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ABSTRACT: This study aims to understand the role of
polyelectrolyte grafting on the dispersed cellulose nanocrystal
(CNC) rods in water through measuring transport coe�cients
using depolarized and polarized dynamic light scattering and by
measuring the viscoelastic properties using rheometer. Rotational
and translational di�usivities are found to slow down with
poly(acrylic acid) (PAA)-grafted chains compared to bare
CNCs. Translational di�usion is shown to remain constant
between pH 3 and 9, indicating the good dispersion and stability
of PAA-grafted CNC suspensions. At the overlap solution
concentration, chains play a significant role in bridging the CNC
and form a network, as measured with the viscoelastic properties of
neutral chains. When chains are ionized by altering the pH, the
higher viscosity is measured because of the hydrogen bonding between ionized and un-ionized carboxylic groups, as previously
demonstrated with PAA-grafted spherical nanoparticles. We further measured the viscoelastic response of PAA-grafted CNC after
applying large steady shear. The results show that CNCs with long grafts presented enhanced viscoelastic moduli, and their critical
strain value decreased after large shear flow application. Short grafts, in contrast to the long grafts, did not show any changes in the
viscoelastic response under shear. These results indicate that the alignment-assisted networks of PAA-grafted CNC enable better
entanglements between long grafted chains at the neutral state.
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■ INTRODUCTION

The high crystallinity and well-defined high aspect ratios of
cellulose nanocrystals (CNCs) when used as fillers induce
excellent mechanical properties in polymer matrices.1−8 Like
other colloidal rods, such as DNA fragments and chitin
nanocrystals, CNC suspensions show interesting properties of
a liquid crystal.9,10 At above critical concentration, the CNC
suspension phase separates into an upper isotropic phase and a
lower anisotropic chiral nematic phase.11−13 This concen-
tration-dependent phase transition leads to research questions
related to how addition of moieties, salts, or polymer
influences the structural transition of CNCs.14−16 CNC
stabilization in suspensions and underpinning their interactions
with other entities or particles enable their use for a wide range
of applications, such as catalysis, self-healing membrane
technologies, or conductive thin films.17−21

One strategy to alter the surface interactions and environ-
ment is by grafting polymer chains for applications related to
lubrication,22 adhesion,23 or colloidal stabilization.24−26

Polymer molecular weight, grafting density, and ionization
degree govern the chain conformations. Poly(acrylic acid)
(PAA) is a weak polyelectrolyte that can be ionized in water
and has a highly negative charge density when all carboxyl

groups dissociate. When the pH exceeds 4.5, PAA chains are
partially ionized and form hydrogen bonds between ionized
and un-ionized carboxyl groups.27,28 The chemical bridging
and entanglements of grafts create a weak network between the
soft particles. At a high pH, the electrostatic repulsive forces of
fully ionized chains generate a hydrated shell that could further
hinder the interpenetration and hydrogen bonding between
grafts.29,30 PAA graft conformations with pH changes were
studied in small-angle neutron scattering (SANS) previously in
our group.31 The viscosity changes of PAA-grafted spherical
nanoparticle solutions were explained by the interparticle and
intraparticle chain interactions, as investigated by rheological
measurements and molecular dynamics simulations.31

The hydrodynamic alignment of CNC rods was previously
studied for producing a structured ordered material.32,33 For
composite materials, understanding the hydrodynamic align-
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ment of CNC rods in polymer matrices is critical for
processing the concentrated suspensions.32,34,35 This work is
motivated by the elucidation of the e�ect of grafted
polyelectrolyte on the viscoelastic properties of CNC rods.
Here, we showed that PAA chains can be easily grafted on
CNC surfaces at molecular weights that are much higher than
those achieved on spherical nanoparticles. Our system is
unique as the grafted chain conformations change with pH,
which subsequently modifies the interactions between CNCs.
Our intent is then to show that e�ective crowding of chains is
attained through grafting the chains on CNC, and any
viscoelastic changes of CNC suspensions in water are directly
related to the CNC alignment and to the elasticity of entangled
grafted chains. Thus, this work stands out from previous works
where the flow-induced alignment of bare rods in polymer
solutions has been investigated.36,37 We propose that the high
entanglement density of grafted PAA chains around the CNC
may induce stronger particle interactions and higher
viscoelastic moduli. We present rotational and translational
di�usivities of these solutions at di�erent pH values and then
discuss the complex viscosities of the two batches of PAA-
grafted CNC suspensions at overlap concentrations with the
ionization of chains. These results are critical for understanding
the transport of CNCs at overlap concentrations and the
molecular weight e�ect on the viscoelastic properties of CNC
rods with grafted chains at di�erent ionization states. The
rheological properties of PAA-grafted CNC suspensions are
crucial for the engineering of drug delivery systems.

