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Abstract Cellulose nanocrystals (CNCs) are crys-
talline nano-rods that have high specific strength with
hydroxyl surface chemistry. A wide range of chemical
modifications have been performed on the surface of
CNCs to increase their potential to be used in
applications where compatibilization with other mate-
rials is required. Understanding the surface chemistry
of CNCs and critically examining the functionaliza-
tion technique are crucial to enable control over the
extent of modification and the properties of CNCs.
This work aims to optimize the surface modification of
wood-derived CNCs with isocyanatoethyl
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methacrylate (IEM), a bifunctional molecule carrying
both isocyanate and vinyl functional groups. We
studied the effect of modification reaction time and
temperature on the degree of substitution, crys-
tallinity, and morphology of the CNCs. We found
that the degree of modification is a strong and
increasing function of reaction temperature over the
range studied. However, the highest temperature
(65 °C) and the longest time of reaction (6 h) resulted
in shorter, thinner, and less crystalline CNCs. We
obtained surface hydroxyl conversion of 60.1 £+ 6%
and percent crystallinity of 84% by keeping the
reaction shorter (30 min) at 65 °C. Also, the copoly-
merization ability of modified CNCs was verified by
polymerizing attached IEM groups with acrylic
monomers via solution polymerization. The poly-
mer-grafted CNCs (6% w/w) dispersed better in an
acrylic polymer matrix compared to unmodified CNCs
(umCNCs), resulting in approximately 100%
improvement in the tensile strength and about 53%
enhancement in the hardness of the acrylic, whereas
addition of 6% w/w umCNCs did not influence the
strength and hardness.
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Introduction

The use of cellulose nanocrystals (CNCs) as a
reinforcement material has been of substantial interest
in the nanocomposite field because of their renewable
sourcing, high mechanical properties, ability to be
chemically functionalized and low density relative to
other hard fillers (Moon et al. 2011, 2016). CNCs are
rigid rod-like particles derived from cellulose, which
is a structural component of the cell wall of various
plants. Cellulose contains both crystalline and disor-
dered fractions, and CNCs are the crystalline fractions
that are typically extracted by sulfuric acid hydrolysis
of cellulose fibers. This acid hydrolysis imparts
negatively charged sulfate half ester groups to the
hydroxyl-rich CNC surface. These charged sulfate
groups facilitate obtaining stable aqueous CNC dis-
persions, lending support to research for inclusion of
CNCs in waterborne materials. Many publications
(Abitbol et al. 2014; Kedzior et al. 2020; Limousin
et al. 2020; Pu et al. 2007), including our previous
work (Dogan-Guner et al. 2021), have reported that
CNCs enhanced the mechanical performance of
waterborne polymers. Recently, Kedzior et al.
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(2020) extensively reviewed the use of nanocellulose
in emulsions and heterogeneous water-based polymer
systems. The extent of CNC dispersion in the polymer
matrix is a limiting factor for effective property
enhancement despite the fact that CNCs and water-
soluble polymers are each compatible with water
(Chang et al. 2016). This limiting factor becomes more
significant in a hydrophobic polymer system due to the
aggregation of CNCs in nonpolar solvents or polymer
matrices (Chang et al. 2016; Viet et al. 2007).
Different surface modification methods have been
explored to increase the compatibility of CNCs with
hydrophobic materials. Chemical modification can
take place by attaching small molecules to the CNC
surface with various approaches such as urethaniza-
tion, silylation, amidation, esterification, and acetyla-
tion (Habibi 2014). Among these approaches,
urethanization has been used in various chemical
modification studies (Gwon et al. 2016a; Missoum
et al. 2012; Rueda et al. 2011; Siqueira et al.
2010, 2013) due to the high reactivity of isocyanates
with various functional groups including amino (—
NH,), hydroxyl (-OH), and carboxylic acid (-COOH)
(Gwon et al. 2016b). Abushammala and Mao (2019)
recently reviewed the use of aliphatic and aromatic
mono- and di-isocyanates in the surface modification
of cellulose and nanocellulose. Despite the reports on
the modification of cellulose going back to the 1960s,
isocyanate modification of nanocellulose has been
explored only since 2008. The isocyanates most
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commonly used for nanocellulose modification are
phenyl isocyanate, n-octadecyl isocyanate, toluene
diisocyanate, diphenylmethane diisocyanate, and hex-
amethylene diisocyanate. Our research group’s previ-
ous works (Girouard et al. 2016; Qu et al. 2020) also
showed that isocyanate functional groups could form a
basis for site-selective CNC functionalization. Gir-
ouard et al. (2016) modified CNCs by using isophor-
one diisocyante to improve the degree of nanoparticle
dispersion in polyurethane/CNC composites. Qu et al.
(2020) used isocyanatoethyl methacrylate (IEM) for
CNC surface modification and reported better disper-
sion in poly(methyl methacrylate)/CNC composites
relative to those with unmodified CNC (umCNC).
Not only small molecules but also polymers can be
attached to the nanoparticle surface (Kedzior et al.
2019), providing another pathway for increasing
component compatibility in CNC/polymer compos-
ites. Three main approaches to graft polymers on CNC
surfaces are grafting to, grafting from, and grafting
through (Wohlhauser et al. 2018). Grafting to is a
method where preformed polymer chains are cova-
lently bound to the surface through reactive end
groups while grafting from involves the growth of
polymer chains initiated from the surface through
surface-attached initiator moieties. Grafting through
is a method consisting of both grafting fo and grafting
from principles. In grafting through, the chain growth
of polymers is initiated in solution and propagation on
CNC:s can be either by chain growth from the surface-
attached monomers or by anchoring of polymer chains
formed in the solution. Although the grafting through
technique is applied in some industrial applications
such as adhesion promoters, it is less explored from a
scientific point of view. Henze et al. (2014) studied
mechanistic aspects of grafting through by polymer-
izing polystyrene on silica gel with surface-attached
trimethoxysilanes. One conclusion was that a reduced
steric hindrance leads to a slight increase in grafting
density compared to grafting to polymerizations.
According to Eyley et al. (2014), researchers rely
on elemental analysis to quantify the degree of
modification but do not often investigate whether the
modification is limited to the surface or occurs on
chains beneath the surface, disrupting crystallinity.
Among the works with isocyanate-modified CNCs,
some studies (Morelli et al. 2016a; Pinheiro et al.
2019; Yu and Qin 2014; Zoppe et al. 2009) focused on
the characterization of the polymer nanocomposites

