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Abstract

Manipulating molecular and supramolecular interactions within cellulose nanocrystals (CNCs) to 

introduce different levels of assemblies combined with multiple functionalities is required for the 

development of degradable smart materials from renewable resources. To attain hierarchical 

structures and stimuli-responsive properties, a new class of liquid crystalline cellulosic hybrid 

materials is synthesized. Herein, main-chain rigid-rod like oxidized cellulose (CNC-COOH) is 

prepared from Cellulose Whatman filter paper (Cellulose W.P.) by acid hydrolysis and oxidized 

using the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). Thermotropic LC molecule, 4-cyano-

4'-hydroxybiphenyl with a 12-methylene spacer (CB12-OH), is grafted onto the carboxylic acid 

group of CNC-COOH via Steglich esterification. The liquid crystalline functionalized CNCs 

cellulose nanocrystals (CNC-COO-CB12) are readily soluble in DMSO and ionic liquids. The 

extent of functionalization and structure of CNC-COO-CB12 are confirmed by solution-state 1H 

NMR and supported by other characterization techniques.  We investigate the interplay of liquid 

crystalline orientational order of CNCs and cyanobiphenyl (CB12), and the supramolecular 

hydrogen bonding of CNCs within CNC-COO-CB12 and compare it with CNC-COOH. The 

introduction of thermotropic CB12 side chains onto rigid-rod CNCs shows the exclusive formation 

of smectic mesophases from the assemblies of CB12 with the absence of cholesteric mesophase 

typically observed from CNC-COOH as verified by temperature-controlled SAXS (T-SAXS). 

This is further verified by UV-visible and SEM studies that show CNC-COO-CB12 forms smectic 

domains while CNC-COOH forms visible light reflecting cholesteric mesophase in dried films. 

Thus, the interplay of liquid crystalline order of CNCs and CB12 and supramolecular hydrogen 

bonding of CNCs results in ordered, smectic-mesostructured CNCs for use in stimuli-responsive 

functional materials.
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Introduction

Cellulose nanocrystals (CNCs) are rod-like, charged, semicrystalline materials with dimensions 

ranging from 5 to 20 nm in width and 100 to 500 nm in length and prepared through either the 

acidic or alkaline hydrolysis of cellulose biopolymer.1-3 These rigid nanorod crystals are composed 

of chiral β(1 ̵> 4) D-glucose subunits, which render CNCs structurally chiral with a twist in their 

internal structure and outer morphology.4 These nanomaterials have been widely utilized to 

produce functional, environmentally friendly, sustainable composites and nanocomposites that are 

degradable.5-7 The CNC size and surface chemistry highly depend on the hydrolysis conditions 

and the cellulose source. Aqueous suspension of sulfonated or carboxylated CNCs exhibits 

lyotropic phase behavior transitioning from an isotropic to a biphasic suspension to an LC phase 

with increasing concentration.8-10 Moreover, at higher weight percent concentration, these 

suspensions transition to a birefringent gel-like material, in which CNCs self-assemble into 

cholesteric or chiral nematic (Ch*) liquid crystals (LC)s 5, 11, 12 The optical properties of cholesteric 

LCs are controlled by the pitch of the helix, which is impacted by dispersion composition, ionic 

strength of the medium, particle size, and temperature.13 

Molecular liquid crystals (LCs) or liquid crystalline polymers (LCPs) have been grafted onto 

CNCs to enhance dispersion and solubility in different solvents and to manipulate self-assembly 

in lyotropic gels and dried films. Surface modification of cellulose nanocrystals with different 

nematic liquid crystals has been used to modulate chirality transfer from an innately chiral 
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nanocrystal core at both the molecular and the macroscopic levels.4  For example, achiral LC 

molecules such as 6-[(4’-cyano-4-yl)oxy]-hexanoic acid or 6-[[4’-(heptyloxy)-[1,1’-biphenyl]-4-

yl]oxy]-hexanoic acid are tagged on the chiral CNCs surface by chemical conjugation. After 

sonication, these guest LC molecules only marginally enhance the efficacy of helical distortion of 

the host CNC matrix. This indicates a high propensity for the non-chiral LC molecule to become 

a part of cholesteric LC mesophase and their resultant properties in lyotropic gels and dried films.4 

When a cyanobiphenyl molecule with 6 methylene spacer is attached to CNC, the cyanobiphenyl 

gets incorporated into the self-assembled cholesteric mesophase. Furthermore, when a chiral liquid 

crystalline molecule such as cholesterol is covalently bonded to CNC’s chiral core as well as the 

surface, the efficacy of helical distortion of the CNC is also marginally enhanced from lyotropic 

suspensions.4 These results show that the substitution of the hydrophilic environment of CNC with 

a more hydrophobic nematic LC molecule permits CNCs to self-assemble into chiral nematic LC 

phase with a similar p at two orders of magnitude lower CNC concentration.4, 14, 15

