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Azobenzene-decorated cellulose nanocrystals as photo-switchable 
chiral solutes in nematic liquid crystals†  

Barış Sezgina,b and Torsten Hegmann*b-d 

In this work, we validate that cellulose nanocrystals (CNCs), surface-functionalized with pro-mesogenic azobenzen pendants, 

can act as photoswitchable chiral solutes in a nematic liquid crystal (N-LC). Upon UV illumination, the helical pitch and thus 

the helical twisting power (βw) can be altered based on the trans-cis photoisomerization of the azobenzene pendants. This 

approach shows that CNCs—biorenewable chiral additives with a commensurate, rod-like shape to the N-LC molecules— 

can be adapted just like common small molecule organic chiral solutes in LC phases based upon simple surface modifications.  

1. Introduction 

To examine how the geometry of a chiral object affects chirality 

transfer to a surrounding medium, earlier approaches focused 

on the transmission and amplification of chirality from colloidal 

nanomaterials commonly involving a metal (gold) core differing 

in shape and overall dimensions.1 An efficient strategy takes 

advantage of a suitable reporter medium that allows one to 

quantify the transmission efficacy of chiral information from a 

chiral nanoobject to its surrounding.2-8 Our research has shown 

that to acquire this knowledge, an induced chiral nematic LC 

(N*-LC) phase, as a responsive and birefringent medium, can be 

used quite effectively since the induced helical arrangement of 

the spatial orientation of the constituent building blocks 

(molecules, molecular assemblies, or anisometric particles) 

caused by the addition of chiral nanoscale additives translates 

to the bulk, thereby facilitating the detection, visualization, and 

measurement of chirality on length scales easily accessible by 

optical microscopy between crossed polarizers.9 A combination 

of non-correlated experimental and geometrically derived data 

revealed how the chirality transfer efficacy depends on the 

geometry of chiral gold nanoshapes. The underlying mechanism 

is based on the scalar product of an established pseudoscalar 

chirality indicator and a scalar geometric shape compatibility 

factor based on the 2-D isoperimetric ratio for the nanoshape 

solute and the used N-LC molecules.1,10 

Previously studied gold nanoshapes differing in size, shape, and 

aspect ratio featured surface functionalization by various types 

of chiral ligands as chiral additives in chirality amplification 

studies within an achiral N-LC host serving as the reporter. In 

that context, all gold nanoshape solutes were comprised of a 

molecularly and morphologically achiral core capped with a 

monolayer of ‘passive’ chiral molecules. In those studies, we 

established that chiral molecule-decorated rod-like nanoshapes 

with 2-D isoperimetric quotients matching those of the N-LC 

host molecules are among the most proficient in their ability to 

transfer chirality to an N-LC host phase, exhibiting values of the 

helical twisting power βw (βw = (p ∙ c ∙ r)−1, where p is the helical 

pitch of the induced N*-LC phase,  c the weight fraction of chiral 

solute (wt.%), and r the enantiomeric purity).1 Values for βw and 

the molar helical twisting power (βmol) were one to two orders 

of magnitude higher than those of the free organic chiral ligands 

or some of the strongest common organic chiral additives.10 

Aside from a few exceptions of engineered, helically structured 

inorganic films11 or inverse helical organic filament networks,12 

nanomaterials with sole or additional core-chirality have only 

very recently been studied for their ability to transfer chirality.13 

While potential contributions to the overall chirality by chiral 

field effects, those generated by a chiral organic ligand shell,14 

or by a chiral adsorption pattern on such plasmonic nanoshapes 

with high polarizability cannot be overlooked,15 key questions 

arising from these prior studies were if and to what extent a 

potentially chiral core contributes to the overall, highly potent 

chirality transfer to the surrounding N-LC reporter medium. 