prepared with modified CNCs (mCNCs) and reported
the crystallinity of the nanocomposites. Numerous
studies (Girouard et al. 2016; Morelli et al. 2016b; Qu
et al. 2020; Siqueira et al. 2010) explored the
crystallinity of mCNCs compared to umCNCs. How-
ever, none of these studies investigated the effects of
reaction conditions on the extent of modification and
the CNC crystallinity and morphology.

In this work, the CNC surface was modified by [IEM
molecules via urethanization (Fig. la). IEM is a
bifunctional molecule with both isocyanate and vinyl
functional groups. The aim was to investigate in detail,
with a known CNC modifier, how to achieve optimal
surface coverage and to understand the trade-off
between degree of substitution and CNC properties
like crystallinity. To test the polymerizable function-
ality of the attached methacrylate groups, acrylic
polymers were then grafted via grafting through
(Fig. 1b) by using the polymerizable methacrylate
groups on modified CNCs (mCNCs). We used butyl
acrylate and methyl methacrylate monomers for
grafting through polymerization because they are
two of the most commonly used acrylic monomers in
commercial paints and coatings. Beyond demonstrat-
ing the functionalization route and copolymerization,
we examined the effects of reaction conditions on
degree of modification and the structure of the CNCs,
which is necessary to understand the balance between
achieving adequate surface modification and main-
taining the CNC’s structure. Finally, the modified
CNCs were incorporated into an acrylic polymer
matrix to assess the efficacy of the functionalization
scheme on the dispersion and physical properties.

Experimental section
Materials

Freeze-dried CNCs produced by sulfuric acid hydrol-
ysis were received from US Forest Service Forest
Products Laboratory, Madison, WI. 2-isocyanatoethyl
methacrylate (IEM, at > 98% purity), dibutyltin
dilaurate (DBTDL), toluene (ACS, 99.5%), dimethyl-
formamide (DMF, anhydrous, 99.8%), methanol,
tetrahydrofuran (THF) and n-hexane were purchased
from Sigma-Aldrich and used as received. Dimethyl
sulfoxide (DMSO, extra dry, > 99.8%) in the 100 ml

AcroSeal™ bottle was purchased from ACROS

@ Springer



10878

Cellulose (2021) 28:10875-10889

OH

2 T T o=C=Nw~y
)

|||||||||||DBTDL,DMSO
o o O o O

: BPO, DMF
8= L 70°Ce6h

[o]

Fig. 1 Schematic of a CNC surface modification of CNC, b mCNC copolymerization with monomers via grafting through

Organics. Butyl acrylate (BA—>99%) and
methacrylic acid (MAA—> 99%) were purchased
from TCI America. Methyl methacrylate (MMA—
99%, stabilized with MEHQ), ethyl acrylate (EA—
99%), 2-hydroxyehtyl methacrylate (HEMA—98%),
and benzoyl peroxide (BPO, Luperox® A98), and
inhibitor remover column were obtained from Sigma-
Aldrich. Acrylic monomers (stabilized with MEHQ)
were passed through the inhibitor remover column
before the polymerization.

Immobilization of IEM onto CNC

umCNCs (0.1 g) were mixed with the anhydrous
DMSO at a concentration of 0.01 g/ml in a septum-
sealed vial. The mixture was sonicated for 30 min with
a 2510 Branson bath sonicator to disperse the CNCs in
DMSO. A two-neck round bottom flask with rubber
stoppers was submerged in a heated oil bath and the
flask was purged by a nitrogen stream for 20 min. The
CNC/DMSO dispersion was transferred from the
septum-sealed vial to the heated reaction flask by
using a syringe and a needle. IEM (0.625 g) and
DBTDL (0.056 mmol) were quickly mixed in a
separate vial and added dropwise to the stirring
CNC/DMSO dispersion. The resulting mixture in the
flask was magnetically stirred under a nitrogen flow at
a specific temperature and time. We studied three
reaction temperatures and different reaction times up
to 24 h. These conditions and the sample nomencla-
ture are summarized in Table 1. For example, the
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sample named 30C-6 h was modified with a reaction
temperature of 30 °C for 6 h. The molar ratio of IEM
to anhydroglucose units (AGU) of CNCs was 6.5:1,
and the molar ratio of DBTDL to DMSO 3.96 x 107
in all reactions. After the reaction, the product
dispersion was washed with toluene and centrifuged
at 3000 rpm for 10 min. The centrifuged mCNCs were
redispersed in DMF and vacuum-dried (60 °C—24 h)
for characterization experiments. The same procedure
was applied to umCNC samples as well.