In another approach, azo polymers are successfully grafted from CNC via atom transfer radical 

polymerization (ATRP) to produce an amphitropic polymer, which exhibits liquid-crystalline 

behavior both in lyotropic and thermotropic states.16 Moreover, PMMAZO-grafted CNC maintains 

a smectic texture at room temperature and shows smectic-to-nematic transition at 95 °C and 

nematic-to-isotropic transition at 135 °C.16 In chlorobenzene, this system shows a lyotropic 

nematic phase above a concentration of 5.1 wt%16. In another example, anionic polyelectrolyte, 

poly(sodium 4-styrene sulfonate) (PSS) was grafted from CNCs modified ATRP-initiator, 

resulting in CNCs grafted with PSS.17 At 4 w% in 1 mM NaCl, the CNC grafted with PSS 

demonstrated no order. However, studies at 5 w% revealed nematic ordering.17 
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Ethyl cellulose (EC) has also been grafted on 3,4,5-tris[4-(dodecyloxy) benzyloxy] benzoate (EC-

g-DOBOB) using dicyclohexylcarbodiimide (DCC) and (dimethylamine) pyridinium-4-

toluenesulfonate (DPTS) as the catalyst. The ethyl cellulose (EC) is the backbone, and the 

mesogenic moiety DOBOB (3,4,5-tris(4-(dodecyloxy)benzyloxy) benzoic acid) dendron is the 

side chain molecule. The dissolution of the sample in concentrated chloroform revealed lyotropic 

cholesteric liquid crystal with a planar texture.18 4-(4-Methoxyazobenzene-4’-yloxy)butyric acid 

is grafted on ethyl cellulose in DCC and DMAP, resulting in the polymer AzoEC with ethyl 

cellulose as the primary chain crystalline polymer and the azo mesogenic unit as the side chain 

polymer.19 This novel polymer with a low degree of substitution shows the cholesteric phase 

inherent with ethylcellulose.19 However, an increased degree of substitution to 0.33 results in 

fascinating supramolecular structures that consist of a large-scale ordered lamellar structure 

constructed by EC main chains and relatively small-scale ordered structures formed by azobenzene 

moieties. The formation of these ordered structures is ascribed to the interactions between the rod-

like ethyl cellulose main-chain and the side groups and the π–π stacking of azobenzene mesogens 

in different temperature regions.19 However, the transition temperatures to access these 

mesophases are typically above 150 ºC, which makes processing these samples for applications 

difficult.

We noted from the work of Hegman4 and Chang20 that four [(CH2)4] to five methylene spacers 

[(CH2)5] used to attach thermotropic LCs to CNCs can be used to improve the solubility of CNCs 

in organic solvents. We question if longer spacers between CNCs and thermotropic LCs can be 

used to decouple the mobility of CNCs from the LCs, resulting in improved solubility, tunable 

clearing temperatures, improved processing conditions, and easy formation of non-nematic 

mesophases including smectics, columnar or discotic structures. Thus, we report the synthesis of 
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novel cellulosic liquid crystalline hybrid materials conjugated with thermotropic liquid crystalline 

molecule (cyanobiphenyl) through a 12-methylene spacer [(CH2)12] unit. We investigate the 

interplay of the orientational order of the main-chain liquid crystalline CNCs and the side-chain 

thermotropic liquid crystal of CB12 molecules. We hypothesize that if CB-CB interactions 

dominate, then CNC-COO-CB12 will self-assemble into smectic domains in dried films, but if 

CNC-CNC interactions dominate, then CNC-COO-CB12 will self-assemble into cholesteric 

domains in dried films. The molecular manipulation of cellulose nanocrystal scaffolds by 

chemically installing a liquid crystalline mesogen will serve to create the next generation of 

responsive, functional, sustainable, and degradable CNC-based liquid crystalline materials. 

