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Abstract Surface esterification methods of cellulose

nanocrystals (CNC) using acid anhydrides, acid chlo-

rides, acid catalyzed carboxylic acids, and 101-car-
bonyldiimidazole (CDI) activated carboxylic acids

were evaluated with acetyl-, hexanoyl-, dodecanoyl-,

oleoyl-, and methacryloyl-functionalization. Their

grafting efficiency was investigated using Fourier-

transform infrared spectroscopy and 13C solid state

NMR spectroscopy. Acid anhydride and CDI were

found to be the most applicable reagents to graft short

and long chain aliphatic carbons, respectively. The

preservation of structural morphology and crys-

tallinity of grafted CNCs were confirmed using

transmission electron microscopy and X-ray diffrac-

tion. The hydrophobicity of grafted CNCs was eval-

uated by dispersing them in organic solvents with

different Hansen’s solubility parameters. The dis-

persibility of grafted CNCs in organic solvents was

improved by using never-dried CNCs as source

materials and keep CNCs wet in their washing

solvents after grafting, thus increasing the solvency

range to disperse CNCs.

Keywords Cellulose nanocrystals � Esterification �
Hydrophobicity � Hansen’s solubility parameters �
Dispersibility

Introduction

Nanotechnology research has always been a tug of war

of improving performance and properties versus

reducing cost and environmental impact. Cellulose

nanomaterials (CNs) possess the best of both worlds

with their unique set of mechanical, thermal, and

optical properties as well as their inherent sustainabil-

ity and abundancy (Hobbs et al. 1998; Moon et al.

2011; Reising et al. 2012; Diaz et al. 2013, 2014). CNs

are nanoparticles consisting of cellulose and are

extracted from biomass such as trees, plants, bacteria,

and algae (Beck-Candanedo et al. 2005). Among

many types of CNs, cellulose nanocrystals (CNCs)

have received increasing attention. CNCs are whisker
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or rod shaped CNs obtained from acid hydrolysis with

high aspect ratio (3–10 nm wide and 50–500 nm

long), high crystallinity, low density, and low coeffi-

cient of thermal expansion (Elazzouzi-Hafraoui et al.

2008; Park et al. 2010; Diaz et al. 2013). Applications

for CNCs have been found in nanocomposites, organic

electronics, laminates, fibers, cements, and biomate-

rials (Zhou et al. 2013; Chen et al. 2014; Liu et al.

2014; Peng et al. 2014; Cao et al. 2015; Liu et al.

2015). While applications for CNCs have been

expanding, one of the challenges of utilizing CNCs

is to overcome their surface hydrophilicity. The

surface of CNC is covered with the hydroxyl groups

from the anhydroglucose repeating units of cellulose.

This chemical configuration has led to interfacial

incompatibilities and low dispersibility of CNCs in

hydrophobic media and matrices. A variety of pro-

cessing strategies have been taken toward alleviating

this incompatibility issue including solvent exchange

and composite design (Capadona et al. 2007; Liu et al.

2014; Peng et al. 2014). Nonetheless, applications

such as polymer melt processing require fundamental

change to the surface properties of CNCs. Therefore,

surface modification becomes the necessary approach

to increase surface hydrophobicity of CNCs.

Similar to other nanoparticles and polymeric mate-

rials, surface modification of CNCs can be achieved

through either physical adsorption or chemical graft-

ing (Missoum et al. 2013; Habibi 2014). The adsorp-

tion approach typically utilizes surfactants or

polyelectrolytes, which rely on electrostatic interac-

tions and have potential migration issues of adsorbed

moieties (Heux et al. 2000; Podsiadlo et al. 2005). The

chemical grafting approach generates covalent link-

ages between CNC and the grafted moieties. Both

small molecules and macromolecules can be semi-

irreversibly attached with this approach. A wide

variety of chemical reactions can be utilized to modify

the surface hydroxyl groups of CNC including oxida-

tion (Isogai et al. 2011), carbamation (Habibi and

Dufresne 2008; Siqueira et al. 2009), etherification

(Dong and Roman 2007; Hasani et al. 2008), and

esterification. Among these reactions, esterification is

most of common method chosen for its simplicity and

versatility (Eyley and Thielemans 2014). In general,

esterification reaction can be categorized into five

different groups based on the reagents and catalysts

used: acid halides, acid anhydrides, acid catalyzed

carboxylic acids, transesterification esters, and in situ

activated carboxylic acids with the most popular being

the utilization of acid halides (Morandi et al. 2009;

Berlioz et al. 2009; Junior de Menezes et al. 2009;

Majoinen et al. 2011; Fumagalli et al. 2013; Bendahou

et al. 2014; Navarro et al. 2015). For this reaction, the

carbonyl group on the acid chloride or acid bromide is

attacked by the hydroxyl groups of CNCs and

produces HCl or HBr as byproduct. Typically, a base

such as pyridine or triethylamine is used to neutralize

the HCl or HBr generated. Another popular method is

the utilization of acid anhydrides (Sassi and Chanzy

1995; Cetin et al. 2009; Lin et al. 2011; Missoum et al.

2012) or succinic anhydride (Yuan et al. 2006). In the

case of acid anhydrides, additional catalysts such as

pyridine are typically added to speed the reaction. For

acid catalyzed esterification of CNCs using carboxylic

acid, the mechanism is the classic Fischer esterifica-

tion reaction, where the carbonyl group on the

carboxylic acid is activated with a strong acid

(Espino-Pérez et al. 2014). This method requires

carboxylic acids that are soluble in protic solvents. A

similar reaction can also be performed during the acid

hydrolysis stage of the CNC production (Braun and

Dorgan 2009; Braun et al. 2012; Boujemaoui et al.

2015). Transesterification is another popular method

used to modify CNCs. Typically, the reaction coin-

cides with the ring-opening polymerization of the

reagents, where long chain polymers can be grafted

from CNCs surface and acid or organometallic com-

pounds are used as catalysts (Labet and Thielemans

2011, 2012; Xiao et al. 2012; Tian et al. 2014;

Gårdebjer et al. 2015). In recent years, more interest

has been drawn toward the use of coupling agents to

modify cellulosic materials with carboxylic acids

(Heinze et al. 2006). The most common coupling

agents including 101-carbonyldiimidazole (CDI)

(Araki and Mishima 2014), carbodiimide (Nielsen

et al. 2010), and 4-toluenesulfonyl chloride (TsCl)

(Lee et al. 2011; Sadeghifar et al. 2011; Lee and

Bismarck 2012; Jasmani et al. 2013; Lin and Dufresne

2014). Despite having different reaction mechanisms,

these reagents feature the ability to activate the

otherwise less reactive carboxylic acids in a one-pot

reaction.