Table 1 Nomenclature of mCNC samples synthesized at dif-
ferent reaction temperatures and times

Sample name Temperature Time
umCNC 65 °C 24 h
30C-6 h 30 °C 6h
50C samples 50C-2 h 50 °C 2h
50C-6 h 6h
50C-12 h 12 h
50C-18 h 18 h
50C-24 h 24 h
65C samples 65C-30 m 65 °C 30 min
65C-2 h 2h
65C-6 h 6h
65C-18 h 18 h
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Characterization of CNC samples

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy was performed on vacuum-
dried CNCs using a Nicolet 6700 FTIR spectrometer
equipped with a diamond crystal single bounce ATR
attachment. Spectra were obtained with a resolution of
4cm™' and using 64 scans at a range of
4000—650 cm™". To compare different reaction con-
ditions, the spectra were normalized at the 1060 cm”!
peak associated with the C-O vibration of the third
carbon.

X-ray diffraction (XRD) analysis of CNC samples
was performed by a Panalytical Empyrean XRD with
Cu Ko radiation (A = 1.5406 A) with the generator set
to 45 kV and 40 mA. To prepare the samples, the
mCNC/DMF dispersion was poured onto a zero-
background Si plate, and the sample was allowed to
dry overnight. The plates were then mounted to the
sample holder of the diffractometer. The sample
holders were rotated at 16 s per revolution during
data collection. The XRD patterns were collected at
20 = 10°-60° by using a step size of 0.003° and a
counting time of 8.67 s per step. The crystallinity
percentage (Cr %) was estimated by using the peak
deconvolution method (Park et al. 2010). The Cr %
was obtained from the ratio of all crystalline peaks’
area to the total area in the XRD spectrum. The areas
were determined by peak integration.

Water contact angle measurements were carried out
with a Ramé-Hart goniometer at room temperature.
Samples of mCNCs were coated on glass slides and
vacuum-dried (60 °C—24 h). Five deionized water
droplets (10 pl) were placed on each sample. The
water contact angles were measured 60 s after the
water droplets were dispensed.

Thermal stabilities and degradation patterns of
CNC samples were studied by thermogravimetric
analysis (TGA—TA instruments Q50) with a heating
rate of 10 °C/min. The samples were heated from 25 to
600 °C under a flowing nitrogen atmosphere.

To assess the degree of modification, elemental
analysis was carried out by Atlantic Microlab (Nor-
cross, GA) for C, H, N, and S contents of the CNC
samples. The lab performed analyses by combustion
using automatic analyzers. The results were used to
calculate the degree of substitution and percent
conversion of surface hydroxyls on mCNCs for
urethanization reaction.

The morphology of CNCs was imaged by atomic
force microscopy (AFM-Bruker Dimension Icon) in
tapping mode. CNC/DMF dispersion was diluted to
approximately 0.001% w/w and drop-cast onto a
piranha cleaned silicon wafer. Height and amplitude
images were captured with a probe (HQ:NSC14/No
Al-15) that had a resonance frequency of 160 kHz and
a force constant of 5 N/m. We analyzed the height
images by using Gwyddion software for the size
distributions of CNCs. The length and height of 50
isolated particles were measured from 10 different
height images. The height was measured as the
distance between the highest point across its length
and the surface of the silicon wafer. No correction was
applied to height values since tip convolution effects
are negligible for height measurements (Brinkmann
et al. 2016). The length was measured as the distance
between two intersections in the height profile of an
individual CNC across its length. We corrected tip
convolution effects for length measurements by
assuming the cross section of the CNC to be circular
(Leng 2016).

Dispersion tests were performed to study the effect
of modification on the CNC dispersion in organic
mediums. The mCNCs functionalized at 65 °C,
30 min were freeze-dried to make a comparative
study with the freeze-dried umCNCs, starting mate-
rial. The freeze-dried CNCs were mixed with different
organic solvents ranging from polar to nonpolar
(water > methanol > DMF > THF > toluene > hex-
ane) and mixed with different monomers ranging from
hydrophilic to hydrophobic (HEMA > MAA >
MMA > EA > BA) at a concentration of 1% w/w.
For dispersion tests, the solvent or the monomer (2 g)
was added to a small quantity of CNCs (20 mg) in
4 ml vials. We gently shake the vials and sonicate
them in a bath sonicator for 15 min. Then, the samples
were rested for overnight to check the dispersibility.

Grafting-through polymerization of mCNC

Solution polymerization was performed to investigate
copolymerization of vinyl groups attached to the
mCNC surface with acrylic monomers (BA and
MMA). First, umCNC (0.1 g) was reacted with [EM
at 50 °C for 2 h. The mCNCs purified from the
reaction medium was dispersed in DMF (6 g). The
mixture was poured into a 50 ml round bottom flask
and benzoyl peroxide (5 mg) was dissolved in the
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mixture as the initiator. Then, BA (1 g) and MMA
(1 g) were added to the mixture and the flask was
submerged into an oil bath. The flask was purged with
a nitrogen flow for 15 min. The temperature of the oil
bath was set to 70 °C, and the mixture in the flask was
stirred for 6 h for polymerization. After 6 h, the flask
was removed from the oil bath and allowed to cool.
For comparison, polymerization was performed with
umCNC samples, and a neat BA-MMA copolymer
was prepared. Also, we prepared another control
sample by mixing the neat BA-MMA polymer solu-
tion with the starting mCNC/DMF mixture at a 1:1
ratio by mass. In order to isolate the reaction products,
half of the polymerization solutions were added
dropwise to excess methanol (> 10 x volume) to
precipitate the copolymers. The remaining solutions
were mixed with toluene and centrifuged at 3000 rpm
for 15 min and CNCs were purified from the solution
polymers. The copolymers and the purified CNCs
were dried at 50 °C for 24 h for the characterizations.