■ EXPERIMENTAL SECTION

PAA-grafted CNC samples listed in Table 1 were synthesized, and
translational and rotational di�usion of these colloidal rods at di�erent

pHs were analyzed using dynamic light scattering (DLS). The
rheological properties of solutions at the overlap concentrations of
CNCs were measured to understand the role of ionization in
interparticle interactions. The viscoelastic response of PAA-grafted
CNC samples after steady-shear application was further used to
explain the alignment of CNC fillers.

Preparation of PAA-Grafted CNC

CNCs extracted by the general hydrolysis of cellulose were purchased
from CelluForce. CNC colloidal solution at 2.5 wt % was sonicated
for 15 min using the Misonix ultrasonicator. tert-Butyl acrylate (tBA,
98%) monomer was purchased from Sigma-Aldrich and distilled over
calcium hydride. (3-Aminopropyl)triethoxysilane (APTES, ≥98%),
trimethylamine (TEA, ≥99%), α-bromoisobutyryl bromide (BIBB,
98%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA,
99%), trifluoroacetic acid (TFA, 99%), ethylenediaminetetraacetic
acid (EDTA, ≥99%), and dialysis tubing of the cellulose membrane
(with a cuto� molecular weight of 14 kDa) were purchased from
Sigma-Aldrich and used as received. Ethanol, dimethylformamide,
acetone, and dichloromethane were ACS grade solvents (Pharmco-
Aaper) and used without further purification. Hydrochloric acid (ACS
reagent grade, 36.5−38%) and sodium hydroxide (97%, Sigma-
Aldrich) were used to change the pH of the suspension. Hydrofluoric
acid (HF, 99.99%) from Thermo Scientific was used for etching
grafted poly(tert-butyl acrylate) (PtBA) chains from CNC. Calcium

chloride from ACE Scientific Inc. was used to eliminate residual HF
acid after etching. Deionized (DI) water (18.2 MΩ/cm, Direct-Q
Millipore) was used in all of the aqueous solutions. Copper wire
(99%) purchased from Amazon was polished with sandpaper and
thoroughly cleaned before use. PAA-grafted CNC samples prepared
for this study are listed below, and their synthesis is described in the
following. Our two samples synthesized for this work are both at the
semidilute polymer brush conformation (SDBP) regime.21 This
information will help in understanding the rheological properties of
CNC colloids in the following sections.
The APTES-functionalized CNC was prepared following the

reported protocol31 and dispersed in 40 mL DMF. After cooling in
an ice-water bath, varying amounts of TEA were added quickly, and
BIBB was added dropwise into the flask. The solution was
magnetically stirred in an ice bath for 30 min and then at room
temperature for 12 h. The nanoparticles (BrCNC−Br) were purified
by three centrifugation cycles in DMF and then in acetone. CNC−Br
was dispersed in 20 mL of acetone and sonicated until it was well
dispersed. CNC−Br in acetone (20 mL) and the tBA monomer (20
mL) were mixed in a Schlenk flask. Fifteen cm of copper wire
wrapped onto a magnetic stir bar was placed into the flask. Varying
amounts of PMDETA were added, and the flask was tightly sealed.
The reactant was stirred at 60 °C for varying times, and then the
reaction was terminated by cooling it in ice. CNC grafted with PtBA
(PtBA-grafted CNC) was washed and centrifuged in acetone and later
in CH2Cl2 and finally dispersed in CH2Cl2 (40 mL) by sonication.
TFA (3.8 mL) was added into the PtBA-grafted CNC in