To elucidate the role of core chirality, we recently reported on 

the chirality transfer by nanostructures with an intrinsically 

chiral core, i.e., cellulose nanocrystals (CNCs) that were further 

covalently modified with either chiral or achiral molecules.16,17 

We found that among such CNCs, those functionalized with 

achiral moieties structurally related to the N-LC, showed better 

N-LC solubility, and thus serving as efficient chiral inducers with 

βw values from −35 μm−1 for neat to −54 μm−1 for cholesterol-

modified CNCs. Here, functionalization with chiral molecules 

rather than just mesogenic moieties that were structurally alike 

to the N-LC host only slightly enhanced the efficacy of helical 

distortion in the host N-LC, indicating the high propensity of 

CNCs to transfer chirality from an inherently chiral core.16
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As for the CNC’s inherent core chirality, during acid hydrolysis 

the amorphous regions of the cellulose fibers are cleaved, 

yielding negatively charged rod-like CNCs of high crystallinity 

with dimensions ranging from 5 − 20 nm in width and 100 − 500 

nm in length.19 The final nanocrystals are composed of chiral 

β(1→4) D-glucose subunits, which render CNCs structurally 

chiral with a twist in both their internal structure and their outer 

morphology, either on an individual NC or on the formed 

bundles level.20-30 Their core chirality together with their rod-

like shape enables CNCs to self-assemble into left-handed chiral 

nematic liquid crystal (N*-LC) phases, when dispersed in various 

solvents (commonly water) or after solvent evaporation.31-40 

To further enhance the versatility of hydrophobic CNCs as chiral 

solutes inducing N*-LC phases, the next logical step seemed to 

decorate CNCs with photoswitchable molecules that allow for 

‘active’ control (switching) of p, thus βw, by altering the 

wavelength of light irradiation.41-43 Azobenzene derivatives with 

aliphatic carboxylic acid end groups that allow for CNC surface 

modification appeared as the most logical initial choice. 

The reversible photoisomerization of azobenzene has been and 

still is used in an extensive array of materials systems and for 

applications ranging from catalysis44-46 over energy harvesting47 

and actuators48 to countless optical applications.49,50 The latter 

presumably receiving the bulk of the attention because of the 

robust and well-understood trans-cis photoisomerization of 

azobenzene derivatives that can be switched by a combination 

of light at various wavelengths and temperature.51  

The concept of grafting two structurally purposefully different 

azobenzene derivatives to CNCs with is schematically shown in 

Figure 1. CNC-AC features a more polar azobenzene with a 

terminal cyano-group,52 CNC-AB, in contrast, a more apolar 

terminal aliphatic hydrocarbon chain,53 thus, making this CNC’s 

surface more compatible with the N-LC used in these studies 

(Felix-2900-03, Figure 2), which is also flanked by two aliphatic 

side chains. 

2. Experimental 

2.1 Materials 

All reagents used were purchased from Sigma-Aldrich and used 

without further purification. Cellulose nanocrystals (CNCs) were 

obtained from CelluForce in the form of the sulphate sodium 

salt. The two azobenzene pendant molecules in their avid form 

were prepared out outlined in the Electronic Supplementary 

Information (ESI; Section S1, Scheme S1 and S2, Figures S1 – S7). 

 

2.2 Methods 

1H NMR spectra were recorded on a Bruker DMX 400 MHz 

spectrometer. Cross-polarization magic angle spinning (CP-

MAS) 13C NMR spectra were recorded on a Bruker Avance III 

(100.6 MHz) 400 NMR spectrometer. 4 mm Zirconia rotors with 

stirring speeds of 5 kHz were used with 5,000 to 10,000 scans. 

FT-IR spectra were taken on a Bruker FT-IR Tensor27 system 

equipped with a Pike miracle ATR (attenuated total reflectance) 

accessory. Thermogravimetric analysis (TGA) was done using a 

TGA Q500 (TA Instruments). Differential scanning calorimetry 

(DSC) experiments were performed using a PerkinElmer Pyris 1 

DSC at a heating/cooling rate of 10 °C min−1, reporting data from 

the first heating and cooling cycle, respectively (temperatures 

calibrated with In and Zn standards. UV irradiation experiments 

were carried out at λ = 365 nm using a UVCureMXLED LED light 

curing spot gun (P = 6 W). Polarized optical microscopy (POM) 