Characterization of copolymers and purified CNCs
after copolymerization

The dried copolymers and CNCs were analyzed by
using a Nicolet 6700 FTIR spectrometer with a
resolution of 4cm™' and 64 scans of
4000—650 cm™"'. The samples were sent to Atlantic
Microlab for the elemental analysis to calculate the
grafting density on mCNC after the copolymerization.
We assessed the dispersion performance of polymer-
grafted mCNCs (gmCNCs) in the acrylic polymer
compared to umCNCs. The precipitated copolymers
were dissolved in DMF and cast on Teflon substrates
for drying at 80 °C for 24 h. We prepared three
polymer films: neat BA-MMA copolymer, 6% w/w
gmCNC loaded BA-MMA copolymer, and 6% w/w
umCNC loaded BA-MMA copolymer. These polymer
films were characterized by UV-Vis spectroscopy
(Shimadzu UV-1800), polarized light microscopy
(PLM-Olympus BX51), high-throughput mechanical
characterization (HTMECH) (Sormana et al. 2005),
and nanoindentation (Hysitron triboindenter). UV—Vis
spectroscopy was used to assess the light transmission
at 550 nm and indicate transparency. Transmittance
values were normalized to a film thickness of 100 um
by using the Beer-Lambert law. The HTMECH
instrument was used to determine the ultimate tensile
strength (UTS) and strain at break. The HTMECH
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used a 1.25 mm diameter hemispherical indenter
normal to the film plane to puncture the samples at a
controlled rate. The films were deformed biaxially
while the indenter moved at a speed of 10 mm/s. We
performed five measurements per sample. The nanoin-
denter used a Berkovich diamond indenter in a load-
controlled mode to indent the polymer films at room
temperature. We performed four indentations per
sample and reported the estimated hardness from
force vs displacement curves.

The thermal degradation patterns of polymer films
were studied by TGA in an analogous manner as the
CNC samples. We performed differential scanning
calorimetry (DSC-TA instruments Q200) under nitro-
gen to determine glass transition temperatures (7,) of
the polymer films. The samples were first equilibrated
at -20 °C and heated to 150 °C at a rate of 10 °C/min.
Then, the samples were cooled to -20 °C and heated
back to 150 °C at a rate of 10 °C/min. The isothermal
steps were for 2 min at the lowest and the highest
temperatures. The midpoint T, was measured from the
second heating curve of each sample.

The molecular weight analysis of copolymers was
performed by using a gel permeation chromatograph
(GPC—Tosoh EcoSEC HLC 8320) equipped with
TSKgel SuperHZ-L columns eluting chloroform at a
flow rate of 0.45 mL/min at 40 °C. All number-
average molecular weights and polydispersity indices
were obtained from refractive index chromatograms
using PStQuick Mp-M polystyrene standards.

Results and discussion
Immobilization of IEM onto CNC

The attachment of IEM to the CNC surface was
verified by ATR-FTIR spectroscopy (Fig. 2a), and we
assessed the resulting change in the crystallinity of
CNCs with XRD (Fig. 2b). The FTIR spectrum of
umCNC samples had characteristic bands correspond-
ing to hydroxyl stretching (3300-3400 cm™'), the
C—O stretching of carbons 2, 3 and 6 (1110, 1060 and
1035 cm™"), and C-H stretching (2858-2904 cm™ ")
from —CH, groups. New bands appeared in the
spectra of mCNC samples. The peak at 1710 cm™!
was due to urethane and carbonyl groups on the
attached IEMs. The band at 1600-1700 cm™' was
associated with C=C stretching due to the pendant
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alkene from the surface of mCNCs. Furthermore, the
absence of a peak around 2260 cm_l, characteristic to
the asymmetric stretching vibration of the isocyanate
group of IEM, is a good indication of a successful
chemical modification.

Similar changes were observed in the spectra of all
mCNC samples compared to the spectrum of umCNCs
(Fig. 2a). When the reaction temperature was
increased, the mCNC spectra exhibited weaker bands
characteristic of hydroxyl groups (near 3400 cem™ ),
stronger urethane-related peaks, including the amide I
and amide II bands (near 1710 and 1530 cm_l), and
stronger C=C stretching bands (1600-1700 cm™")
relative to the spectrum of umCNCs. The increase in
absorbance of these specific peaks suggested a higher
degree of IEM attachment to the CNCs. Unlike the
reaction temperature, reaction time did not result in
noticeable differences between the spectra of 50C
mCNCs. However, 65C-2 h clearly had higher peaks
than 65C-30 m in the bands associated with the
attachment of IEM. The longer reaction time increased
the extent of reaction of IEM and CNCs at 65 °C.