Although the current research literature presents a

large database of esterification method, it is yet

challenging to select the most viable and application

specific method to hydrophobize CNCs. Reaction

efficiency of the methods used in literature is often
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difficult to compare due to differences in CNC source

material, structure of grafted molecule, reactivity of

the reagents, and characterization and degree of

substitution calculation method used. The surface

chemistry of the starting CNC materials also varies

depending on the acid hydrolysis processing condi-

tions (Beck-Candanedo et al. 2005). Sulfuric acids

hydrolyzed CNC has various amounts of sulfate half-

esters while hydrochloric acid treated CNC does not

(Araki et al. 1998). In addition, the objective and

application of each esterification study varies. Often

depending on the applications, the degree of

hydrophobicity of modified CNCs needs to be con-

trolled. Therefore, there is a necessity for a goal-

oriented study that compares and contrasts the differ-

ent esterification methods with respect to the different

types of functional groups grafted.

In this study, a comparative study of CNC esteri-

fication methods with the focus on controlling the

hydrophobicity of CNCs was conducted. Esterification

using acid chloride, acid anhydride, acid catalyzed

carboxylic acid, and in situ activated carboxylic acid

were performed. Wood derived CNCs were grafted

with different length of hydrocarbons utilizing these

methods. To our knowledge, this is the first cross-

comparison study of different CNC esterification

methods using CNCs from the same source material.

In addition, the effect of freeze-drying versus solvent

exchange processing before and after the reactions

were also evaluated in order to further improve the

hydrophobicity of the grafted CNCs. Dispersibility

studies were used to assess the relative hydrophobicity

range of the grafted CNCs. An alternative approach

and mechanism on dispersing grafted CNCs in

hydrophobic solvent was also proposed.

Experimental section

Materials

Dimethyl sulfoxide (DMSO, anhydrous 99.9 %),

pyridine (anhydrous 99.8 %), tetrahydrofuran (THF,

anhydrous 99.9 %, inhibitor-free), N,N-dimethyl-

foramide (DMF, anhydrous 99.8 %), triethylamine

(TEA, 99 %), 101-carbonyldiimidazole (CDI, reagent

grade), acetone (ACS reagent), hydrochloric acid

(ACS reagent 37 %), cyclohexane (99.7 %), hexane

(anhydrous 95 %), and the reagents listed in Table S1

in the Supplementary Information were purchased

from Sigma Aldrich, St. Louis, MO, USA. Methanol

(anhydrous 99.8 %) and Ethanol (200 proof) were

purchased from VWR, West Chester, PA, USA. All

reagents were used as received without further purifi-

cation. Freeze-dried CNCs (FD) and 11.9 wt% never-

dried CNC suspension in water (ND) were provided by

USDA Forest Service-Forest Products Laboratory

(FPL), Madison, WI, USA.(Reiner and Rudie 2013)

Both FD and ND are in sulfate half-ester form with

0.96 and 1 wt% sulfur, respectively and have sodium

as counter ion.

Esterification of CNCs

Four esterification routes were utilized to graft five

different side groups to CNCs. Reaction conditions

were selected according to best results as reported

from literature. The schematic of the reactions is

illustrated in Fig. 1. Acetyl, hexanoyl, and dodecanoyl

grafted CNCs were synthesized using all four ester-

ification routes, while Methacryloyl and oleoyl grafted

CNCs were synthesized using routes 2 and 3, respec-

tively. FDs were used as starting materials for routes

1–3, while NDs were used for route 4. In addition,

dodecanoyl and oleoyl were grafted on to both FDs

and NDs using route 3. The accessible surface

hydroxyl groups of CNCs used in this study were

calculated to be 2.74 mmol/g for FD and 3.18 mmol/g

for ND via method introduced by Eyley and Thiele-

mans (2014). Detail calculation is elaborated in the

Supplementary Information.

Dispersion of CNCs in reaction solvents

For synthesis route 1, 1 g of dried FDs were initially

dispersed in 20 mL DMSO using a sonifier (S-250D,

Branson Ultrasonics Corp., Danbury, CT, USA) at

40 % amplitude and 1-s on/off cycles until transparent

suspensions were obtained. DMSO/CNC suspension

was first solvent exchanged with THF via consecutive

dispersion–centrifugation steps. Four times volume

excess of THF was mixed with DMSO/CNC suspen-

sions using a vortexer (VWR, West Chester, PA,

USA). The mixture was centrifuged (VWR Clinical

200) at 4000g for 15 min. The supernatant was

replaced with fresh THF and the CNCs were redis-

persed using the vortexer. This dispersion–centrifu-

gation procedure was performed four times. The
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reason behind this process was that both DMSO an

DMF were good solvent for CNC, therefore it was

difficult to completely remove DMSO from DMF by

direct solvent exchange. At the end of this solvent

exchange process, CNCs were redispersed in DMF

with a vortexer. Residual THF was removed via rotary

evaporator. For route 2, FDs were first dispersed in

DMSO using a sonifier, then directly solvent

exchanged with pyridine six times following similar

procedure as route 1. CNCs were redispersed in excess

pyridine after solvent exchange. For route 3, both FDs

and NDs were used. The FDs were dispersed in DMSO

using a sonifier, while the ND suspension was first

solvent exchanged with acetone six times and redis-

persed in DMSO. Residual acetone was removed via

rotary evaporator. For route 4, ND suspension was

directly added to fatty acids regents without additional

dispersion steps.

Synthesis routes for CNC esterification reactions

Synthesis route 1 was based on method developed by

Thielemans et al. (2006). The reactions were con-

ducted in a necked round-bottomed flask with

magnetic stirring. CNC/DMF suspension was first

added to the flask. TEA was added as HCl trap. Acid

chloride reagent was added drop-wise to initiate the

reaction. An ice bath was used during acetyl chloride

addition. After reagent addition, temperature was

raised to the corresponding reaction temperatures

listed in Table S1. N2 gas flow was introduced to

remove evolved HCl gas.