Experimental

Materials

12-bromo-1-dodecanol (95%) and 4-cyano-4-hydroxybiphenl are purchased from TCI America, 

4-Dimethylaminopyridine (99.0%), dimethyl sulfoxide (99.0), 1-butyl-3-methylimidazolium 

acetate > 95%, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, EDC.HCl 

(98.0%), Sodium hydroxide (>97%), sodium hypochlorite solution, (reagent grade), lithium 

chloride (99%), N,N-dimethylacetamide (>99.8%), methanol (>99.8%), and TEMPO (2,2,6,6-

tetramethyl-1-piperidinyloxy) (98%) are obtained from Sigma Aldrich, Grade 1 quality filter paper 

standard grade is obtained from Cytiva life Sciences,  sulfuric acid (95-98%) is obtained from 

Acros Organics, Hydrochloric acid (36.5 to 38.0%) is obtained from  Fisher Scientific, and 

Dialysis membrane 12-14kDa MWCO is obtained from Cole-Parmer.
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Synthesis of cellulose nanocrystal from cellulose using acid hydrolysis

Briefly, 5.2 g of cellulose Whatman filter paper (W.P.) is blended with 250 mL of deionized water 

to form a pulp. Sulfuric acid (140 mL) is slowly added to this pulp under vigorous mechanical 

stirring (250 mL, 20 °C). The resulting suspension is held at 50°C and magnetically stirred at 200 

rpm for 3.5 hours to allow hydrolysis. After hydrolysis, the mixture is cooled at room temperature 

and washed via centrifugation at 6500 rpm for 5 minutes. This process is repeated until the pH 

value of the solution is about 3-4. The solution is dialyzed against distilled water for four days 

using dialysis membranes (12kDa-14kDa) until a pH value of 7 is obtained. Then the dispersion 

is sonicated for approximately 6 hours. The resulting suspensions are stored at 4 °C or freeze-dried 

till further use. Freeze-drying, or some form of drying, must remove as much moisture as possible 

before compounding.

TEMPO-mediated oxidation of CNCs in alkaline

TEMPO-oxidized CNCs are synthesized following the literature procedure.21 648 mg (4 mmol of 

glucosyl units) of CNCs are suspended in water (50 mL) containing 10 mg of 2,2,6,6-tetramethyl-

1-piperidinyloxy (TEMPO, 0.065mmol) and 200 mg of sodium bromide (1.9 mmol) at room 

temperature for 30 minutes. The TEMPO-mediated oxidation of the CNCs is initiated by slowly 

adding 4.90 mL of 13% NaClO (8.6 mmol) over 20 min at room temperature under gentle 

agitation. The reaction pH is monitored using a pH meter and maintained at 10 by incrementally 

adding 0.5 NaOH. When no more decrease in pH is observed, the reaction is considered complete. 

About 5 mL of methanol is added to react and quench with the additional oxidant. After adjusting 

the pH to 7 by adding 0.5 M HCl, the TEMPO-oxidized product is washed with deionized water 

by centrifugation and further purified by dialysis against D.I. water for two days. 550 mg of solid 
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is recovered after freeze-drying. FTIR measurements showed a carboxylic acid peak at 1650 cm-

1. 

Synthesis of p-toluene sulfonyl cyanobiphenyl

The synthesis of CB12-OH has been reported in a previous publication.22 A new molecule, p-

toluene sulfonyl cyanobiphenyl, abbreviated as CB12-OTs, is synthesized following a newly 

developed protocol. In a typical synthesis, CB12-OH (13.40 g, 39.34 mmol), p-Toluenesulfonyl 

chloride (5.0 g, 26.23 mmol), and triethylamine (33.17 g, 327.83 mmol) are transferred to a round-

bottomed flask along with a magnetic stir bar, followed by addition of 40 mL of THF, and sealed 

with a rubber septum. The reaction mixture is purged with nitrogen for 10 minutes and then stirred 

in an oil bath for 48 h at 50 °C. The reaction mixture is cooled down to room temperature and 

diluted with 100 mL of ethanol to dissolve. The crude product is purified by recrystallization using 

50 mL of ethanol, resulting in a white residue.

Synthesis of CNC-OO-CB12

A mixture of ionic liquid, 1-butyl-3-methylimidazolium acetate (14.29 g, 72.06 mmol), and DMSO 

(17.80 g, 229.87 mmol) in the ratio of 2.5:1 is prepared. TEMPO-oxidized CNCs abbreviated as 

CNC-COOH (1 g, 5.68mmol) are transferred to a round-bottomed flask and a magnetic stir bar, 

followed by 30 ml of the mixture, and sealed with a rubber septum. The reaction mixture is purged 

with nitrogen for 10 min and then stirred in an oil bath for 30 minutes at 80 °C to facilitate the 

dissolution of CNC-COOH. The reaction mixture is cooled down to room temperature and 

EDC.HCl (1.09 g, 5.68 mmol) in 10mL of the IL + DMSO mixture is added. The mixture is 

allowed to run for 30 minutes before the dropwise addition of DMAP (0.104 g, 0.85mmol) in 

10mL of the IL + DMSO mixture. The synthesized CB12-OTs (3.57 g, 7.1mmol) are then added, 
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and the reaction mixture was stirred in the oil bath for 48 hours at 50°C. The mixture is precipitated 

using 200 mL of cold methanol and then washed twice with dichloromethane to dissolve any 

unreacted CB12-OTs. The residue is dried in a vacuum oven for 12 hours at 60 °C.

