an energy input over 2500 J/g of CNC) was performed
in an ice bath, to prevent desulfation caused by the heating gener-
ated during the process. Finally, 8 mL  of CNC solution 3 wt%  were
transferred to polystyrene Petri dishes (diameter 45 mm), allowing
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cheme 2. Schematic diagram of the preparation method of the CNC/HOBC com-
osite.

ts evaporation at room temperature until free-standing films were
ormed.

.3. Preparation of the composite film

Considering potential applications of designed materials, we
ave proposed an easy painting method, which can also be applied
ver large-scale areas at ambient conditions relatively inexpen-
ively (Dunderdale, Urata, Miranda, & Hozumi, 2014; Tercjak et al.,
016). Thus, we fabricated CNC/HOBC films by the process illus-
rated in (Scheme 2). The CNC film was used as support for the
OBC coating. CNC film surface were painted with HOBC solution

3 wt% in chloroform) in order to get NLC coated CNC film.

.4. Characterization of CNC and CNC/HOBC films

.4.1. Thermal characterization
The thermal behavior of HOBC liquid crystal was analyzed on a

ettler Toledo DSC 822 differential scanning calorimeter equipped
ith a Sample Robot TSO 801 RO. Nitrogen was used as purge

as (10 mL  min−1). Temperature and enthalpy were calibrated by
sing an indium standard. Measurements were performed in sealed
luminum pans containing a sample weight of around 7 mg.  The
hermal behavior of the HOBC liquid crystal was analyzed from 0 ◦C
o 150 ◦C with scan rate 10 ◦C min.

.4.2. Morphological characterization
Morphological study of designed materials was  performed

sing polarized optical microscopy (POM) and scanning electronic
icroscopy (SEM). The POM images were taken using an Olympus

X41 microscope, using the polarizers in a crossed arrangement.
he SEM images were collected on a Hitachi SU-70 electron
icroscope. The samples were attached to aluminum stubs using

ouble-sided carbon adhesive tape or carbon glue. The images were
aken from the surface and the cross-section areas. All the samples
ere sputter-coated with carbon with an EMITECH K950X Turbo

vaporator using a single pulse, outgassing time of 30 s and evap-
rating time of 2 s.

.4.3. Structural characterization

CNC and CNC/HOBC films were structurally characterized by

TR Fourier transform infrared spectroscopy carried out using
 Nicolet Nexus Spectra equipped with a Golden Gate single
eflection diamond ATR accessory. The ATR-FTIR spectra of CNC
lymers 168 (2017) 346–355

and CNC/HOBC films were taken with a 2 cm−1 resolution in a
wavenumber range from 4000 to 400 cm−1.

2.4.4. Optical characterization
Emission spectra were recorded at room temperature with

a modular double grating excitation spectrofluorimeter with a
TRIAX 320 emission monochromator (Fluorolog-3, Horiba Scien-
tific) coupled to a R928 Hamamatsu photomultiplier, using a front
face acquisition mode. The excitation source was a 450 W Xe arc
lamp. UV–vis spectroscopy was carried out using a Perkin-Elmer
lambda 950 UV/Vis/NIR spectrophotometer and Spectralon inte-
grating sphere (� = 150 mm).  The freestanding films surface was
placed perpendicular to the incidence beam and the spectra were
acquired as function of the angle (20◦ < � < 70◦).

The effect of temperature on the properties of the investigated
films was  verified in situ by UV–vis spectroscopy using a Cary 5000
UV–vis spectrometer (Varian), in the range of energy from 1500 to
200 nm,  coupled to an oven working in the temperature range from
20 to 80 ◦C with the rate 1 ◦C/min.

2.4.5. Thermo-responsive properties
Thermo-responsive properties of CNC/HOBC film were stud-

ied by TOM under cross-polarized light carried out using a Nikon
Eclipse E600W microscope equipped with a hot stage Mettler FP
82 HT. Samples were exposed to a heating/cooling process from
30 ◦C to 70 ◦C at 2 ◦C/min and the images were captured in both
processes.

2.4.6. Conductive properties
Atomic force microscopy (AFM) measurement was  performed

using a Dimension Icon scanning probe microscope equipped
with Nanoscope V controller (Bruker). Tapping mode (TM) was
employed in air using an integrated tip/cantilever (125 �m in
length with ca. 300 kHz resonant frequency). Typical scan rates dur-
ing recording were 0.9–1.1 line/s using a hybrid scan head with
a maximum range of 100 × 100 �m.  EFM was  used to study the
conductive properties of liquid crystals coated CNC film. Measure-
ments were performed using the same scanning probe microscopy
(Nanoscope V, Dimension ICON from Bruker) operating in the Lift-
Mode (lift height was  ∼120–150 nm)  in ambient conditions and
equipped with a Pt/Ir coating tip with a resonance frequency around
75 kHz. The secondary imaging mode derived from tapping mode
that measures electric field gradient distribution above the sample
surface has been detected by applying a voltage to the cantilever
tip. Locally charged LC phase domains on the samples surface were
qualitatively mapped simultaneously with the height and phase
AFM images. Different regions of the samples were scanned to
ensure that both morphology and conductive properties of the
investigated materials are the representative one.