Synthesis route 2 was based on the method devel-

oped by Lin et al. (2011). However, FD was dispersed

in pyridine via solvent exchange instead of ultrason-

ication. CNC/pyridine suspension was added in a

three-necked round-bottomed flask equipped with a

condenser withmagnetic stirring. For themethacryloyl

grafting reaction, CNC/pyridine suspension was bub-

bled with N2 gas overnight before the addition of the

reagent. The grafting reaction was conducted under N2

atmosphere to prevent crosslinking and side reactions.

Synthesis route 3 was based on CDI mediated

method developed for cellulose by Hussain et al.

(2004). Reaction was conducted in a three-necked

round-bottomed flask equipped with a condenser

under magnetic stirring. CDI were first dissolved in

DMSO andmixed with equal molar ratio of carboxylic

Fig. 1 Synthesis routes of CNC esterification reactions that were conducted in parallel using acid chlorides (route 1), acid anhydrides

(route 2), CDI activated carboxylic acids (route 3), and acid catalyzed carboxylic acids (route 4)
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acid reagents. The mixture was stirred overnight at

60 �C with N2 gas flow to remove evolved CO2.

Afterwards, CNC/DMSO suspension produced from

either FD or ND starting materials was added to the

mixture to initiate the reaction. Afterwards, tempera-

ture was raised to the corresponding reaction temper-

atures listed in Table S1.

Synthesis route 4 was based on a method developed

by Espino-Pérez et al. (2014). ND suspension in water

was added to a distillation system in order to

constantly remove water. 5 % molar equivalent of

HCl was added to reaction flask. Reagents were added

at temperature above their melting point. Detailed

experimental conditions for all synthesis routes are

listed in the Supplementary Information Table S1.

Extraction and purification of grafted CNCs

At the end of each reaction, the grafted CNCs were

precipitated from large excess of the designated

washing solvent listed in Table S1 in the Supplemen-

tary Information. The products were purified by

consecutive dispersion–centrifuge steps described in

‘‘Dispersion of CNCs in reaction solvents’’ section

(4000g for 15 min) to remove residual reactants. As

suggested by other researchers, the dispersion–cen-

trifuge method of purification was better suited for

nanoscale objects as it prevented excess sample lost

and had similar efficiency to Soxhlet extraction

(Siqueira et al. 2010; Espino-Pérez et al. 2014).

Grafted CNCs were either freeze-dried using a

lyophilizer (Labconco FreeZone Plus 4.5L) or kept

in their respective washing solvents.

Characterization

Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of unmodified and grafted CNCs were

obtained by making KBr pellets of the samples and

tested in transmission mode (FTIR Spectrum 100,

PerkinElmer, Waltham, MA, USA). Ten scans were

taken per sample range from 450 to 4000 cm-1 with a

resolution of 4 cm-1.

13C CP-MAS solid-state NMR spectroscopy

13C CP-MAS spectra were obtained on a Chemagnet-

ics CMX-400 NMR spectrometer equipped with a

wide-bore magnet and a 5 mm triple-resonance (H–

X–Y) MAS probe. The pulse sequence used was the

‘‘cp_toss_pm’’ sequence from the spectrometer’s

pulse program library, which includes the TOSS

(Dixon et al. 1982) and TPPM techniques. Acquisition

parameters included 1H and 13C RF field strengths of

50 kHz, a cross-polarization time of 2 ms, a TPPM

decoupling pulse of 7.1 ls, a relaxation delay of 6 s, a

data acquisition time of 32 ms with a sweep width of

32 kHz, and a sample spinning rate of 5.6 kHz.

Typically, 1024–2048 scans were acquired

(103–206 min) and the data were processed with

exponential multiplication (line-broadening of 35 Hz)

and zero-filled twice prior to Fourier transformation.

Elemental analysis

To support the solid-state NMR results and check for

impurities, elemental Analysis was conducted by

Galbraith Laboratories (Knoxville, TN, USA). Car-

bon, hydrogen, and oxygen contents were measured

for FD CNC and grafted CNCs using different

methods. The tests were performed twice and the

average was used. The degree of substitution was

calculated following the method proposed by Vaca-

Garcia et al. (2001)

X-ray diffraction analysis (XRD)

Unmodified CNC and grafted CNC powder were

pressed into pellets and mounted on adhesive tapes.

They were evaluated in a Bruker GADDS 2D X-ray

diffractometer using a 546 nm Cu Ka source at

30 mA, 10 kV for 360 s and a beam size of 500 lm
at 6.13 cm from detector in transmission mode. The

crystallinity, Xc, of unmodified CNC and grafted CNC

was calculated Eq. (1) (Park et al. 2010).

Xc %ð Þ ¼ Ac

Ac þ Aa

� �
� 100 ð1Þ

where Ac and Aa represents the total crystalline and

amorphous area, respectively, of deconvoluted XRD

patterns. The XRD deconvolution was completed with

MDI Jade 8.5.2 software in which the measured XRD

pattern was fitted using peak assignments based on

idealized powder diffraction patterns of cellulose I and

II (French 2014) and peak shape profiles were assumed

to be pseudo-Voigt. Next, a refinement method was

used to minimize differences between the fitted XRD
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pattern and the measured pattern (Rietveld 1969;

Hamad and Hu 2010). Note that CNC from the FPL

process consist of both Cellulose I and II (Reiner and

Rudie 2013), which is a result of using dissolving pulp

as a cellulose source material, and because of this the

total crystalline area used in this study was considered

to be a contribution of both cellulose polymorphs. An

example of a deconvoluted XRD pattern can be found

in Figure S10 of Supplementary Information.

Transmission electron microscopy (TEM)

The morphology and ultramolecular structure of FDs,

NDs, and acetyl grafted CNCs samples were evaluated

using TEM. Samples were dispersed in either water or

50/50 % v/v methanol/water. Glow-discharged sup-

port grids coated with a formvar ? carbon film were

floated on sample droplets for 30 s and then floated

briefly on droplets of 2 % aqueous Uranyl acetate to

negatively stain. Negatively stained images of other

types of grafted CNCs could not be obtained due to

aggregation in water and methanol and inadequate

staining using aqueous electron stains. Samples were

imaged using a Philips CM-100 TEM operated at

100 kV, spot 3, 200 lm condenser aperture, and

70 lm objective aperture. Images were captured in

digital form using Gatan Orius SC200-1 2Mpixel CCD

camera (Gatan, Inc. Pleasanton, CA). The magnifica-

tion bars were calibrated using replica grating (Ted

Pella Inc, Redding, CA-Product# 607). No additional

image processing or adjustment was conducted. The

dimensions of unmodified and grafted CNCs were

measured using the elliptical tool from ImageJ (Hartig

2013). The longest axis of the CNC was defined as

length. The maximum dimension of the CNC perpen-

dicular to the length axis was defined as width.