Results and Discussion 

The CNC-COOH is prepared from cellulose Whatman filter paper using 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO)–mediated radical oxidation. This process involves 

the partial conversion of the C6 primary hydroxyl group of the β ̵> 1,4 linked d-glucose units to 

the C6 carboxylate group. The electrostatic charge resulting from the carboxylate anion on the 

surface of CNC-COOH serves to stabilize the nanocrystal colloidal dispersions against aggregation 

in water and other polar solvents. The synthesized CNC-COOH is further conjugated with a 

cyanobiphenyl liquid crystalline unit with 12 methylene spacers by Stiglich esterification (Figure 

1).

OH
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OH

O
OH

O

O
O

OHO

O

OH

1-butyl-3methylidimazolium acetate

CB12-OTs, EDC.HCl, DMAP,
r.t., 48 hrs
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n

n

O

CN

12

Figure 1. Synthesis of CNC-COO-CB12
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Dissolution of Cellulose Nanocrystals 

The cellulose W.P. (filter paper), CNC, CNC-COOH, and CNC-COO-CB12 are suspended or 

dissolved in DMSO-d6 and analyzed by 1H NMR spectroscopy at room temperature. Whatman 

filter paper, CNC, and CNC-COOH did not dissolve in DMSO-d6 and no proton peaks apart from 

the protons in the solvent are observed in the spectra (Figure S1). The sample, CNC-COO-CB12, 

is soluble in DMSO-d6 at 25 °C (Figure 2). The ester proton peak appears at 4.08 ppm, thus 

indicating the proof of functionalization. The resonance peaks of the a, b, c, and d hydrogen atoms 

from the CB12 moiety appear at 7.86, 7.83, 7.69, and 7.04 ppm, respectively. The resonance peaks 

at 4.01 and 3.97 ppm result from the ester and the ether groups, respectively. The signals at 3.58 

and 3.36 ppm are assigned to the hydrogen atoms of the anhydro glucose unit of the cellulose 

nanocrystal. The signals from the upfield are assigned to the hydrogen atoms of the aliphatic chain 

attached to the CB12 moiety. These results agree with the previous reports.23 The degree of 

substitution (DS, i.e., the number of CB12 chains grafted per anhydro glucose unit onto the surface 

of the CNCs) is determined by integrating the corresponding NMR peaks and using the following 

formula.

Degree of substitution = (I7.04/I4.01) * 100

   = (2/2.29) * 100

   = 87.34%

Where I, is the integration value of the observed peaks. The high degree of substitution can be 

attributed to the high aspect ratio of the TEMPO-oxidized cellulose nanocrystals (CNC-COOH) 

and the presence of the twelve methylene spacer group attached to the cyanobiphenyl molecule 

attributed to the greater interactions between the CB12 and the CNCs. 
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Figure 2: 1H NMR for the CNC-COO-CB12 in DMSO-d6 at room temperature.

Furthermore, solid-state cross-polarization magic angle spinning (CP-MAS) 13C NMR studies 

show that neither crystallinity nor morphology of CNCs is affected by the surface modifications 

(Figure 3). The signal position of C6 at 66 ppm is a characteristic peak for cellulose I.24 The 

shoulder signal around 64 ppm and the small broad signal around 84 ppm in CNC are known to 

arise from the C6 and C4 carbons in the amorphous region, respectively.24 The sharp signal around 

98 ppm in the spectrum of the CNC is assigned to the α-type anomeric Cl carbon of the reducing 

end glucose residue in the cellulose oligomers.24 The appearance of carbonyl-C peaks at around 

175 to 160 ppm CNC samples confirms that CNCs indeed oxidized into CNC-COOH. 
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Figure 3: Solid-state cross-polarization 13C-NMR spectra of CNC and CNC-COOH samples.

Further functionalization of CNC-COOH with CB12-OH results in CNC-COO-CB12 with 

aromatic carbon peaks between 140 to 130 ppm and aliphatic carbon signals at around 50 to 10 

ppm (Figure S2). The area of the peak that corresponds to the C6 amorphous region, labeled as 

C6 (small shoulder on the right, Figure 3), is observed to decrease for the functionalized CNC 

products when compared to the untreated CNCs (Figure S4 and S5). This indicates the 

carboxylation and the resultant esterification of the C6 hydroxyl groups in the amorphous region. 