3. Results

3.1. Morphological characterization

POM images of CNC film (Fig. 1a) show pronounced iridescence
under unpolarized room light. The first order Bragg reflection is
observed (Lagerwall et al., 2014). In selected regions of the sample,
fingerprint lines, characteristic of chiral nematic regions viewed
orthogonal to the chiral nematic axis, are in focus (Fig. 1b). The
images (Fig. 1a and b) display a mosaic of domains with different
shapes and colors such as green, blue and orange due to anisotropy

of CNC films. Pitch lengths and helicoid tilt axes are different in
different regions, reflecting light with much wider bandwidth than
single-pitch CNC films (Steiner & Vignolini, 2014). Similarly, POM
images of CNC/HOBC composite exhibit iridescence under unpo-
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ig. 1. (a and b) POM images of iridescent film of CNC showing a fingerprint textu
ormation of spherulites of HOBC covering a larger area of the CNC surface.

arized room light (Fig. 1c) indicating that the chiral nematic phase
as retained after LC coating (Fig. 1b). However, the domains with
ifferent orientations are not visible. Spherulitic crystallization of
OBC covered surface of CNC film is observed instead (Tercjak,
errano, Larrañaga, & Mondragon, 2008).

SEM provided further confirmation of the chiral nematic orga-
ization into the CNC films that was preserved after drying (Fig. 2).
he SEM image of the surface film (Fig. 2a) shows aligned cellu-
ose nanocrystals. The edge view of a cracked film (Fig. 2b) shows
he long-range layered structure with twisted spindle-like features
otated in a counter-clockwise direction, indicating the nanocrys-
als form a left-handed helicoids (Majoinen, Kontturi, Ikkala, &
ray, 2012). The cross-section of the CNC film is shown in Fig. 2c,

he micrograph shows the film thickness around 40.8 �m.  At higher
agnification (Fig. 2d) one distinguishes the periodic structure

ormed by regularly spaced layers achieved due to self-assembly
f the nanocrystallites, where each repeating band corresponds to

 180◦ rotation of the chiral nematic director (a half helical pitch)
Ping et al., 2013; Steiner & Vignolini, 2014) . Deeper analysis of
ig. 2d, allowed to conclude that the regularly spacing corresponds
o a pitch value of 118 ± 12 nm.

SEM image of CNC/HOBC film (Fig. 3a) shows the NLC coating
n the cellulose nanocrystals of the CNC film. The cross-section
icrographs are shown in Fig. 3c and d. Thickness of composite

lm was observed to increase from about 40.8 �m for initial CNC
lm (Fig. 2d) to around 60.2 �m (Fig. 3b). The increasing thick-
ess can be related not only to coating HOBC liquid crystals, but
lso to the swelling of the CNC film as result of penetration of part
f the HOBC liquid crystals through the multilayered structure of
ellulose nanocrystals of CNC film. Interesting enough, the edge
icrograph of the cracked film (Fig. 3b) and the higher magni-
cation of cross-section show that the chiral nematic phase was
etained in the CNC film after NLC coating. Moreover, the higher
agnification image (Fig. 3d) exhibits the fingerprint lines through-

ut their entire thickness. The periodic structure observed in CNC
racteristic of chiral nematic ordering. (c and d) POM image of CNC/HOBC displays

film was  preserved and regularly spacing corresponds to a pitch
value of 118 ± 12 nm.

3.2. Structural characterization

Fig. S2 (Supporting Information) shows ATR-FTIR spectra.
The spectrum obtained for CNC film showed characteristics
bands of cellulose at 3345 cm−1 (� O H of cellulose type I),
3240 cm−1 (hydrogen bond O−H), 2895 cm−1 (� C H of CH2
groups), 2854 cm−1 (�as CH2), 1650 cm−1 (bending motion of
absorbed water, � H O H), 1426 cm−1 (�s CH2), 1365 cm−1 (�
C H), 1160 cm−1 (�as C O C), and 1060 cm−1 (� C O)  (Barud et al.,
2008; Kondo & Sawatari, 1996; Oh et al., 2005).

The spectrum obtained for HOBC displayed bands at 1098 cm−1

(� C O C group of the ether bond), 1458 cm−1 (� C H), 1594 cm−1

(axial � of C C of the aromatic ring), 2355 and 2211 cm−1 (axial �
of C N) and 2855 e 2915 cm−1 (� C H of CH2 and CH3 groups).