observations of the induced N*-LC phases were recorded and 

photographed using an Olympus BX-53 polarizing microscope 

equipped with a Linkam LTS420E heating/cooling stage. UV-vis 

data were acquired using an OLIS spectrophotometer (solution 

data; quartz cuvettes, 1 cm path length). Transmission electron 

microscopy (TEM) analysis was performed with FEI Tecnai TF20 

TEM instrument at an accelerating voltage of 200 kV. XPS 

spectra were collected with a PHI 5000 Versaprobe XPS using a 

monochromatic Al K⍺ source (1,486.6 eV). Survey spectra were 
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Fig. 1 (a) Concept of CNC surface modification with azobenzene derivatives (AC or AB) and (b) depiction of trans-cis photoisomerization of azobenzene moiety – principle (top) and 

on the surface of the functionalized CNCs. (c) UV-vis spectra of CNC-AC and CNC-AB (DMF, 20 °C) — the major peak at λ ~ 285 nm is characteristic for acid-treated CNCs,18 the peak 

centered at λ ~ 370 nm for the trans-azobenzenes and the small shoulder at λ ~ 480 nm for the cis-azobenzenes (insets show photographs of neat and surface-modified CNCs).  
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collected from 1,100 to 0 eV at a pass energy of 93.90 eV. High 

resolution C1s spectra were collected at pass energy of 11.75 

eV with a scan step of 0.1 eV. Phi MultiPack software was used 

for data processing. High-resolution XPS spectra were fitted 

using linear combinations of 70:30 Gauss-Lorentzian functions 

on Shirley background-subtracted spectra. Binding energy scale 

was calibrated using aliphatic C1s component, set at 285.0 eV. 

3. Results and discussion 

3.1 Surface-modified CNC synthesis and characterization 

To prepare the azobenzene-functionalized CNCs, we esterified 

the surface of the CNCs (specifically the primary hydroxyl group 

at carbon C6) with two promesogenic azobenzene derivatives: 

one with a terminal cyano group (AC) and one with a terminal 

aliphatic hydrocarbon chain (AB) as shown in Figure 1. Prior to 

this step, the sodium sulfonate groups, despite the overall low 

degree of sulfonation, were converted into sulfonic acid groups 

to render the CNCs more soluble in organic solvents.  

Functionalization of the CNCs with the corresponding carboxylic 

acids was done using a Steglich esterification (EDC/DMAP) (ESI, 

Section S1.2).54 FT-IR analysis shows that CNCs primary hydroxyl 

groups were successfully converted, judging from the presence 

of peaks at about 1700 cm−1 and 1600 cm−1, which correspond 

to the ester C=O stretches and aromatic C=C skeletal vibrations, 

respectively (ESI, Figure S8).42 Moreover, solid-state cross-

polarization magic angle spinning (CP-MAS) 13C NMR 

experiments confirmed that the each of the CNCs was indeed 

functionalized, as seen by the appearance of carbonyl-C peaks 

at around 175 to 160 ppm, weak aromatic-C peaks between 140 

to 120 ppm, and aliphatic carbon signals at around 50 to 10 

ppm. The area of the peak corresponding to the C6 amorphous 

region, labeled as C6 (and small shoulder on the right in Figure 

S9, ESI), appears to decrease for the functionalized CNC 

products when compared to the untreated CNCs,16 and thus 

indicates the esterification of the C6 hydroxyl groups in the 

amorphous region.55 CP-MAS solid state 13C NMR also 

demonstrated that the structural crystallinity was preserved.56 

X-ray photoelectron spectroscopy (XPS) analysis57 (ESI, Figure 

S10 and S11) afforded estimations of the degree of surface 

functionalization (DSF) for the functionalized CNCs, which were 

calculated to be 0.10 for CNC-AC and 0.17 for CNC-AB (see ESI, 

Section S2.3).58 Thermogravimetric analysis (TGA) of all samples 

further supported the functionalization by showing altered 

weight loss curves (ESI, Figure S12).16 Transmission electron 

microscopy (TEM) micrographs obtained for the functionalized 

CNCs corroborate the 13C NMR data by showing that neither 

crystallinity nor morphology were affected by the surface 

modifications when compared to the TEM images collected for 

the unmodified CNCs (ESI, Figure S13).59 The average width was 

determined to be 20 nm and the length varied from about 100 

to 150 nm giving an average aspect ratio of 6.25. 