The FTIR spectrum of the hydrolyzed cellulose nanocrystals (CNC) displays characteristic 

patterns corresponding to cellulose I (Figure S3). The peak at 1643 cm-1 could be formed due to 

the bending mode of adsorbed water.25 The peak at 1445 cm-1 may be due to CH2 bending 

vibration.26 The sharp transmittance peak around 1388 cm-1 represents a bending of OH groups.27 

The peak at 1174 and 1120 cm-1 corresponds to C-O asymmetric bridge stretching.27 The peak at 

1057 cm−1 may be due to C-O-C pyranose ring skeletal vibration.27 The CNC-COOH FTIR curve 
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is comparable with that of CNC with a nearly similar shape, except that it has some functional 

variations. For instance, the presence of a high-intensity peak at 1744 cm-1 is characteristic of the 

CNC-COOH spectrum, thus demonstrating the presence of the C=O group in the carboxylate 

group. Moreover, the CNC-COO-CB12 curve is slightly distinctive due to the presence of CN 

stretching at 2234 cm-1, C-O stretching at 1255 and 1059 cm-1, and benzene aromatic C=C unit at 

1606 cm-1, emanating from the CB12. These results demonstrate that the esterification process is 

successful. 

Aspect Ratio of Cellulose Nanocrystals

The CNC and CNC-COOH aspect ratios are determined by TEM and the micrographs are 

presented in Figures 4 and Figure 5, respectively. The average length of the cellulose nanocrystals 

observed is ~200 nm, and the width is ~30 nm. The aspect ratio of the sample is 6 (±1.2).
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Figure 4: (a)-(e) TEM micrographs of CNCs nanocrystals at different magnifications. The nanocrystals are 

dispersed in water at a concentration of 0.5 mg/mL. The samples are negatively stained using a 0.5 wt.% 

of uranyl acetate before imaging.
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Figure 5: (a)-(e) TEM micrographs of CNC-COOH nanocrystals at different magnifications. These 

nanocrystals are dispersed in water at a concentration of 0.5 mg/mL. The sample is negatively stained using 

0.5 wt.% of uranyl acetate before imaging.

Morphological Properties

The surface features of the CNC, CNC-COOH and CNC-COO-CB12 films prepared on carbon 

tape and sputter coated with a thin gold conductive layer are examined by SEM. The SEM images 

of CNC and CNC-COOH in Figures S7 and S8 (ESI) show collapsed helically twisted or 

cholesteric structures on the surface of dried films. The SEM images of CNCs and CNC-COOH 

are similar to those of cholesteric CNC, from distinct tactoids to long-range lamellar structures 

composed of helically twisted fibrils frozen within dried films.28 In contrast, the SEM data of CNC-

COO-CB12 (Figure S9) does not show any helical organization. 
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Thermal properties

The thermal degradation behavior of cellulose W.P., CNC, CNC-COOH, and CNC-COO-CB12 

are investigated by thermogravimetric analyses (TGA, Figure 7). Cellulose W.P. reveals the onset 

of thermal degradation at around 350 °C.29 In most cases, the onset degradation of CNCs occurs 

between 200 -300 °C, depending on the particle type and surface modification. The CNCs used in 

this study had an onset degradation temperature of  260 °C.29 The chemical modification of CNCs 

to CNC-COOH and CNC-COO-CB12 altered their respective onset degradation temperatures. 

Weight loss curve of CNC-COO-CB12 ester differs remarkedly from the presented forms of 

cellulose W.P., CNC, and CNC-COOH with an early onset thermal degradation at around 125 °C, 

which could be due to moisture, and a major degradation occurred at around 325 °C. The CNC-

COO-CB12 had the lowest onset degradation temperature of 220 °C. This lower onset degradation 

temperature in CNC-COO-CB12 could be due to a labile ester formation and subsequent decrease 

in hydrogen bonding between COOH and OH groups.30, 31 Esterification improved the weight loss 

resistance of CNC-COO-CB12, which registers a higher total weight loss (TWL) and shorter 1% 

weight loss time (t1%) than CNC-COOH. The degradation temperature of TEMPO-oxidized 

cellulose crystals grafted with 4-((2-amnioethyl)amnio)-9-methyl-1,8-naphthalimide (TOCNC-

AANI) reveals similar results on weight loss resistance ascribed to the covalent attachment of 

AANI.32 Contrary results were obtained from the CNC tagged with cholesterol, whose weight loss 

resistance deteriorated compared to CNC. These results suggest that modified cellulose 

nanocrystals could undergo surface crosslinking after degradation of the modifying groups to 

enhance the in-carbonization of the cellulose nanocrystals.33 
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Figure 6: TGA traces showing thermal stability of Cellulose, W.P. CNC, CNC-COOH, and CNC-

COO-CB12. 