The crystallinity of CNCs was characterized by
XRD analysis. All samples, except 65C-2 h, 65C-6 h
and 65C-18 h, had diffraction peaks for cellulose I at
20 =~ 15°, 17°, and 22.5°. It was not possible to
distinguish whether the I, or Ig allomorph was
dominant. However, the XRD pattern of the 65C
mCNC samples with long reaction times showed
noticeable peak broadening compared to other sam-
ples, suggesting changes in the CNC morphology. As a
control, the umCNCs were kept in DMSO at (65 °C,
24 h), but without IEM, and the umCNC crystallinity
was not affected by the long solvent exposure.
Therefore, the peak broadening was attributed to

changes in the crystallite disorder or size due to the
reaction between IEM with CNC hydroxyls at 65 °C.
Furthermore, we checked for the presence of cellulose
I in the CNCs by deconvoluting XRD patterns for
20 =~ 20°, in which cellulose II shows the character-
istic diffraction peak for the (110) plane (Gong et al.
2017). Fitting results showed a peak at 20 =~ 20° for
only 65C-2 h, 65C-6 h, and 65C-18 h mCNC sam-
ples, suggesting the presence of cellulose II (Fig-
ure S1). This result might be attributed to the severe
reaction conditions. While changes to cellulose IT have
not been noted for IEM modification in the past, it is
known that during cellulose regeneration or mercer-
ization where cellulose is exposed to solvents or
NaOH, cellulose I can dissolve or swell (Langan et al.
2001; Reid et al. 2017). It is then able to recrystallize
into the more thermodynamically favorable structure
of cellulose II.

To quantitatively assess the change in the mCNC
degree of modification, elemental analyses were
performed for all samples. Since the nitrogen (N) con-
tent was only associated with the IEM groups chem-
ically attached to the CNCs, we used this information
to track the IEM content. Figure 3a shows the N %
w/w in the samples. As FTIR results suggested, [EM
content increased with increasing reaction tempera-
ture. 30C-6 h had 1.28% w/w N, whereas 50C-6 h and
65C-6 h had 2.16% w/w and 5.46% w/w N, respec-
tively. N % w/w in the mCNCs synthesized at 50 °C
slightly increased from 1.89% w/w to 2.47% w/w with
increasing reaction time. The increase in N content of
the 65C samples with increasing time was more
evident compared to the 50C samples.

The water contact angles on films prepared from
modified particles were used as an indicator of the
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Fig. 3 a Nitrogen, N % w/w, and water contact angle
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extent of surface modification. Figure 3a shows the
measurements of water contact angle on umCNC and
mCNC samples. We expected reduced mCNC
hydrophilicity relative to umCNC since a portion of
hydroxyl groups on the CNCs was reacted with IEM.
All mCNCs have a contact angle less than 90°
however, these values were higher than the contact
angle of umCNCs (33 £+ 2°). Water contact angles of
the mCNCs increased with increasing IEM content.
We measured the contact angle 43 & 1°on 30C-6 h,
60 = 3° on 50C-6 h, and 75 &£ 2° on 65C-6 h. The
angles ranged from 56° to 72° in 50C samples with
increasing reaction time, whereas the range of 65C
samples was from 74° to 78°.

The percentage of surface hydroxyls reacted with
IEM was estimated using the C, H, N, and S % w/w
obtained from elemental analysis (see the calculation
section in SI). The results are plotted along with the
estimated crystallinity percentages of umCNC and
mCNC samples obtained from XRD patterns (Fig. 3b)
to better understand the relation between the degree of
modification and crystallinity of mCNCs. Both the
30C and 50C mCNCs maintained a crystallinity
similar to umCNCs (87%); however, the crystallinity
percentage of 65C samples was significantly reduced
for long reaction times (2, 6, and 18 h). The hydroxyl
conversions for these samples were estimated to be
above 100%, suggesting the modification reaction
took place subsurface (within the nanocrystal) as well
as on the surface, consistent with the crystallinity
percentage calculations. 65C-30 m had 84% crys-
tallinity and the highest degree of surface modification
corresponding to 60.1 £ 6.6% of surface hydroxyls
reacted. According to Eyley et al. (2014), it is unlikely
to achieve a surface hydroxyl conversion above 66.6%
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30 °C: $,50 °C: &, 65 °C: §); b Surface hydroxyl conversion ()
and crystallinity percentage estimated from XRD patterns of
umCNC and mCNC samples (o)

due to the reduced reactivity of the secondary
hydroxyl group at carbon 3. The 65C-30 m sample
reached nearly to this limit (60.1%), and the modifi-
cation apparently exceeded the surface groups for
longer reaction times explored at 65 °C, resulting in %
surface —OH modification exceeding 100%.

Among the previous publications involving iso-
cyanates for CNC modification, many studies (Gir-
ouard et al. 2016; Morelli et al. 2016b; Siqueira et al.
2010, 2013) reported no significant change in the
crystallinity of CNCs after the modification. Morelli
etal. (2016b) and Siqueira et al. (2010; 2013) modified
CNCs by using octadecyl isocyanate (OI) with a
reaction in toluene at 110 °C for 30 min. The
crystallinity indices reported were within 80-96%
determined by the peak intensity method from the
XRD patterns. These works calculated the overall
(often termed ’bulk’) degree of substitution, DS,
which is the number of hydroxyl groups modified per
AGU in the mCNCs. Siqueira et al. (2010; 2013)
found DS less than 0.10, whereas Morelli et al.
(2016b) estimated DS as 0.23. Girouard et al. (2016)
modified CNCs by using isophorone diisocyanate with
a reaction in DMSO at 60 °C overnight. They
determined the crystallinity of CNCs to be 66% by
NMR spectroscopy and the reported DS is 0.51. The
bulk DS in this work (Table S1) ranges from 0.17
(30C-2 h) to 0.45 (65C-30 m) for surface modifica-
tions and becomes larger than 1 for the highest
temperature and longest reaction times where the
modifications extended beyond the surface. On the
other hand, a few of the isocyanate studies (Espino-
Pérez et al. 2013; Qu et al. 2020) showed a reduction of
the crystallinity index in the treated CNCs, determined
from XRD measurements. Espino-Pérez et al. (2013)
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used OI to modify CNCs with a reaction in toluene at
110 °C for 30 min. They observed a decrease from 87
to 74% and did not report the DS. Qu et al. (2020) used
IEM for CNC modification with a reaction in DMSO
at 60 °C for 2 h. The crystallinity index decreased
from 91 to 76% after the modification with the bulk
DS = 0.10. Overall, it is not straightforward to draw a
conclusion about the relation between the DS and
change in the crystallinity of CNCs after isocyanate
modification from the review of prior literature. To
better understand this relation, we studied the extent of
reaction for a specific isocyanate modifier as a
function of various reaction conditions such as reac-
tion temperature and time. In summary, we observed
that crystallinity of the native CNCs was maintained
when the modifications were limited to the CNC
surface only. The crystallinity decreased when the
extent of substitution indicated that subsurface —OH
groups were reacted.