dichloromethane, and the mixture was stirred at room temperature
for 24 h. After this hydrolysis step, PAA-grafted CNCs were washed
with dichloromethane and DI water several times and collected by
centrifugation. The particles were then dialyzed against an aqueous
solution of EDTA (1 g/L) in a volume of 1000 mL and then dialyzed
in DI water to remove any impurities.

Fourier Transform Infrared (FTIR) Spectroscopy and
Thermogravimetric Analysis

The formation of PtBA-grafted CNC and the hydrolysis to PAA-
grafted CNC were confirmed by using a Bruker Tensor 27 FTIR
spectrometer with a resolution of 4 cm−1 and 24 scans for each
sample. Figure S1 shows the FTIR data of bare CNC, PtBA-grafted
CNC, and PAA-grafted CNC. Successful hydrolysis of PtBA was
confirmed with the disappearance of the tert-butyl peaks at 1394 and
1369 cm−1. The mass fraction of core CNC and grafted polymer was
obtained by a thermogravimetric analyzer (TGA Q50, TA Instru-
ments). Thermogravimetric analysis (TGA) data of bare CNC and its
grafted forms are presented in Figure S2.

Measuring Molecular Weights

The molecular weight of PtBA was measured by a gel permeation
chromatography/light scattering (GPC/LS) system equipped with a
Varian PL 5 μm mixed-C gel column, a miniDAWN TREOS light
scattering detector, and an Optilab rEX refractometer (Wyatt
Technology). Specific refractive index increment (dn/dc) of the
PtBA polymer in toluene was found to be −0.036 mL/g. 2 mL of
PtBA-grafted CNC in toluene suspension with a concentration of 50
mg/mL was placed into a centrifuge tube, and 4 drops of HF were
added. The GPC traces of the two batches of PtBA for the PAA−

CNC samples used in this work are presented in Figure S3. The data
were processed using the Wyatt ASTRA software. The supernatant of
the centrifuged solution is traditionally analyzed to measure the free-
chain molecular weight. In surface-initiated polymerization, some
unbound initiator in the solution forms the free chains. We measured
the molecular weight of HF-etched samples and compared it to the
molecular weights of the free chains collected in the supernatant after
centrifugation. If polymerization kinetics of free chains is di�erent
than the surface-initiated grafted polymer, then one would notice
di�erent molecular weights with bimodal feature. Here, we note that
the molecular weights of the free chains were quite similar to those of
CNC-grafted chains, and the data is displayed in Table S1.

Table 1. Molecular Weights (M̅n) and Grafting Densities (σ)
of PAA-Grafted CNC Samples

sample name PAA M̅n (kg/mol) σ (chains/nm2)

37k PAA−CNC 37 0.018

85k PAA−CNC 85 0.027

127k PAA−CNC 127 0.032
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Atomic Force Microscopy (AFM)

Bare CNC and PAA-grafted CNC dimensions were investigated by a
Bruker BioScope atomic force microscope in non-contact mode.

DLS Measurements

0.03 mg/mL of PAA−CNC solution in DI water was treated with acid
and base to adjust their pH measured by an MU 6100 H multimeter
(VWR), and di�usivities were measured in a Zetasizer Nano-ZS
(Malvern Instruments) at 25 °C. The dichroic film polarizer sheet
LPVISE 2 × 2 for 400−700 nm wavelength was purchased from
Thorlabs to linearly polarize the low-power laser beam.

Rheological Measurements

6 mg/mL CNC solutions in DI water for rheology measurements
were prepared and tested by using an ARES-G2 rheometer (TA
Instruments) with a concentric cylinder geometry. Complex viscosity
was measured in frequency sweeps with 50% strain for 85k PAA−

CNC and with 250% for the 37k PAA−CNC sample. Oscillatory
strain sweep measurements were performed at 1 rad/s. Both
frequency and strain sweep measurements were conducted at 25 °C.