200–300 individual crystals were measured and aver-

aged. Only individual crystals with clearly identifiable

edge were measured.

Dispersion study

To evaluate dispersibility, grafted CNCs were dis-

persed in solvents with different Hansen’s solubility

parameters (HSP). HSP is a common tool used to

evaluate the solubility of polymers in solvent and

solvent blends (Hansen 2007). HSPs have three

components: dispersion (dd), polarity (dp), and hydro-

gen bonding (dH). The total solubility parameter (dt)

can be calculated using Eq. (2), which takes interac-

tion energy represented by all three components into

account (Hansen 2007). The solvents used in this study

along with their HSP are listed in Table S4 in the

Supplementary Information.

d2t ¼ d2d þ d2p þ d2H ð2Þ

For study of dispersion of grafted samples that were

freeze-dried after the reaction, 30 mg of grafted CNCs

were sonicated at 20 % amplitude for 2 min in 3 mL

of their respective solvents. The final concentration of

CNCs was kept at 10 mg/mL. For dispersion study of

grafted samples that were kept ‘wet’ in their prospec-

tive washing solvent, the weight percentage of grafted

CNCs in the ‘wet’ samples was first determined

gravimetrically. Appropriate amount of ‘wet’ samples

was added to obtain 30 mg of grafted CNCs. Appro-

priate amount of respective solvent was added so that

the final concentration of grafted CNCs was kept at

10 mg/mL. The ‘wet’ samples were dispersed in their

respective solvents using a vortexer. All of the

suspensions were left standing overnight to allow

possible sedimentation before they were compared.

Dynamic light scattering (DLS)

To evaluate the quality of dispersion, grafted CNC

suspensions that had no sedimentations were mea-

sured using a Malvern Zetasizer Nano ZS equipped

with 633 nm He–Ne laser using a 173 �C scattering

angle. The grafted CNC suspensions were diluted with

their prospective solvents to 1 mg/mL concentration

(0.1 w/v %). The temperature of the suspension was

regulated at 25.0 ± 0.1 �C. The apparent hydrody-

namic radius was calculated using Stokes–Einstein

equation and used as particle size. The suspensions

were measured three times. The mean and standard

deviation of the measurements were reported.

Results and discussion

Grafting efficiency of esterification methods

Acid anhydride (An), acid catalysis (Ac), acid chloride

(Cl), and in situ activator (CDI) mediated esterification

reactions of CNC were compared. To understand the

role of reaction type on modification and tune the

hydrophobicity of CNCs, side chains with different
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hydrocarbon lengths were grafted. To provide a fair

comparison between different esterification methods,

reagents with the same length of hydrocarbon chain

were utilized with constant molar ratio between the

reagents and the CNC hydroxyl groups for all methods

except the acid catalyzed method, which followed the

molar ratio suggested by Espino-Pérez et al. (2014).

Due to the lack of analogical compounds, transester-

ification via ring opening polymerization was not

included in this study. Both qualitative and quantita-

tive comparisons were conducted on the different

esterification methods with respect to the length of

hydrocarbon graft.

FT-IR was utilized to qualitatively evaluate the

grafting efficiency of each esterification methods used.

Figure 2 illustrated the FT-IR spectra of unmodified

and grafted CNCs. The spectra were normalized using

the C–C stretch at 1060 cm-1. The main demonstra-

tion of esterification success was the appearance of

carbonyl (C=O) stretch at 1740 cm-1, which was not

shown in unmodified CNCs (FD). The changes of

other peaks in the fingerprint region after modification

could affect the peak height at 1060 cm-1 and lead to

inaccuracy during normalization and impurities from

the different methods complicate results. Neverthe-

less, the peak height at 1740 cm-1 should provide a

rough comparison among different esterification

methods. Based on the peak height at 1740 cm-1,

Fig. 2a indicates that the acid anhydride method

provided higher efficiency of grafting for acetyl side

chain. The order of grafting efficiency for acetyl

grafted CNCs based on FT-IR is: An[CDI *
Cl[Ac. This might be attributed to the utilization

of pyridine as both solvent and catalyst as pyridine was

in excess as catalyst and had strong hydrogen bonding

reduction property as solvent. For hexanoyl side chain,

Fig. 2b demonstrates the grafting efficiency were

similar among different methods except for the acid

catalyzed method. Figure 2c shows that CDI provided

higher efficiency than other reagents for the longest

alkyl chain studied. The order of grafting efficiency

for dodecanoyl grafted CNCs based on FT-IR is:

CDI[Cl[An[Ac. For all three type of structures

grafted, the acid catalyzed method did not show

significant peak at 1740 cm-1, which indicates that

these reactions were unsuccessful or had low effi-

ciency. As stated by Espino-Pérez et al. (2014) the acid

catalyzed method required water miscible and high

boiling point ([150 �C) carboxylic acids. Hexanoic

and dodecanoic acid have limited miscibility with

water. Acetic acid has a boiling point relatively close

to water. These factors were likely the main reasons

that led to unsuccessful grafting using the acid

catalyzed method.

To quantitatively analyze the efficiency of each

esterification method, 13C solid-state NMR spec-

troscopy data were collected. The NMR results of

unmodified and hexanoyl grafted CNCs, are shown in

Fig. 3, while the NMR spectra of the other grafted

CNCs can be found in Figure S1–S4 in the Supple-

mentary Information. Signals between 57 and

108 ppm were assigned to the cellulose resonance

from CNCs. New signals in the grafted CNC spectra

indicate the success of the esterification reaction, in

which signals between 15 and 40 ppm were assigned

to the grafted aliphatic carbons and signals ranged

from 170 to 175 ppm were from the carbonyl carbon.

These new signals can be seen most distinctly in the

hexanoyl grafted CNC spectra, as shown in Fig. 3.

New signals between 18 and 38 ppm (C8–C11) were

assigned to the aliphatic carbons of the hexanoyl

moiety in addition to carbonyl (C7) and terminal (C12)

carbon at 172 ppm and 14 ppm, respectively. Similar

pattern could be seen in other types of grafted CNCs

spectra, suggesting the presence of aliphatic carbons.

Degree of substitution (DS) was calculated to

quantitatively compare the different methods. Two

methods of calculation from literature were employed

to calculate DS. Equation (3) shows the first method,

which was introduced by Berlioz et al. (2009)

DS Cð Þ ¼
6� ICO

IC
ð3Þ

ICO is the integral of carbonyl peak. IC is the integral

of all the cellulose carbon peaks. Another method of

calculation was first reported by Xiao et al. (2012).