Spectra obtained for CNC/HOBC composites display bands
observed for the two  components of the composites. The decreas-
ing relative intensity of the OH stretching bands relates to the NCL
coating on CNC film, as observed by SEM measurements (Fig. 3a).
Supporting this result the intensity of the � C H vibration of CH2
and CH3 groups was higher in the spectrum obtained for the com-
posite film. Additional characteristic HOBC peaks are observed at
1458 cm −1 (� C H), 1594 cm−1 (axial � of C C of the aromatic ring)
and 2211 cm−1 (axial � of C N).

No further new band, relative intensities change or band shift,
that could be a signature of chemical interactions between the two
counterparts, were observed.

Nematic HOBC liquid crystals show photoluminescence (PL)
properties (Tercjak, Gutierrez, Ocando, Peponi, & Mondragon,

2009). The PL spectra of pristine HOBC and CNC/HOBC composite
are shown in Fig. S3 (Supporting information). The broad emis-
sion band observed for CNC/HOBC composite appears almost in
the same range as the emission band of the pristine HOBC with
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Fig. 2. SEM images of CNC film: (a) SEM image of film surface formed by aligned nanocrystals cellulose; (b) Side view of a cracked film showing the layered structure of the
nanocrystals and the rod-like morphology with the rods twisted in a left-handed orientation; (c) Image of fracture surface across the CNC film; (d) Higher magnification side
view  of fracture surface across the CNC film shows the stacked layers that result from the helical pitch of the chiral nematic phase.

Fig. 3. SEM images of CNC/HOBC composite: (a) Image of film surface of CNC covered by the liquid crystal HOBC; (b) Side view of a cracked film shows the layered structure
of  the nanocrystals and the rod-like morphology with the rods twisting in a left-handed orientation; (c) Image of cross section of fracture film (thickness 60.2 �m); (d) The
magnification of the side view of the fractured surface across film, shows the layered structure of the nanocrystals.
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he maximum intensity around 345 nm.  These results confirm the
ffective way of addition of low molecular weight HOBC liquid
rystals coating CNC film, with preserved properties.

.3. Optical characterization

Fig. 4 shows transmission spectra obtained at normal incident
ngle (� = 0◦). Bragg diffraction peaks are observed with a char-
cteristic maximum wavelength (�0), in the visible part of the
pectra at around 500 nm.  Spectra obtained for CNC/HOBC com-
osites show an additional absorption band of the liquid crystal
t around 290 nm,  which refers to molecular electronic transition

 → �∗ of HOBC molecules. These results also suggest of effective
ddition of low molecular weight HOBC liquid crystals coating CNC
lm. In addition, these results demonstrated that the HOBC coating
o not affect in the optical properties of CNC film, contrary what

t has been observed in the literature, in which even the ambient
umidity and water content of the films can affects the film proper-
ies (Niinivaara, Faustini, Tammelin, & Kontturi, 2016; Niinivaara,
austini, Tammelin, & Kontturi, 2015).

Fig. S4a (Supporting Information) shows reflectance spectra
btained as function of the incident angle (15◦ < � < 60◦). Bragg
iffraction is confirmed by the variation of the peak position as
unction of incident angle (�). The peak maximum wavelength (�0)
beys the Vries’ relationship (Eq. (1)) where the reflection peak
hifts to shorter wavelengths as the viewing angle increases relative
o the normal of the film.

0 = navePcos � (1)

�) is the incident angle between the surface normal and the inci-
ent ray, P is pitch of chiral nematic structure, and nave is the
verage refractive indice. Using De Vries equation and �0 the pitch

f the chiral nematic structure P may  be determined as shown in
ig. S4b (Supporting Information). The P calculated is 119 ± 4 nm
or CNC/HOBC, this value is comparable with P obtained from SEM

easurements.
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Fig. 4. Transmission spectra of the films CNC and CNC/HOBC.

Thermo-optical properties of CNC/HOBC composites were also
studied by UV–vis transmittance spectroscopy as function of the
temperature. Fig. 5a shows spectra obtained for pristine HOBC
deposited on a quartz substrate. The opaque (OFF state) to trans-
parent (ON state) transition is well known to be observed in the
56–60 ◦C range (Tercjak, Garcia, & Mondragon, 2008; Tercjak et al.,
2009; Tercjak & Gutierrez, 2011; Tercjak, Gutierrez, Ocando, &
Mondragon, 2010). Fig. 5b also shows spectra obtained for the
composites. The OFF-ON transition is well observed superposed to
the stop-band of photonic structure of CNC/HOBC film. Therefore,
liquid crystalline properties from both NLC coating and CNC film
substrate are well preserved in the new materials prepared. In pre-
vious work using BC membranes as substrates, the NLC properties

were also preserved in BC-NLC composites. Interesting enough here
we present results where the substrate present liquid crystalline
organization as well combining the optical properties of CNC film
and the thermal behavior of NLC. These results open novel sim-
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ig. 6. TOM micrographs of CNC/HOBC during heating taken at: (a) 30 ◦C (b) 47 ◦C,
00  �m).

le pathway of fabrication of CNC-based materials with tunable

roperties.