■ RESULTS AND DISCUSSION

Critical Concentration of CNC Suspension

CNC rods can freely rotate under shear flow below the critical
overlap concentration (C*). Hydrolyzed CNCs with 145 nm
length lc and 8.5 nm diameter dc were used in this study. These
dimensions provided by the company were also confirmed by
AFM. Bare CNC and its PAA-grafted forms were imaged by
AFM (Figure 1). C* was calculated as 5.7 mg/mL using the

equation C* = , where ρ = 1.52 g/cm3 is the density of

CNCs. The C* equation in ref 38 was modified slightly
assuming rods occupy spherical spaces that are close-packed.

C* was determined from the concentration-dependent
viscosity measurements on solutions. The phase transition of
CNC suspensions as a function of CNC concentration was
previously studied in solution rheology.39 Figure 2 compares
the change in the normalized viscosity versus the CNC
concentration. The normalized viscosity represents the
deviation of viscosity at specified shear rates from that
measured at a 200 s−1 shear rate. As is seen, the viscosity
ratio is 1 for low concentrations, and it increases with
decreasing shear rate at high concentrations. The critical
concentration where the normalized viscosity deviates from 1
represents the C*. The measured value of C* ∼ 6 mg/mL (0.6
wt %) in Figure 2 matches the calculated C*, 5.7 mg/mL (0.57
wt %).
Grafted CNC solutions prepared for DLS measurements are

very dilute and contained 0.03 mg/mL CNCs. The intensity−
intensity autocorrelation function g2(t) − 1 was directly
measured by the conventional DLS with one vertical polarizer
on an incidence laser beam, known as the vertical−unpolarized

(V−U) mode at 25 °C. The translational di�usion coe�cient
Dt was obtained with this mode.
The pKa value of sulfate half-ester groups of CNC surface

was 2; therefore, the sulfate half-ester groups can be ionized
within the wide pH range of 3−11.40 The repulsive
electrostatic force from negatively charged sulfate half-ester
groups kept CNCs dispersed, as seen with the overlapped
curves for di�erent pH values in bare CNCs (Figure 3a). The
pH e�ect on dispersing CNCs is clearly seen in Figure 3b.
CNCs are more aggregated at pH 3, wherein chains are
neutral. As chains are stretched between pH 5 and 9 due to
ionization, the average size of particles remains quite similar. At
pH 11, an excess amount of sodium cations screen the
intramolecular repulsive force, and grafted chains collapse on
CNC surfaces. The repulsive forces are diminished at pH 11,
and the autocorrelation curve becomes like the bare CNC.
Using the equation g2(t) = B{1 + β [g1 (t)]

2}, the electric
field autocorrelation function (EFACF) g1(t) is obtained. The
equation g1 (t) = exp(−Γt) is used to calculate the decay
constant Γ for the ideal monomodal samples. EFACF for
polydispersed samples is fitted by the exponential stretching
model to calculate the decay constants, Γ1 and Γ2, by the
following equation34 g1(t) = A1 (exp(−Γ1t)) + A2 {exp-
(−Γ2t)}

α + B. A1, Γ1, and A2, Γ2 are fitting parameters at short
times and long times, respectively. Γ1 is the fast decay rate and
A1 is the fraction of fast events. Γ2 is the slow decay rate and A2

represents the fraction of slow events, and α is the stretching
exponent. The initial values of all factors are A1 = 0.99, A2 = 1
− A1, Γ1 = 100, Γ2 = 1, and α = 1. Fitting curves to the raw
data of bare CNC and PAA-grafted CNC samples are shown in
Figure 4, and the fitting parameters are presented in Table S2.
As seen in Table S2, A1 is found to be much larger than A2 in

Figure 1. AFM images of (a) bare CNC, (b) 37k PAA−CNC, and (c) 85k PAA−CNC.