Instead of using the carbonyl peak, the terminal carbon

peak was used to calculate DS (Eq. 4).

DS Tð Þ ¼
6� IT

IC
ð4Þ

IT is the integral of terminal peak. IC is the integral

of all the cellulose carbon peaks. This method of

calculation was beneficial in cases where the carbonyl

signal was too low due to low collection time.

To check the reproducibility of experiments, hex-

anoyl grafting reactions were used as a case study.

Each experiments were performed twice. The mean
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and standard deviation of the DS values are listed in

Table S2. The results indicated that there were no

significant differences between the data obtained from

the two separate trials. The average DS values for

hexanoyl grafted CNCs using different methods were

plotted in Fig. 4.

Figure 4 shows that DS is a function of grafted

molecule length, and esterification method. For CNCs

modified using acid anhydride and acid chloride, DS

decreased with increases in grafted molecule length.

This was caused by the bulkiness of the reagent

leading to lower reactivity. For the CDI activated

esterification reaction, high molecular weight car-

boxylic acids initially had higher grafting efficiency

than low molecular weight ones, with DS decreasing

as grafting length increases, giving rise to a maximum

in DS at the hexanoyl grafted samples. When

comparing between the esterification methods, acid

Fig. 2 FT-IR spectra of unmodified and CNCs grafted with

a acetyl, b hexanoyl, c dodecanoyl and d methacryloyl and

oleoyl side chain using acid anhydrides (An), acid catalyzed

carboxylic acid (Ac), acid chlorides (Cl), and CDI activated

carboxylic acid (CDI). Methacryloyl and oleoyl side groups

were only grafted using An and CDI, respectively. Carbonyl

peaks at 1740 cm-1 indicated grafting success
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anhydride had the highest grafting efficiency than

other reagents for low molecular weight moieties. The

difference in grafting efficiency between the different

esterification methods is most apparent in acetyl

grafted CNCs. For hexanoyl grafted CNCs, the

efficiency was similar among all the methods except

the acid catalyzed method agreeing with the FT-IR

data. According to the calculation method using the

carbonyl carbon, CDI and acid anhydride had higher

efficiency than acid chloride for dodecanoyl grafted

samples, while the terminal carbon calculation showed

that all three methods were similar.

In addition to solid-state NMR study, elemental

analysis was utilized to verify the trend found. All

grafted CNCs using FD starting materials were

measured for their Carbon, Hydrogen, and Oxygen

content. The results were listed in Table S3 of the

Supplementary Information. The experimental results

were corrected to take account of the impurities and

surface sulfate half-ester of the starting material

(Siqueira et al. 2010). The absolute DS values

calculated with elemental analysis is higher than the

values calculated with NMR. However, the DS trends

found using these two techniques were similar. The

higher DS value is likely due to the presence of

impurity in the modified material that did have the

expected chemical shift in solid state NMR. Therefore,

they were not included in the NMR DS calculation.

For acetyl and hexanoyl grafted CNCs using CDI, the

presence of unexpected nitrogen content also indi-

cated possible impurities from CDI activated car-

boxylic acids, which were difficult to remove due to

their similar solubility as grafted CNCs. However, as

longer side groups were grafted, nitrogen content

impurities were not present.

To further demonstrate the versatility of the ester-

ification reactions, functional moieties that contain

terminal or internal double bonds such as methacry-

loyl and oleoyl were also grafted. These active

moieties can potentially polymerize or crosslink

during the esterification reaction, which can lead to

undesirable side reactions and the loss of functionality.

Therefore, an appropriate esterification reagent needs

to be selected. In this study, acid anhydride was chosen

to graft methacryloyl side group due to the higher DS

that the method affords, while CDI was used to graft

the oleoyl side group since oleic acid is relative

inexpensive versus its anhydride counterpart. The

characterization results for methacryloyl and oleoyl

grafted CNCs are also illustrated in Figs. 2 and 4.

Similar to other esterification reactions, the grafting of

these moieties was successful. As shown in Figures S3

and S4, the double bonds structures of the grafted

moieties were also preserved after both reactions. Side

reactions of the unsaturated side groups were sup-

pressed, as no extensive crosslinking of the product

was observed. These results indicate that acid anhy-

dride and CDI can tolerate internal and terminal

double bond, respectively. In terms of grafting

Fig. 3 13C solid-state NMR spectra of unmodified (FD) and

hexanoyl grafted CNCs using different methods (An, Ac, Cl,

and CDI)

Fig. 4 Degree of substitution (DS) of different esterification

methods (An, Ac, Cl, and CDI) with respect to the grafted

moieties calculated using carbonyl (C) and terminal (T) carbon

integration method with Eqs. (3) and (4), respectively
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efficiency of these unsaturated moieties, methacryloyl

grafted CNCs using acid anhydride followed the trend

suggested by other acid anhydride modified moieties.

As shown in Fig. 4, oleoyl grafted CNC using CDI

followed a similar grafting efficiency order suggested

by the trend as the low reactivity of the relatively long

aliphatic carbon chain of oleic acid continues reduc-

tion in DS.

Morphology and dimensions of grafted CNCs

The trend found in Fig. 4 provided a preliminary guide

to select the most efficient reagent to graft CNCs with

aliphatic carbons. Nevertheless, to be a viable grafting

method, the esterification reaction needs to preserve the

morphology and crystallinity of CNC. TEM micro-

scopy was utilized to evaluate the effect of different

esterification methods on the morphology and dimen-

sions of the CNCs. TEM micrographs of unmodified

and acetyl grafted CNCs (see Figure S5 in the

Supplementary Information) were used to estimate

particle dimensions, results are summarized in Fig. 5.

The histograms of the measurements are given in

Supplementary Information Figures S6–S8. When the

CNC source materials were compared with each other,

the never-dried CNCs (ND) had higher aspect ratio than

freeze-dried CNCs (FD). The difference between ND

and FD could be due to batch to batch variation of the

CNC production process, agglomeration of FD CNC

that could not be broken up when redispersed in water,

TEM sample to sample variation, etc. Student’s t-tests

were conducted between the measurements of unmod-

ified startingmaterial (FD or ND) and graftedmaterials.