Thermo-responsive properties of CNC/HOBC composite were
lso investigated by transmission optical microscopy in heat-
ng/cooling processes under cross-polarized light using hot stage
◦C, (d) 60 ◦C and during cooling at: (e) 60 ◦C (f) 55 ◦C (g) 45 ◦C (h) 30 ◦C. (scale bar,

mode. Representative TOM micrographs taken during heating and

cooling process are shown in Fig. 6. The melting transition of HOBC
phase of CNC/HOBC composite took place at around 47 ◦C. Similarly,
to the thermo-reversible behavior observed by UV–vis measure-
ment, the range of switching between opaque and transparent
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Fig. 7. TM-AFM (3 �m × 3 �m)  height (a) and phase (b) images o

tate of NLC during cooling/heating cycle was narrower and switch-
ng took place almost in the same temperature in both cooling
nd heating processes, being at the temperature range 56–60 ◦C
or heating process and 55–60 ◦C for the cooling process. Thermo-
eversible behavior of CNC/HOBC composite also confirmed that
ristine HOBC transfer their properties to the investigated com-
osite.

TM-AFM height and phase images are shown in Fig. 7. Results
btained for the CNC film confirmed orientation of nanocrystals as
lready observed by SEM results. Similar results have been reported
y Usov and co-wokers investigate different types of nanocelluloses
Usov et al., 2015). Moreover, using AFM one could easily distin-
uish individual nanocrystals composing the CNC film. The regular
ize of homogeneously distributed nanocrystals was 25 ± 5 nm in
iameter and 200 ± 20 nm in length (Fig. 7b). Comparing results
btained for CNC and CNC/HOBC films, it observed liquid crystal
oating on cellulose nanocrystals surface lead to smoother surface
hich confirmed the TM-AFM height images (40 nm for CNC film

nd 30 nm for HOBC coated CNC film). This behavior was  verified
ith decrease of the average roughness (Ra), extracted from TM-
FM height images, from 5 nm to 4 nm for CNC and CNC/HOBC films,
espectively.

Electrostatic force microscopy was employed to verify transfer
f the conductive response of the HOBC liquid crystal to composites.

ig. 8 shows AFM phase and EFM phase images, taken simulta-
eously, scanned applying 0, 6, −6 V. As expected, any charged
omains were detected at the surface of HOBC coated CNC film
and TM-AFM height (a) and phase (b) images of CNC/HOBC film.

when 0 V was applied to the EFM-tip (Fig. 8b). On the contrary, as
seen in Fig. 8c and d, by applying 6 and −6 V to the EFM-tip allowed
to distinguish charged domains confirming that HOBC coated CNC
film respond on the applied voltage independently on the sign
(positive or negative) of the voltage values. Applying both 6 and
−6 V one can easily detect charged domains well distributed on the
whole investigated surface mapped with low contrast level of the
EFM phase image around 3◦. Low contrast ensures weak response
on the applied voltage corresponding to electrostatic force between
the sample and EFM-tip. Here it should be pointed out that CNC
film did not show any charged domains, when 6 and −6 V were
applied to the EFM-tip indicating that HOBC liquid crystal transfer
its ability to respond on the external stimuli (applied voltage) to
the fabricated HOBC coated CNC film.

4. Conclusion

By using cellulose nanocrystals (CNC) films and 4′-(hexyloxy)-
4-biphenylcarbonitrile (HOBC) novel multifunctional composite
films were obtained. The new material integrates iridescence,
conductive and thermal response. The designed materials were
obtained as free-standing films with chiral nematic organization.
The cross-section SEM images confirmed HOBC liquid crystals cov-

ering the surface of CNC films and also present in between of
multilayered structure of cellulose nanocrystals of CNC film. The
thermo-optical properties were evaluated by UV–vis transmit-
tance spectroscopy as function of the temperature, with brush
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Fig. 8. (a) AFM phase image (3 �m × 3 �m)  and EFM phase images (3 �

urfaces possessing modulated optical properties as response to
emperature. Additionally, EFM measurement confirmed conduc-
ive response of the brush surfacesas response to the voltage
pplied to the AFM tip. Therefore a novel strategy to design cel-
ulose nanocrystal based materials with thermoresponsive and
onductive properties, keeping optical properties of CNC film, was
eveloped. The composites presented attractive properties to the
evelopment in the field of thermo- and electro optical devices,
uch as smart windows, optical sensors and display devices.
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