Figure 2. Normalized viscosity (ηγ̇/η200 s−1) of bare CNC solutions as
a function of CNC concentration. ηγ̇ represents the viscosity
measured under di�erent shear rates, γ̇: 1−200 s−1.
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Figure 3. Intensity−intensity autocorrelation function plots presenting the CNC relaxation di�erences of (a) bare CNC and (b) 37k PAA−CNC at
di�erent pH values.

Figure 4. Exponential stretched fit to the intensity−intensity autocorrelation data of (a) bare CNC and (b−d) 37k and 85k PAA−CNC samples at
(b) pH 3, (c) pH 5, and (d) pH 9.

Figure 5. (a) Translational di�usion coe�cient Dt and (b) rotational di�usion coe�cient Dr of bare CNC and 37k and 85k PAA-grafted CNC
samples between pH 3 and 11.
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all studied samples, suggesting fast di�usion of small particles
in solution. Therefore, Γ1 is used to calculate the translational
and rotational di�usivities.
At pH 3, the 37k PAA-grafted CNC sample shows the

slowest decay (Figure 4b) because interpenetration of neutral
PAA on lower-grafting-density fillers hinders the Brownian
motion. At pH 5 (Figure 4c), PAA-grafted CNC formed a
larger size of aggregated structure with the long chains (85k)
because of the strong hydrogen bonds generated between
ionized and un-ionized −COOH groups. At pH 9, the carboxyl
group on PAA chains is completely ionized,27 and the grafted
brushes are fully stretched. The interparticle repulsive force
prevents the aggregation of CNCs (Figure 4d). Translational
di�usion coe�cient Dt is calculated using the equation Γ =
Dtq

2. Dt values of all grafted CNC samples are lower than the
bare CNC between pH 3 and 5, and their di�usivity reached
that of the bare CNC at pH 11 (Figure 5).
The rotational di�usion coe�cient Dr was measured in the

vertical−horizontal (V−H) mode, where data are collected by
adding a horizontal polarizer placed before the detector. The
depolarized DLS was calculated by the equation41 Dr = (ΓVH −

ΓVU)/6. ΓVU and ΓVH are the decay rates from the V−U mode
and the V−H mode, respectively (Figure 5). The measured
translational (Dt = 6.5 μm2/s) and rotational (Dr = 400 s−1)
di�usion coe�cients for the bare CNC (lc: 145 nm in length
and dc: 8.5 nm in width) are lower than the values reported in
a published work.41 This may be due to the variation of
dispersion of our bare CNC. Grafted chains hinder both
rotational and translational movements, and both di�usivities
followed a moderately similar trend such that pH does not
a�ect the translational movements, and chain interactions do
not play any role in measured di�usivities. The rotational

di�usivities scatter more, yet remain lower than the rotational
di�usivity of bare CNC.
6 mg/mL CNC solutions in DI water solutions were tested

in frequency sweep runs using an ARES-G2 rheometer. The
complex viscosities of all grafted solutions clearly have higher
viscosities compared to the bare CNC, and the 85k sample has
slightly higher viscosity than the 37k sample (Figure 6a).
Hydrogen bonding interactions as described in partially
ionized PAA 85k grafts at pH 5 and 9 cause viscosities higher
than those at pH 3. At the neutral state, viscosity is lower, as
these interactions do not exist at pH 3. The lowest viscosity at
pH 11 is attributed to the collapse of PAA chains; hence, the
possibility of interparticle interactions through entanglements
and hydrogen bonding is diminished.
Strain sweep experiments were carried out on PAA-grafted