The thermal degradation behavior of CNCs was
characterized by TGA. Figure 4 displays the weight
loss curves of mCNCs synthesized at different
temperatures with 6 h reaction time in comparison to
umCNCs. The initial weight loss in all samples (< 8%
w/w) at 25-120 °C is associated with the evaporation
of the residual solvent. The next weight loss event in
the umCNC sample, with an onset temperature of
240 °C, is related to the degradation of the CNC outer
layer sulfate groups. The subsequent degradation at
290-500 °C corresponds to the slower breakdown of
the crystal interior (Rdménen et al. 2012). We
observed the onset degradation temperature of
mCNCs (278-283 °C) to be higher than that of

surface. Urethane linkages formed between CNC and
IEM in mCNCs degrade at around 300 °C (Chambers
etal. 1981). Therefore, the mCNCs had higher thermal
stability than the umCNCs. A similar observation was
reported by Gwon et al. (2016a) when CNCs were
modified with toluene diisocyanate and by Girouard
et al. (2016) when CNCs were modified with
isophorone diisocyanate. In both 30C-6 h and 50C-
6 h mCNCs, the last weight loss at 360—400 °C was
ascribed to the degradation of the CNC interior,
similar to the degradation of umCNC samples. How-
ever, the highest temperature weight loss event of
65C-6 h was distinct, degrading faster compared to
other samples. The change in the degradation rate may
be related to the less ordered regions in 65C-6 h
mCNCs, resulting from the high degree of IEM
modification. 65C-6 h resulted in less mass residue
(14.5% w/iw) at 600 °C compared to the other samples.
The mass residue was similar for the other CNCs at
30.5% w/w for umCNC samples, 30.8% w/w for 30C-
6 h, and 28.4% w/w for 50C-6 h. Weight loss curves
of other samples are provided in Figure S2. We did not
observe significant changes in the weight loss profiles
of both 50C and 65C samples when reaction time (2 h,
6 h, and 18 h) was compared.

We characterized the morphology of umCNC, 30C-
6 h, 50C-6 h, and 65C-6 h by AFM. The AFM
amplitude images of CNCs shown in Fig. 5 are
representative to show the change in morphology.
The average length (L) and height (H) were measured
from the multiple AFM height images. The related
particle size distributions are provided in Figure S3.
There was no noticeable difference between the

umCNCs, possibly due to the urethane linkages and dimensions of the umCNC and mCNC-30C-6 h
higher C=C bond energy from the IEM on the mCNC
Fig. 4 a Weight loss curves (a) (b)
and b derivative weight loss umCNC 30°C 50°C 65°C
curves of umCNCs and 100 1.0
mCNC:s synthesized with 5
6 h reaction time at different 80 S
temperatures . =
e 60 A%
= 3
2 9]
£u
=
5]
20 o
100 200 300 400 500 100 200 300 400 500

Temperature (°C)

Temperature (°C)
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L:119+11 nm
H:3.8+ 0.8 nm

L:121+15nm
H:4.0£ 0.9 nm

L:95+18 nm
H:2.9+£0.8 nm

L:112+16 nm
H:3.2+£0.7 nm

Fig. 5 AFM amplitude images of a umCNCs and mCNCs synthesized with 6 h reaction time at b 30 °C, ¢ 50 °C, d 65 °C

samples. As the reaction temperature was increased,
mCNCs became slightly shorter and thinner.

We performed visual dispersion tests with freeze-
dried umCNC and 65C-30 m samples to evaluate the
effect of the modification on the dispersion of CNCs in
organic environments. The photographs of freeze-
dried CNCs and their 1% w/w dispersions in the
organic solvents are given in Figure S4. While the
umCNC dispersion in water and methanol remained
stable during the observation time (18 h), the mCNC
samples precipitated from water and methanol, leav-
ing the solvent visually clear. Both umCNC and
mCNC samples showed sedimentation in solvents less
polar than water and methanol: DMF, THF, toluene,
and hexane. Figure S5 shows the dispersion of freeze-
dried CNCs (1% w/w) in monomers that have different
hydrophobicity. While umCNC precipitated in all
monomers, mCNC dispersed well with HEMA and
MAA, indicating the increase of mCNC’s hydropho-
bicity. mCNC was partially dispersible in MMA and
showed sedimentation in EA and BA.

Grafting-through polymerization of mCNC

The 50C-2 h mCNC sample was used for in situ
solution polymerization with BA and MMA. We
produced neat BA/MMA polymer, neat polymer-
mCNC blend, and CNC/BA/MMA copolymers from
in situ polymerization with umCNC or mCNC sam-
ples. The CNCs were purified from the free polymers
in the produced polymer solutions and were analyzed
by FTIR and TGA.