The thermal transitions of CNC-COO-CB12 are investigated using differential scanning 

calorimetry (DSC) and compared with CNC-COOH (Figure 7). Samples are first heated to 120 °C 

at a rate of 10 °C min−1 to remove the thermal history. Data from the subsequent first cooling and 

second heating cycles for CNC-COOH, CB12-OH, and, CNC-COO-CB12 are shown in Figure 7. 

CNC-COO-CB12 shows a glass transition temperature (Tg) at 10 °C and LC clearing transition 

(TLC) at 43 °C accompanied by minor mesophase transitions at 35 °C and 30 °C, from the 1st 

cooling cycle.  Similar transitions are observed on the second heating cycle, Tg at 40 °C and TLC 
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at 74 °C, with a minor LC transition at 55 °C. Thermal transitions are mainly dependent on the 

CB12 side chain.  In contrast to CNC-COO-CB12, CNC-COOH solid samples did not show any 

mesophase transition, while CB12-OH shows a mesophase transition around 60 C and a melting 

transition at ~ 100 C. We will elucidate the meso- and microstructure associated with the thermal 

transitions in CNC-COO-CB12 through temperature-controlled SAXS (T-SAXS) investigations. 

Figure 7: DSC overlay thermograms of heating and cooling cycles depicting the thermal 

transitions of CB12-OH, CNC-COOH, and CNC-COO-CB12 with a cooling rate of 10 °C min−1. 

The cooling and heating transitions observed in CNC-COO-CB12 are reversible upon successive 

heat-cool cycles. These transitions are attributed to the CB12-OH moiety.
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Microstructural and Crystallinity Analysis

The microstructure analysis of CNC-COO-CB12, CNC, CNC-COOH and CB12-OH are 

characterized by wide-angle X-ray scattering (WAXS) to study the effect of substitution and 

functionalization on the crystallinity of the CNC matrix (Figure 8). CNC exhibits four main 

diffraction peaks at 2θ = 14.6°, 16.4°, 20.3°, and 22.5°, attributed to the cellulose Iβ crystalline 

structure (monoclinic unit cell, ICDD PDF 00-056-1718).34 The estimated crystallinity index for 

CNC is 86.9%, and the crystallite size is 6.3 nm. The nearly invariant diffraction pattern of CNC-

COOH (2θ = 14.7°, 16.5°, 20.4°, and 22.7°) compared to that of CNC suggests that the chemical 

modification has minimal impact on the local crystalline structure; the observed peak shift of 

~0.1°(2θ) is probably due to the oxidation process. For both CNC and CNC-COOH, a diffraction 

peak representing the lateral packing of the cellulosic backbone (4.3 Å) is found at 2θ =20.3°. 

Covalently linking CB12-OH moieties to CNC-COOH results in a distinct change in the WAXS 

diffraction pattern. We focused on the diffraction peak in the lower angle range, where the first 

observable peak from CNC-COO-CB12 appears at (4.7°), corresponding to a length of 1.9 nm 

longer than that of CB12-OH (~ 1.64 nm), which presumably corresponds to the distance between 

the 12-methylene units spaced by the biphenyl groups after the head-to-tail    stacking. The 

increased length of CNC-COO-CB12, from 1.64 to 1.9 nm (Table inset in Figure 8), can be 

attributed to the larger distance between the cellulosic main chain backbones compared to that 

between the 12-methylene units. Several Braggs reflections are observed for CNC-COO-CB12, 

with some of them inheriting from those of CNC-COOH and others presumably related to the 

covalently linked CB12 and the lateral packing of the biphenyl core units (- stacking at 3.86 Å), 

which is not observed in CNC and CNC-COOH. Furthermore, CNC-COO-CB12 exhibit a 
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crystallinity index of 50.3% and crystallite size of 18.7 nm. The WAXS results of CNC-COO-

CB12 indicate that partial crystallization of the bulk material is retained.

q** q***

Parameters
Sample 2 (degrees) d spacing (nm)
CNC 14.85 0.6

16.43 0.54
20.63 0.43
22.83 0.39

34.8 0.26

CNC-COOH 14.93 0.59
16.5 0.54

20.63 0.43
22.95 0.39
34.73 0.26

CB12-OH 5.4 1.64
12.83 0.69
17.45 0.51
18.89 0.47
19.78 0.45
20.81 0.43
21.88 0.41
24.61 0.36
25.35 0.35
28.47 0.31

CNC-COO-CB12 4.74 1.9
12.46 0.71
17.93 0.49
19.88 0.45
21.68 0.41
22.88 0.39
24.88 0.36
28.88 0.31

2q**

Figure 8: 1D WAXS patterns overlay of CNC, CNC-COOH, CB12-OH, and CNC-COO-

CB12. The CNC-COO-CB12 exhibits peaks that are attributed to both the CNC and CB12-OH. 