CNC samples at 25 °C. In the linear region, the gelation
response in both grafted systems was observed at pH 3 (Figure
7). The critical strain of the 37k sample was measured to be
lower than the 85k sample because chains are less crowded,
thus the structural distortion of CNC appears at a low critical
strain. The lower modulus of 85k sample may be related to the
CNC structures and alignment in this sample. To elucidate the
alignment of CNC rods under shear flow, we applied a large
shear rate γ̇ = 200 s−1 for 2 min to test if the critical strain
changes with structural distortion or the alignment of CNC. It
is expected that any decrease in critical strain under shear flow
is due to the deformation of grafted chains or breaking of the
aligned CNC. We found that entanglements between chains
facilitated the network formation, and the long (85k) PAA
graft sample became more elastic after applying steady shear
(Figure 7a). As the amplitude of strain increased, G′ began to
decrease and G″ reached a maximum at the higher strain

Figure 6. Complex viscosity η* of (a) 37k PAA−CNC and 85k PAA−CNC solutions at 6 mg/mL concentrations at pH 3 and of (b) 37k PAA−

CNC and (c) 85k PAA−CNC solutions with di�erent pH values as a function of frequency.

Figure 7. Strain sweep data of (a) 85k and (b) 37k PAA-grafted CNC samples at 6 mg/mL concentration before and after applying 200 s−1 shear
rate at pH 3. The arrows show the onset of nonlinearity with critical strain values.
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amplitude, which is known to be a measure of yield stress.42,43

The observed crossover of G″ > G′ indicates the yielding point
of the material. The strain overshoot in the loss modulus (G″)
in both before and after shear applied samples indicated that
the underlying preformed network formation of the PAA-
grafted CNC sample was disrupted by steady shear flow as
shown with the lower critical strain value. This preformed
network is explained by the formation of weak structures
through hydrogen bonding interactions or by entanglements.
The weak interactions between PAA chains can be disrupted
and rearranged by large deformation, which give rise to strain
overshoot in G″. This behavior is similar to what happens in
weak gels, as chains temporarily deform and re-entangle. In
addition, viscoelastic moduli of the long graft sample enhanced
after applying shear and its critical strain decreased (shown by
black data points in Figure 7a). These results suggest that
CNC rods were disordered (random) before shear and chains
entangled e�ectively as they are at semidilute brush
conformation and possibly aligned after steady shear
application. The strain overshoot and modulus changes were
not observed in short (37k) graft chains (Figure 7b). This
reinforcement behavior after shearing was shown on another
grafted CNC sample with 127k PAA. The critical strain of
127k PAA sample after shear was also lower than the preshear
form (Figure S4). The strong ionization of long (85k) chains
at pH 9 lowered the modulus values (Figure S5a), and no
significant modulus enhancement was seen after shear; rather,
both short- and long-graft samples behaved like a liquid at pH
9 (Figures S5b). The good stability of CNC rods and strong
repulsion of ionized chains dominated the chain entanglements
and interactions between rods.

■ CONCLUSIONS

The successful growth of long PAA chains on CNCs provided
good stability for CNC rods in water, and this was verified by
measuring two modes of di�usion of very dilute PAA-grafted
CNC solutions in water. PAA-grafted CNC solutions were
characterized for their translational and rotational di�usivities,
and the results showed that both di�usivities were slower than
the bare CNC. Translational di�usivities of PAA-grafted rods
remained constant across a wide pH range of 3−9, showing
good stabilization of CNCs with PAA grafting in water. At pH
11, the di�usion reached the di�usivity value of bare CNC in
water. Grafted chain length was shown to increase the viscosity
of CNC suspensions at the overlap concentration of CNC. The
grafted CNCs exhibited an elastic response due to chain
entanglements and bridging at the neutral state (pH 3). PAA-
grafted CNC showed a more gel-like response when chains
were ionized. The chain entanglements and hydrogen bonding
interactions created a stronger network of CNC at pH 5−9.
The critical strain value for the long-graft chains was measured
to be smaller after the steady shear flow. This response is
explained by the alignment of CNC under a large shear at pH
3. By comparing long- and short-graft chains with their ionized
forms, we conclude that the alignment of CNC helps in the
entanglements, creating a stronger network. These findings are
critical for establishing processing conditions of polyelectro-
lyte-grafted CNC colloidal rods in the production of films
intended for various applications such as electrochemical
sensing, biosensing, and drug delivery.
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