The spectrum of purified umCNCs in Fig. 6 was
similar to umCNCs before polymerization, consistent
with the lack of free-radical polymerizable groups on
the umCNCs (Figure S6a). The spectrum of purified
mCNCs was consistent with the spectrum scanned
before blending with the neat polymer (Figure S6b).
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Fig. 6 FTIR spectra of CNCs purified from the polymerization
solution

We compared the chemical structure of mCNCs
separated from the blend sample and the gmCNCs
separated from mCNC/BA/MMA copolymer to assess
grafting on mCNC. The mCNC samples showed C=C
stretching at 1600-1700 cm ™' and carbonyl absor-
bance at 1700 cm ™' (highlighted in Fig. 6), whereas
gmCNC:s did not have C=C stretching and displayed a
higher carbonyl peak compared to the mCNC carbonyl
absorbance. This comparison indicated the success of
copolymerization between mCNC and acrylic
monomers.

In Fig. 7, TGA results of the purified CNCs also
indicated successful polymer grafting on the mCNC.
Weight loss curves of the umCNC and mCNC samples
were consistent with the previous TGA results in
Fig. 4. The degradation of gmCNC had a two-step
weight loss. The first step was associated with the
cellulose component. The second step was due to the
degradation of the polymer attached to CNC, as it
began around 320 °C, close to the degradation onset of
the neat polymer. We determined the amount of
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Fig. 7 a TGA weight loss curves and b derivative weight loss curves of umCNC, mCNC, and gmCNC samples

grafted BA/MMA polymer content to be 57.8% w/w
of gmCNC, and the weight ratio of polymer to mCNC
was 1.34.

The results of elemental analysis in Table 2 further
confirmed the copolymerization of monomer func-
tional groups carried by IEM on mCNC. N % w/w in
mCNC samples represents IEM attached to the CNC
surface. The amount of IEM attached to the surface of
CNCs was determined to be 1.82 pmol/m>. N percent
composition was lower, and C composition was higher
in gmCNCs relative to mCNC due to the content of
grafted polymers composed of C, H, and O. We
determined the composition of MMA and BA in the
grafted polymer as 45% w/w and 55% w/w, respec-
tively, by using the elemental analysis results (in
calculation section in SI). The number-average of
molecular weight (M,,) of attached polymer chains was
calculated as ~ 1110 g/mol based on the protocol
reported by Zhang et al. (2018) without chain cleav-
age. By using the polymer content obtained from TGA
and the M, we estimated, the grafting density was
calculated around 0.47 chains/nm?. Calculation of
grafting density is given in the Supplementary

Table 2 FElemental weight percentage composition of the
purified CNCs from the copolymers

Elements % w/w £ 0.3% w/w

s

C H N S (6]
umCNC 41.7 6.2 0 1.02 51.1
mCNC 44.2 6.1 1.7 0.96 46.9
gmCNC 52.8 73 0.7 0.38 389

*Values are the calculated content by subtracting the sum of C,
H, N, and S from 100%

Information. Kedzior et al. (2019) extensively
reviewed the existing literature on polymer-grafted
CNC synthesis. According to the tables summarizing
different grafting studied, the reported grafting den-
sities are in the range of 0.02—4 chains/nm?, depending
on the grafting method, crosslinker chemistry, poly-
merization method, and parameters. The grafting
densities obtained from grafting through polymeriza-
tions are similar to the densities obtained from grafting
to technique but usually lower than the densities
achieved in grafting from method (Henze et al. 2014).

Dispersion of CNCs in the acrylic polymer matrix

To assess the dispersion of gmCNC in a polymer
matrix compared to umCNC, we dissolved the
precipitated polymers from solution polymerizations
in DMF and cast three acrylic (BA/MMA) polymer
films: (1) neat acrylic polymer, (2) umCNC/acrylic,
and (3) gmCNC/acrylic copolymer. The characteriza-
tion results of the free polymers such as composition,
molecular weight, polydispersity and T, are given in
Table S2.

Figure 8a shows the photographs of polymer solu-
tions (5% w/w) and Fig. 8b shows their cast films. The
concentration of CNC in the dry polymer was adjusted
to be 6% w/w (surface polymers in gmCNC were not
included in this concentration) and confirmed by TGA
(Figure S7). The polymer solution containing umCNC
looked hazy compared to neat and mCNCl/acrylic
polymer solutions (Fig. 8a). This observation was
supported by the light transmittance measurement
(Fig. 8c) of the resulting films in Fig. 8b. The
umCNC/acrylic film has a lower light transmittance
compared to other films, suggesting less homogeneous
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(b)

Fig. 8 a Photographs of dissolved copolymers (5% w/w) in
DMF, b Solution-cast films from polymer/DMF solutions,
¢ Light transmittance of the polymer films at 550 nm, d PLM

dispersion of umCNC relative to gmCNC in the
acrylic polymer matrix. PLM images of the polymer
films shown in Fig. 8d confirmed that grafting on the
CNC enhanced the dispersion of the particles in the
acrylic polymer. While gmCNC/acrylic shows almost
no birefringence as the neat polymer, the umCNC/
acrylic film has a birefringence due to the aggregation
of umCNC samples.