Here q**, 2q**, and q*** are Bragg reflections attributed to smectic mesophase, as is also 

observed in T-SAXS.

Presence of smectic polymorphism 

To further investigate mesophase morphology in CNC-COO-CB12, both room temperature and 

temperature-controlled SAXS (T-SAXS) are employed (Figure 9). Multiple peaks from CB12 

suggest that the materials form liquid crystalline smectic phases. The peak at q* is attributed to the 

diagonal spacing of the CNC backbone, assuming that the macromolecule self-assembles into a 3-
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dimensional structure while maintaining the smectic ordering from the CB12 moiety. At room 

temperature, four Bragg reflections were initially observed at q* (0.22 Å−1, d1 = 2.8 nm), q** (0.33 

Å−1, d2 =1.9 nm), 2q** (0.65 Å−1) and q*** (0.87 Å−1, d3 = 0.72 nm), respectively. The SAXS results 

seem to indicate interdigitated smectic formation, where the d1, d2, and d3 could be attributed to 

smectic interdigitated formation (to be explained below). Such smectic phase disappears around 

75 °C. The smectic polymorphism observed is common to thermotropic LC polymeric systems, 

where optimal decoupling between the backbone and LC mesogen is controlled by the type and 

length of spacer moiety.22,35 There are at least two transition temperatures (TLC1 and TLC2) along 

the thermal pathway from room T to high T and then back to room T [Figure 9(b)]. As TLC2 > T > 

TLC1, the peak of q* disappears first, while the three peaks of q**, 2q** and q*** disappear 

simultaneously at T > TLC2. This suggests that the origin of q** and q*** should come from the 

same structure. We also observed that the thermal response and structural transformation 

associated with cooling and heating processes are reversible (considering hysteresis). The 

hypothetical structural transformation is proposed in Figure 9(c). The high-T sample (T > TLC2) 

demonstrates an isotropic state, whose SAXS shows monotonic decay with no liquid crystalline 

peak. The cooling process (TLC2 > T > TLC1) promotes the neighboring CNC-COO-CB12 polymers 

to connect with each other through the    stacking of the biphenyl on the CB12 side chains. 

Further cooling results in a more ordered square lattice structure (with a repeat unit composed of 

four chains) on the cross-sectional plane of the polymer bundles (T < TLC1) based on SAXS and 

DSC data. We propose that the first transition takes place as the  adjacent CNC polymers have a 

well-defined spacing of 1.9 nm (d2 ) between the polymer backbones. As T continuously =
2𝜋

𝑞 ∗∗

decreases below TLC1,  a new well-defined spacing of 2.8 nm (d1 ) corresponding to the =
2𝜋

𝑞 ∗  
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diagonal distance of the square lattice. However, the square lattice structure takes long time to 

form in order to overcome the restricted motion of local polymer segments.

The peaks at q~0.4 Å-1 and ~0.8 Å-1 indicated by K* are from the Kapton background; these persist 

in different temperature values. The morphological evolutions are consistent with results obtained 

from DSC.

Figure 9: Meso-structural evolution of CNC-COO-CB12 from compression-molded film. (a) T-

SAXS analysis. The CNC-COO-CB12 solid platform shows smectic polymorphism (q* (d1), q** 

(d2), 2q**, and q*** (d3) between room temperature and 75 °C. (b) DSC analysis. (c) Schematic 

of the microstructural analysis that correlates with both T-SAXS and DSC. 

Optical properties
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The cholesteric nature of cellulose nanocrystals upon self-assembly is characterized by 

continuously twisted arrangements of helical pitches, which are impacted by dispersion 

composition, ionic strength of the medium, particle size, and temperature (Figure 10). At 3 w% of 

CNC, CNC-COOH, and CNC-COO-CB12 in LiCl/ DMAC solutions, both isotropic and 

anisotropic phases coexist due to the free mobility of the sample particles. However, the slow 

evaporation of DMAC increases the CNC, CNC-COOH, and CNC-COO-CB12 concentrations, 

thus limiting their mobility. The subsequent self-assembly results in thin films with characteristic 

liquid crystalline order. In Figure (10) image (a) shows the LiCl/DMAc film, (b) CNC film with 

the cholesteric ordering, (c) CNC-COOH film with the cholesteric ordering, and (d) CNC-COO-

CB12 with a smectic ordering characterized by the loss of color compared to the preceding films. 