 

3.2 Mixtures of N-LC host doped with CNC solutes 

To examine how efficient the surface-modified CNCs can induce 

a helical distortion of guest molecules of an achiral N-LC host 

Fig. 2 (a) Schematic representation of the N*-LC phase induced by the addition of 

minute amounts of the functionalized CNCs in the N-LC host, Felix-2300-03. (b) 

The trans-cis photoisomerization of the azobenzene pendants (AC or AB) induced 

by illumination with UV light (at λ = 365 nm) to prompt (c) an increase in the helical 

pitch (p) when the azobenzenes are in their cis configuration. 

medium, we prepared and examined binary mixtures at various 

concentrations of the functionalized CNCs in the N-LC phase of 

Felix-2900-03. Minute amounts of the chiral CNC additives were 

added at a temperature just above the isotropic-nematic phase 

transition (TIso-N) of the N-LC to formulate mixtures, ranging 

from 0.05 to 2.0 wt.% CNCs, which were rigorously sonicated 

and then slowly cooled down until a phase transition to the 

induced N*-LC was observed. The textural characteristics of the 

induced N*-LC phase would thereby evidence chirality transfer 

from the CNCs chiral core to the achiral N-LC bulk.   

Polarized optical microscopy (POM) studies of the CNC-doped 

samples prepared between untreated glass slides shows the 

formation of the characteristic fingerprint textures, resulting 

from the induction of an N*-LC phase with values of p ranging 

from about 6 − 8 μm at 0.05 wt.% and 3 – 4 μm at 0.2 wt.% prior 

to illumination with 365 nm UV light (Figure 3). As expected, 

decreases with an increasing concentration of either CNC, but 

lower values are observed throughout each series for CNC-AB 

featuring azobenzene pendants that more closely resemble the 

N-LC host (either one is flanked by two aliphatic side chains). 

Noteworthy, neither of the two azobenzene-decorated CNCs 

reported here is as effective with respect to inducing a tighter 

pitch (leading to higher values for βw) as the previously tested 

CNCs that were decorated with mesogenic pendants that either 

mimicked the host N-LC or were chiral nematic LCs as such as 

the cholesterol-decorated CNCs.16 However, illumination with 

UV light at λ = 365 nm resulted in the expected pitch increase of 

the induced N*-LC phase60-67 for concentrations of each of the 

CNCs not exceeding 0.15 wt.% (Figure 4). A further increase of 

the CNC concentration to 0.2 wt.% for both CNC-AC and CNC-

AB led to an increase in p after UV illumination at λ = 365 nm 

(Figure 4) that is surely linked to the increasing incompatibility 
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(lower miscibility)5 of the CNCs with the ensuing cis-configuration 

(Figure 5) of the two azobenzene pendants on the CNC surfaces in 

the N-LC as reported previously in numerous studies.60-67 

The handedness of the induced N*-LC phase was analyzed using 

contact preparations with cholesteryl oleyl carbonate (COC) or 

cholesterol nonanoate (ChN), each known to form left-handed 

N*-LC phases.68,69 Since no discontinuation (i.e., no achiral N-LC 

phase) was seen in the contact zone with COC (ChN), this reveals 

that the CNCs induced a left-handed N*-LC phase just like the 

previous CNC chiral solutes in this N-LC host16 or their native 

handedness in aqueous suspension.34 The values for βw derived 

from the measured p data are comparatively lower than for the 

previous mesogen-crafted CNCs,16 here βw = −2.14 μm−1 for 

CNC-AB and −1.70 μm−1 for CNC-AC prior to UV exposure and 

−1.39  μm−1 and −1.50 μm−1 (“−“ meaning left-handed) after UV 

illumination (ESI, Figure S14), which we attribute to a more 

limited compatibility of the azobenzene moieties with the used 

N-LC. In fact, both azobenzene-decorated CNCs described here 

appear less soluble in Felix-2900-03, which we relate to two 

factors: (1) Neither of the azobenzene pendants is liquid 

crystalline at the temperature range of the studied N-LC host. 