The only statistically relevant decrease is that acid

catalyzed samples had lower aspect ratio than the never-

dried CNC starting material. All other acetyl grafted

samples had statistically higher crystal dimensions than

their starting material. This is likely attributed to low

image contrast and large amounts of aggregation that

was observed in acid catalyzed and acid chloride

modified samples, which led to measurement inaccu-

racies. This observation agreedwith previous report that

protonated acid-form of CNC aggregates in water once

dried (Dong and Gray 1997). Also, surface modified

CNCs could potentially have different affinity toward

TEM staining agent than unmodified CNCs. Notwith-

standing these effects, no major changes were observed

in crystal size or morphology.

Crystallinity of grafted CNCs

To investigate the effect of esterification on crys-

tallinity of the CNCs, X-ray diffractograms of unmod-

ified and grafted CNCs were collected and illustrated

in Fig. 6. Cellulose Ib is the dominant polymorph

from higher-plant cells (Belton et al. 1989) and the

diffraction profile contains peaks that represent (110),

(1�10), (012), (200), and (004) lattice planes (Sugiyama

et al. 1991). These peaks can be located in Fig. 6 at 2h
angles of 15.6�, 17.5�, 21�, 23�, and 35.3�, respec-
tively. The unusual high intensity of the peak at 21o

represents the existence of cellulose II [i.e. the (110)

lattice plane from cellulose II] (Kim et al. 2013),

which is typical of CNCs from FPL, an artifact of

using dissolving pulp as the source material (Reiner

and Rudie 2013). In general, there were no drastic

changes in the diffraction pattern after the esterifica-

tion reactions. No additional peaks appeared after the

esterification process, which demonstrated that there

were no cellulose II converted after the process. To

check whether the esterification method converted

crystalline cellulose to amorphous cellulose, the

crystallinity of unmodified and grafted CNCs were

calculated and compared. As shown in Table 1, for

some of the esterification methods, there was up to

8.5 % decrease in crystallinity after grafting. How-

ever, inaccuracy might have been introduced due to

the appearance of new peaks corresponding to

aliphatic chains around 21� after grafting (Habibi

and Dufresne 2008; Junior de Menezes et al. 2009).

Therefore, more evidence was needed to evaluate the

crystallinity of the grafted CNCs.

To further analyze the crystallinity of unmodified

and grafted CNCs, the 13C NMR C4 carbon peak

separation methods developed by Newman (2004)

were used to calculate crystallinity index (CI). The C4

carbon region of unmodified CNC was illustrated in

Fig. 7. The integral area from 85.5 to 91 ppm was

assigned to the ordered cellulose, while integral area

between 80.3 and 85.5 ppm was assigned to disor-

dered cellulose (Ibbett et al. 2007; Sèbe et al. 2012;

Kim et al. 2013; Gårdebjer et al. 2015). CI was

calculated by dividing the crystalline region over the

entire C4 carbon region (integral area between 80.3

and 91 ppm). The CI of both unmodified CNC and

grafted CNC are also listed in Table 1. The data

indicates that after grafting there was minimal
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decrease in crystallinity and in some cases the

crystallinity appears to increase. The increase in

crystallinity could be due to the inaccurate peak

integration caused by low NMR signal intensity. The

similar increases were also observed in the XRD data,

while changes in crystallinity may be occurring, such

changes are modest in comparison to the variability in

data. Hence, few trends could be observed. To

investigate the change in crystallinity and degree of

substitution, changes of crystallinity measured using

XRD and NMR methods were plotted against degree

of substitution calculated from solid state NMR. The

results were plotted in Figure S9. There is no clear

trend that can be observed that indicated changes in

crystallinity increased with higher degree of

substitution.

Overall, to choose the most viable esterification

method to modify CNCs, multiple factors have to be

considered. Depending on the final application, the

structure of grafted moiety or side group is predeter-

mined, which dictates the types of reagents and

esterification method that were allowed. The com-

mercial availability of reagent structures, especially

acid anhydrides and acid chlorides, limits the use of

certain esterification methods. Similarly, acid cat-

alyzed esterification reactions require water miscible

and high boiling point carboxylic acids. In situ

activator such CDI can resolve this issue, since it

enables the use of a broad variety of complex

carboxylic acids (Hussain et al. 2004; Heinze et al.

2006). However, CDI has limitation when dealing

with moieties with active protons such as terminal

Fig. 5 Summary of average dimensions of unmodified (ND

and FD) and acetyl grafted CNCs using Ac, An, Cl, and CDI

esterification methods. Asterisk inaccuracy might be introduced

due to aggregation of crystals that lead to measurement

difficulties. Error bars indicate standard deviation
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double or triple bonds (Heinze et al. 2006). Price of the

reagents is also important to consider. Acid anhydride

and acid chloride are generally more expensive than

their carboxylic acid counterparts. In recent years,

decrease in price of production of CDI has enabled it to

become an affordable option (Heinze et al. 2006). The

ease and simplicity of the reaction process is also a

critical factor. For reaction time, CDI mediated

reaction requires an extra carboxylic acid activation

step that lasts longer than other esterification reactions.

In terms of reaction condition, almost all esterification

reagents were sensitive to water, hence prohibit the

use of water as reaction solvent. The acid catalyzed

method developed by Espino-Pérez et al. (2014) has an

advantage over other methods as it eliminates the use

of solvent. Other solvent-less reactions can also be

found in literature (Herrick et al. 1983; Berlioz et al.

2009). However, the versatility of these methods is

Fig. 6 X-ray diffractograms of never-dried CNC (ND), freeze-dried CNC (FD), and acetyl (a), hexanoyl (b), dodecanoyl (c), and
methacryloyl and oleoyl (d) grafted CNCs using various esterification methods (An, Ac, Cl, and CDI)
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unknown. The ease of purification is another important

factor. Acid chloride reaction produces HCl as side

product, which is either evolved during the reaction or

trapped by TEA or pyridine. The TEA or pyridine HCl

complex has to be removed by washing. Acid

anhydride reactions provide an equivalent mole of

carboxylic acid as side product, which is difficult to

remove due to their similar solubility as grafted CNCs.

For acid catalyzed reaction, the side product is water,

which is continually removed during the reaction. CDI

mediated reactions produce imidazole and CO2 as side

product. Imidazole is freely soluble in different

solvents and can be easily removed (Heinze et al.

2006). Ultimately, the final application drives the

esterification process. Regardless, on balance for short

chain or widely available reagents, anhydride grafting

is optimal. For surface modifications where the acid

anhydride is relatively expensive, CDI grafting is the

better choice.