The presence of CB12 grafted onto the cellulose nanocrystals hinders chiral nematic interaction 

between the CNC rods but enhances interactions of the CB12 mesogens during self-assembly, thus 

leading to the disappearance of the iridescent colors. This, in turn, leads to the disappearance of 

chiral nematic or cholesteric liquid crystalline order and the appearance of smectic liquid 

crystalline order. 
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Figure 10: Films observed from POM (a) LiCl/DMAC, (b) 3wt% CNC in LiCl/DMAC, (c) 3wt% 

CNC-COOH in LiCl/DMAC (d) 3wt% CNC-COO-CB12 in LiCl/DMAC.

For UV-Visible reflection measurements, the free-standing films (~ 0.3 mm in thickness) are 

prepared by solution casting technique on the polyimide Kapton films and annealed at a 

temperature of 50 0C, quenched to room temperature to kinetically trap the corresponding 

mesophases using cold air or liquid nitrogen to room temperature, thus allowing preservation of 

the mesophases. UV visible spectra (Figure 11) show that CNC and CNC-COOH have a broad 

reflection expected of unaligned cholesteric 1D photonic mesophase,36 but CNC-COO-CB12 only 

shows CB12 reflection in the deep UV.37 All the sample films measured by UV−visible 

spectroscopy at a normal incidence exhibited a high reflectivity in the visible light wavelength 

range. The presence of CB12 in the CNC-COO-CB12 samples significantly reduced the 
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transmittance of the films in this region. This could be attributed to the bulk nature of the CB12, 

which caused more scattering of the incident light, reducing the transparency of resulting films. 

The CNC-COO-CB12 spectrum shows a maximum transmission wavelength (λmax) at 278.5 nm. 

The literature reported maximum transmission wavelength (λmax) of pure CB12 is at 303.0 nm, 

which is attributed to the - * transition bands.37, 38 The interaction of the cyanobiphenyl with the 𝜋 𝜋

12 methylene spacers and cellulose nanocrystals could have resulted in the alteration of the 

transmission wavelength of the cyanobiphenyl moiety with the blue shift. 

Figure. 11: Light reflection of CNC, CNC-COOH, and CNC-COO-CB12 film samples prepared 

by solution casting technique and annealing at 50 C temperatures.
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The data obtained from WAXS, POM, SEM, and SAXS reveal that both CNC and CNC-COOH 

undergo supramolecular self-assembly to form chiral nematic liquid crystalline phase. The 

introduction of a thermotropic liquid crystalline molecule (CB12) by covalent chemical 

conjugation onto the cellulosic matrix resulted in a solid platform that self-assembled into a 

smectic mesogenic phase without the application of an external field. This interplay of LC 

properties of CNCs and the thermotropic liquid crystals could be utilized for creating functional 

layered templates.  

Conclusion

We report the molecular design, synthesis, and characterization of cellulose nanocrystals with a 

thermotropic liquid crystalline cyanobiphenyl with a 12-methylene spacer. This, to the authors' 

knowledge, is the first attempt to show the effect of the thermotropic liquid crystalline 

cyanobiphenyl with a 12-methyelene spacer. The impact of the thermotropic LC molecule on the 

hierarchical self-assembly, thermal, morphological, and optical properties of cellulose 

nanocrystals are investigated. The functionalization of CNC-COOH with cyanobiphenyl and 

improved dissolution of CNC-COO-CB12 is investigated by the 1H NMR spectroscopy and 

revealed a functionalization efficiency of 87.34%. FTIR spectroscopy of the solid-state platform 

further reveals the functionalization of the CNCOOH by the characteristic C≡N stretching peak 

from the cyanobiphenyl. The coexistence of thermotropic π-π interaction and LC-LC interactions 

predominate the CNC-CNC interactions, thus leading to smectic polymorphism at room 

temperature. This smectic mesophase behavior of CNC-COO-CB12 upon self-assembly is the first 

one to be reported. The presence of π–π thermotropic interactions coexisting with chiral nematic 

from the CNCs manifests as visible reflections from π–π* transitions in the visible spectrum.  In 

this work, we show that using supramolecular π–π interactions of the thermotropic liquid 
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crystalline molecule with a 12-methylene spacer, changes the self-assembly of CNC from chiral 

nematic to smectic ordering. This new platform, CNC-COO-CB12, can be further aligned and 

ordered by directed self-assembly methods producing highly ordered, degradable templates from 

sustainable sources. 
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