We characterized the strength and hardness of the
polymer films to understand how the extent of CNC
dispersion in the polymer matrix influences the
reinforcement performance of the CNCs. Stress—strain
curves and force—displacement plots of the samples
were provided in Figure S8 and S9, respectively. The
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Y
Cellulose Nanocrystals § o
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Cellulose Nanocrystals

images of the films: (1) neat acrylic polymer, (2) umCNC/
acrylic,and (3) gmCNC/acrylic copolymer

increased dispersion of gmCNCs in the acrylic poly-
mer was associated with enhanced UTS (Fig. 9a) and
hardness (Fig. 9b) compared to the umCNC/acrylic
films. The gmCNCs improved the tensile strength of
the neat polymer films from 6.9 + 1.0 MPa to
13.8 &+ 1.2 MPa, whereas umCNCs did not result in
a significant difference (t-test with o = 0.05) in the
tensile strength. The indentation hardness of the neat
film was enhanced by gmCNCs from 36.1 £+ 6 MPato
55.3 £ 5 MPa, whereas umCNCs did not influence
the hardness. However, the addition of umCNCs and
gmCNCs decreased the strain at break to about 42%
and 31%, respectively, from the strain of neat polymer
film, 80%.
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Fig. 9 e—UTS (MPa), e—strain at break (%) and e—nanoindentation hardness (MPa) of copolymer films
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While the decrease in elongation was expected for
the composites relative to the neat polymer, the
decrease in the elongation value for the composite
containing the gmCNCs relative to the composite
containing umCNCs was unexpected since the disper-
sion of CNCs was expected to be more homogeneous
after modification. However, the values of T, sug-
gested that the polymer network was stiffer with the
addition of gmCNCs, which would lead to a more
brittle response, and the effects may be enhanced
because the values of T, were close to ambient
temperature. The T, of the composite containing the
gmCNCs was slightly higher than the other materials.
We measured the 7, of the neat acrylic film as
26 £ 1 °C. The umCNC/acrylic film and gmCNC/
acrylic films resulted in T, as 27 £1°C and
29 + 1 °C, respectively (Table S2 and Figure S10).
The property trends observed here have also been
reported in previous studies (Yu et al. 2016; Zhang
et al. 2019). Zhang et al. (2019) grafted CNCs with
poly(methyl methacrylate) (PMMA) and added them
into the copolymer of poly(butyl and methyl acrylate)
(PBA-co-PMMA) solution in THF. The mechanical
testing of their solvent-cast films showed that loading
10% w/w grafted CNCs improved the tensile strength
of the neat acrylic film (2.6 MPa) to around 8.2 MPa;
however, the strain at break was reduced from about
2100% to 754%. When 10% w/w umCNC sample was
loaded, the strain at break was slightly higher (1100%)
compared to the loading of grafted CNC; however, no
noticeable change was observed in the tensile strength
of (PBA-co-PMMA) films. Yu et al. (2016) function-
alized CNCs with an initiator and grafted (PBA-co-
PMMA) onto the CNC surface by surface-initiated
atom transfer radical polymerization (SI-ATRP). The
team prepared composite films of (PBA-co-PMMA)
matrix containing (PBA-co-PMMA)-grafted CNCs
and performed mechanical testing. When the concen-
tration of CNC in the acrylic matrix was 2.15% w/w,
the tensile strength increased to around 11.4 MPa
from 5.5 MPa of neat (PBA-co-PMMA) film, whereas
the strain at break decreased with the loading of
grafted CNC from 760% (in the neat film) to
approximately 295%. Overall, polymer grafting
enhanced compatibility between CNCs and the acrylic
matrix and affected the network structure, resulting in
improvement of the tensile strength and hardness of
the acrylic film relative to neat and umCNC-loaded
films.

Conclusions

The surface of CNCs was successfully modified via a
urethanization route by using a difunctional molecule
carrying isocyanate and vinyl (acrylic) monomer
functional groups, IEM. We studied the effects of
urethanization temperature and time on the degree of
modification, crystallinity, and morphology of the
CNCs. The results showed that the degree of modi-
fication is a strong and increasing function of reaction
temperature over the range studied. On the other hand,
the reaction time at 50 °C rendered only a slight
improvement in the degree of modification by IEM
over the time range studied. However, the combina-
tion of the highest temperature (65 °C) and longest
time of reaction altered the crystal morphology
resulting in shorter, thinner, and less crystalline CNCs.
The shortest time of reaction (30 min) at 65 °C
resulted in surface hydroxyl conversion of
60.1 &= 6% and crystallinity of 84%. This study
revealed that tuning the extent of modification and
crystallinity in mCNCs can be achieved by varying
reaction conditions. Via this approach, one can
determine a modification reaction condition resulting
in an mCNC having a specific degree of modification,
hydrophilicity, and crystallinity. These results point to
the value of optimization of CNC modification
procedures.

The successful copolymerization of vinyl groups on
mCNCs was confirmed with FTIR and TGA. We
determined the amount of grafted polymer on the
mCNCs as 57.8% w/w and the grafting density was
estimated around 0.47 chains/nm®. The gmCNCs
dispersed better in a BA/MMA copolymer matrix
compared to umCNCs, as observed with light trans-
mittance measurement and PLM. The better disper-
sion of gmCNCs resulted in approximately 100%
improvement in the tensile strength and about 53%
enhancement in the hardness of the acrylic films,
whereas the umCNCs resulted in improvements to
tensile strength and hardness of only 12% and 0.7%
relative to the neat acrylic polymer, respectively. This
study demonstrated a versatile modification
scheme that can be used with various monomers for
polymer grafting applications to increase compatibil-
ity with polymer matrices. The results from different
reaction temperature and time conditions showed the
tunability of the vinyl groups on the mCNCs and
consequently the grafted polymer. Having control of
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the degree of modification allows adjusting the
hydroxyl content remaining on mCNCs and gmCNCs.
Overall, the modification technique presented here can
be a useful guide for future studies investigating the
incorporation of CNCs into polymer matrices.
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