Dispersibility of grafted CNCs in organic solvents

A primary goal of hydrophobization of CNCs is to

improve their compatibility and dispersibility in

hydrophobic media. Figure 8 illustrates freeze-dried

unmodified and grafted CNCs dispersed in solvents

(water, ethanol, acetone, THF, and toluene). For acetyl

and methacryloyl groups, acid anhydride method was

used for grafting reaction. For hexanoyl, dodecanoyl,

and oleoyl groups, CDI method was used. For each

type of grafted CNCs, the final products were freeze-

dried and then added to the solvents. The suspensions

were sonicated and left overnight to let the residual

energy from sonication to dissipate and allow for

observation of sedimentation height. As shown in

Fig. 8, the dispersibility of grafted CNC depends both

on DS and the length of the aliphatic chain grafted.

Table 1 Crystallinity calculated using the XRD peak deconvolution method and the NMR peak separation method

Grafted

moieties

Grafting

method

% Crystallinity

(from XRD)

% Change after

grafting (from XRD)

% Crystallinity

(from SSNMR)

% Change after grafting

(from SSNMR)

ND 75.5 66.7

FD 73.0 63.0

Acetyl Ac 77.6 6.3 65.6 4.0

An 73.4 0.5 62.7 -0.5

Cl 74.5 2.1 65.2 3.4

CDI 71.7 -1.8 68.1 8.0

Hexanoyl Ac 81.2 9.9 64.7 2.6

An 70.0 -4.1 65.9 4.6

Cl 70.6 -3.3 70.5 11.8

CDI 78.7 7.8 67.7 7.4

Dodecanoyl Ac 78.8 7.9 62.9 -0.3

An 75.1 2.9 70.9 12.5

Cl 70.0 -4.1 70.5 11.8

CDI 69.4 -4.9 71.7 13.7

Methacryloyl An 73.5 0.7 65.3 3.5

Oleoyl CDI 77.9 6.7 72.0 14.3

Fig. 7 Evaluation of CNC crystallinity via 13C solid state NMR

spectroscopy at the C4 carbon
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Acetyl grafted CNCs had better dispersibility in

different organic solvent than methacryloyl grafted

CNCs despite having fewer hydrocarbons in their side

chain. Even compared to hexanoyl grafted CNCs,

acetyl grafted did not sediment in THF while hexanoyl

grafted CNC did. This effect was due to acetyl grafted

CNCs having higher DS than methacryloyl and

hexanoyl grafted CNCs. Similar phenomenon could

be seen between hexanoyl and dodecanoyl grafted

CNCs. However, as length of the aliphatic chain

became longer, the dispersibility improved even at low

DS value. Oleoyl grafted CNCs could form stable dis-

persion in THF regardless having the lowest DS value.

The better transparency of the oleoyl grafted CNC

suspension in THF indicated that particle aggregation

size was smaller, which demonstrated better disper-

sion. Overall, the dispersibility of grafted CNCs after

freeze-drying was low, which could be attributed to

the hydrogen bonding of residual unreacted hydroxyl

groups on the CNC surface.

To improve dispersibility, grafted CNCs were kept

in their washing solvent after centrifugation as con-

centrated gel-like form. These ‘wet’ samples were

then redispersed in organic solvents (water, ethanol,

acetone, THF, and toluene. For oleoyl grafted CNC,

cyclohexane and hexane were also included to extend

the solvency range of grafted CNC). For comparison,

never-dried CNCs were also dispersed in these

solvents. Figure 9 shows the images of these suspen-

sions from ‘wet’ samples. The presence of residual

washing solvent altered the HSP value of the final

solvent in the suspension. The HSP of the solvent

mixture used in Fig. 9 were calculated using the

individual HSP components of each solvent and their

Fig. 8 Dispersion of

unmodified freeze-dried

CNCs and grafted CNCs in

solvents. Freeze-dried

CNCs are used as starting

materials for the grafting

reactions. The grafted CNCs

were freeze-dried before

redispersion. The

concentration of CNCs was

kept at 10 mg/mL
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volume ratio (Hansen 2007). The detailed results were

listed in Table S5 in the Supplementary Information.

Due to the low content of the washing solvent, the

overall HSP value of the solvent mixture did not

change drastically when compared to that of the pure

solvent. However, as shown in Fig. 9, the dispersibil-

ity of grafted CNCs was improved overall when they

were kept as ‘wet’.

Teas plots were created and illustrated in Fig. 10

for each types of grafted CNC using fractional HSP for

solvent and solvent mixture used in the dispersibility

test. Completely dispersed samples were marked as

solid colored dots. Semi-dispersed sample with sed-

imentation height higher than half of its original height

were marked as light colored dots. Samples with

sedimentation height lower than half of its original

height were marked as hollow dots. Base on available

data, dispersibility windows of grafted CNCs were

estimated by outlining around the solid colored dots

and overlapping the light colored dots. As shown in

Fig. 10, the dispersibility windows for ‘wet’ grafted

CNCs generally increased in size and shifted toward

the lower right corner as compared to the freeze-dried

grafted CNCs. When freeze-dried grafted CNCs were

sonicated in the same solvent mixture as their ‘wet’

counterparts, they could not be dispersed. This effect

further indicated that the low dispersibility was due to

the dried CNCs forming strong hydrogen bonds that

lead to aggregation. The Teas plot can also serve as a

comparison tool for dispersing grafted CNC into

Fig. 9 Dispersion of unmodified never-dried CNC and ‘wet’

grafted CNCs in solvents. Residual washing solvent from the

‘wet’ grafted CNC and the test solvent created solvent mixtures.

Freeze-dried CNCs are used as starting materials for the grafting

reactions. The final concentration of CNCs was kept at 10 mg/

mL
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polymer. A certain polymer that has a solubility

window in similar region on the Teas plot as a type of

grafted CNC should have good compatibility.

As suggested by Tian et al. (2014) grafted CNCs

using freeze-dried and solvent-exchanged starting

materials have different dispersibility and surface

accessibility. To evaluate this effect, additional trials

of esterification reactions were conducted utilizing

never-dried CNCs that were solvent-exchanged from

water. The CDI esterification method was chosen as it

was easily amenable toward the use of never-dried

CNCs. Dodecanoyl and oleoyl groups were grafted.