Only AC is monotropic nematic with a phase sequence of Iso 202 

N 162 Cr on cooling (with some degree of decomposition after 

the first heating);52 AB, however, is non-mesogenic.53 (2) Small 

fractions of the azobenzene pendants are already in the cis-

configuration even before UV illumination, which can be seen in 

the UV-vis spectra shown in Figure 1c. Deconvolution of the 

peaks in the UV spectra prior to UV illumination indicates that 

for CNC-AC 27% of the AC units and for CNC-AB 26% of the AB 

units, respectively, are in the cis configuration (ESI, Figure S15). 

 
Fig. 4 Plots of the measured helical pitch (p) at 5 °C above the N-SmA phase transition on 

cooling from the isotropic liquid phase versus the concentration of: (a) CNC-AC and (b) 

CNC-AB. Light blue upper data bars in each plot and for each concentration are samples 

prior to illumination with UV light, yellow lower bars after UV illumination.  
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Fig. 5 UV-vis spectra of the CNCs in DMF (20 °C) before and after illumination with 

UV light at λ = 365 nm for a time period of t = 10 s: (a) CNC-AC and (b) CNC-AB. 

Longer exposure, up to t = 60 s, did not lead to a discernible change in the spectra, 

and thus, all azobenzene pendants are already in the cis configuration in solution 

after a t = 10 s exposure to UV light (ESI, Figure S16).  

The change in p under λ = 365 nm illumination is reasonably fast 

(seconds), but the thermal cis-to-trans back relaxation of the 

azobenzene units is significantly slower (several tens of minutes 

or more). However, by heating the sample back to the isotropic 

liquid phase (i.e., to higher temperatures), samples recover the 

tighter pitch values seen prior to UV illumination (ESI, Fig. S17). 

4. Conclusions 

CNCs may not be ideal chiral additive for some applications, but 

their origin from a wide range of renewable resources70 coupled 

with facile opportunities for surface functionalization renders 

them a new opportunity in the realm of chiral solutes. We here 

verified that surface modification with an active photoswitch in 

the form of azobenzene pendants leads to CNCs as chiral solutes 

that can induce N*-LC phases with a phototunable helical pitch. 

Predictive, and following the earlier trend,16 CNC-AB, which is 

decorated with azobenzene pendants that are structurally more 

alike to the N-LC host shows both higher values for βw as well as   

more effective photomodulation of p as verified by comparing 

the values of ∆βw (0.75 μm−1 for CNC-AB and 0.20 μm−1 for CNC-

AC, respectively). This may be further exacerbated by the higher 

DSF value for CNC-AB in comparison to CNC-AC. In CNC-AC, only 

one of every ten D-glucose subunits is functionalized with an AC 

pendant, for CNC-AB this rises to one AB pendant in almost 

every six D-glucose subunits, thus, rendering CNC-AB not only 

more compatible (structurally) but also more miscible.  

Further opportunities to optimize this system are available via 

the use of more effective (higher βw), better soluble (miscible), 

room temperature mesogenic and photoswitchable pendant 

molecules61,65 or by selecting (preparing) CNC aspect ratios71 

that would provide an improved match to N-LC host molecules 

aspect ratio based on our earlier work on matching the 2-D 

isoperimetric ratio of nanoscale chiral solutes in N-LCs,1 which 

is work that is currently ongoing in our laboratory. Ultimately, 

photoresponsive (photoswitchable) CNCs may find applications 

requiring stimuli-responsive48,72 and smart nanoarchitectonic73-

77 materials for chiral photonics,78-80 soft actuators, and other 

adaptive materials81 based on their renewable nature and high 

versatility. 
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