These grafted CNCs were also kept in both freeze-

dried and ‘wet’ form. Figure 11 illustrated the images

for these suspensions. The dispersibility of dode-

canoyl and oleoyl grafted CNC were improved when

solvent exchanged source materials were used. For

oleoyl grafted CNCs, the dispersibility in ethanol and

acetone was decreased. This effect indicated that

overall hydrophobicity of oleoyl grafted was

improved. These result agreed with the trend found

by Tian et al. (2014). A similar trend could be seen

Fig. 10 Teas plots of

unmodified (Part a) and
grafted CNCs (Part b–f).
The grafted CNCs were kept

in freeze-dried and ‘wet’

form. Residual wash

solvents from the ‘wet’ form

were taken into account
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when these grafted CNCs were kept ‘wet’, as shown in

bottom images of Fig. 11. When comparing between

‘wet’ oleoyl grafted CNCs in Figs. 9 and 11, samples

from solvent exchanged source materials had lower

sedimentation in hexane than samples using freeze-

dried source materials. The higher dispersibility of

grafted CNCs using solvent exchange materials was

likely due to the surface hydroxyl group being more

accessible for modification. As shown in Fig. 8 and

11, the DS values for grafted CNC using solvent

exchanged starting material was higher than their

freeze-dried counterparts.

To further evaluate the dispersion of grafted CNC

in solvents, DLS was utilized to determine the size of

grafted CNC aggregation. The apparent hydrody-

namic radius of the suspensions was calculated and

illustrated in Fig. 12. FD and ND suspensions in water

were used as reference as shown in Fig. 12a. The

hydrodynamic radius measured for FD and ND CNCs

agreed with the TEM results in Fig. 5. ND CNC

suspension that was not sonicated had small aggrega-

tion close to 120 nm. For dodecanoyl grafted CNCs in

Fig. 9, samples with no sedimentation were measured

and compared in Fig. 12b. The DLS results indicated

the aggregation size increased as solvent became more

hydrophobic. This is likely attributed by the low DS

value. For other grafted CNC dispersions, acetone was

used as the solvent of interest. As shown Fig. 12c, for

grafted CNCs that used FD as starting materials, dried

samples had either had sedimentation (methacryloyl

and dodecanoyl) or larger aggregations than ‘wet’

samples. These results further suggested that keeping

the samples ‘wet’ is a viable method to obtain good

dispersion in solvent. For dodecanoyl and oleoyl

grafted samples using ND starting material in

Fig. 12d, dried and ‘wet’ samples had similar aggre-

gation size in acetone. Compare to Fig. 12c, these

samples had smaller aggregation than their freeze-

dried counterparts in general. This is likely due to the

higher DS of the samples using ND starting material.

The potential mechanism behind the improved

dispersibility of ‘wet’ grafted CNCs was that the

washing solvents served as a compatibilizer for the bulk

solvent. The washing solvent used in this study was

water, methanol, or ethanol. These solvents, especially

ethanol, are miscible with various hydrophobic sol-

vents. In addition, they have hydroxyl groups that can

form hydrogen bonds, which can potentially bound

with unreacted residual surface hydroxyl groups on the

CNCs and block their interactions with each other and

Fig. 11 Dispersion of grafted CNCs in solvents using never-

dried CNCs as starting materials. Samples in the top two images

were freeze-dried after the reaction. Samples in the bottom two

images were kept ‘wet’ in their washing solvents. The final

concentration was kept at 10 mg/mL
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the organic solvent. Hence, the dispersibility of grafted

CNCs was improved by preventing aggregation. The

potential mechanism of action was illustrated in

Fig. 13. By utilizing this method, the range of

dispersibility of grafted CNCs was expanded. As

shown in Fig. 11, dodecanoyl grafted CNCs were able

to disperse in ethanol, acetone, THF, and toluene with

less than 10 % by volume of methanol. Potentially,

other more hydrophobic solvent could be used as

washing solvent to further improve the dispersibility of

the grafted CNCs in hydrophobic media. However, the

product yield of the extraction process using different

washing solvents requires further investigation. For

nanocomposite applications, CNCs, as fillers, can form

hydrogen bonds between each other and lead to a

percolation network that improves the mechanical

properties of the overall nanocomposite (Capadona

et al. 2008). However, surface modification with high

DS could decrease the ability of CNCs to form

percolation networks despite improving their dis-

persibility in the polymer matrix. In order to manage

these two competing effects, a balance needs to be

found during surface modification. The mechanism

proposed in this study could improve the dispersibility

of modified CNCs while preserving their capability to

form hydrogen-bonding networks. However, there is

need for precise control of degree of substitution in

order to explore the relationship between surface

modification and hydrogen bonding capability of

CNCs.

Fig. 12 Dimensions of unmodified and grafted CNCs in

solvents determined by DLS. a Sonicated FD and ND CNC

suspensions in water. ND* ND suspension that was not

sonicated. b Wet dodecanoyl grafted CNC from Fig. 9 in

various solvents. c Various types of grafted CNC from Figs. 8

and 9 in acetone. d Dodecanoyl and oleoyl grafted CNCs using

ND starting material from Fig. 11 in acetone
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Conclusion

Surface esterification methods of CNCs via acid

anhydride, acid chloride, acid catalyzed carboxylic

acid, and in situ activated carboxylic acid were

compared. Acid anhydride had better grafting effi-

ciency than other reagents for low molecular weight

moieties with short aliphatic chains. For long chain

aliphatic grafts, utilizing CDI was more viable

approach due to more availability of grafting moieties

in carboxylic acid form. The ultramolecular structure

and crystallinity were not affected by the grafting

reactions. The dispersibility of grafted CNCs in

organic solvents could be improved by utilizing

never-dried CNCs before the reactions and kept the

grafted CNCs wet after the reaction. The washing

solvents served as a compatibilizer for these wet

grafted CNCs and expanded the range of their

hydrophobic dispersibility.

Supplementary information

Accessible surface hydroxyl group calculation of FD

and ND CNC, Table of reagents and detailed exper-

imental condition, 13C solid-state NMR spectra of

acetyl, dodecanoyl, methacryloyl, and oleoyl grafted

CNC, Table of degree of substitution of hexanoyl

grafted CNC using different method calculated with

solid state NMR, Table of elemental analysis results

and degree of substitution of hexanoyl grafted CNC

using different method, TEM images of acetyl grafted

CNCs, histograms of TEM dimension measurement of

acetyl grafted CNCs, Graphs of Degree of substitution

versus % crystallinity changes for different types of

grafting, and tables of Hanson’s solubility parameters

of solvent and solvent mixture used in this study.
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