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ABSTRACT:A family of thermoresponsive poly(N-isopropyla-
crylamide) [PNIPAM]-grafted cellulose nano� bers (CNFs) was
synthesizedvia a novel silver-promoted decarboxylative polymer-
ization approach. This method relies on the oxidative decarbox-
ylation of carboxylic acid groups to initiate free radicals on the
surface of CNFs. The polymerization reaction employs relatively
mild reaction conditions and can be performed in a one-step, one-
pot fashion. This rapid reaction forms a C� C bond between CNF
and PNIPAM, along with the formation of free polymer in
solution. The degree of functionalization (DF) and the amount of
PNIPAM grafted can be controlled by the Ag concentration in the
reaction. Similar to native bulk PNIPAM, PNIPAM-grafted CNFs
(PNIPAM-g-CNFs) show remarkable thermoresponsive proper-
ties, albeit exhibiting a slight hysteresis between the heating and cooling stages. Grafting PNIPAM from CNFs changes its cloud
point from about 32 to 36°C, in� uenced by the hydrophilic nature of CNFs. Unlike physical blending, covalently tethering
PNIPAM transforms the originally inert CNFs into thermosensitive biomaterials. The Ag concentration used does not signi� cantly
change the cloud point of PNIPAM-g-CNFs, while the cloud point slightly decreases with� ber concentration. Rheological studies
demonstrated the sol� gel transition of PNIPAM-g-CNFs and revealed that the storage modulus (G�) above cloud point increases
with the amount of PNIPAM grafted. The novel chemistry developed paves the way for the polymerization of any vinyl monomer
from the surface of CNFs and carbohydrates. This study validates a novel approach to graft PNIPAM from CNFs for the synthesis of
new thermoresponsive and transparent hydrogels for a wide range of applications.

� INTRODUCTION

Grafting functional polymers onto nanocellulose has been
investigated to produce smart materials for advanced
applications.1 Nanocellulose, which can either be cellulose
nano� bers (CNFs), cellulose nanocrystals (CNCs), or
bacterial cellulose (BC), has been widely used as a building
block and sca� old for polymer functionalization because of
desirable properties such as great abundance and sustainability,
excellent mechanical behavior, unique optical properties, and
tunable surface chemistry.2� 4 Due to the high density of
hydroxyl groups present on its surface, nanocellulose can easily
be functionalized by a variety of chemical reactions to graft
polymers. Indeed, several studies on polymer-grafted nano-
cellulose materials demonstrated stimuli responsive and other
functional properties as reported in the literature.5

Poly(N-isopropylacrylamide)� referred to as PNIPAM� is
a widely investigated functional polymer due to its remarkable
thermoresponsive properties.6,7 PNIPAM undergoes a rever-
sible coil-to-globule transition in water at about 32°C.8 When
heated above its lower critical solution temperature (LCST),

PNIPAM chains collapse and aggregate into bigger globules,
leading to phase separation from water.9,10 To date, a few
functional thermoresponsive nanocellulose materials have been
reported based on their combination with PNIPAM.11� 14

Several methods are described to graft polymers similar to
PNIPAM on nanocellulose.15,16 Most of these nanocellulose
modi� cations are based on graft polymerization, which can be
classi� ed into two major approaches: "grafting to" and "grafting
from". The "grafting to" approach involves anchoring
preformed PNIPAM chains on prefunctionalized nanocellu-
lose, while the "grafting from" approach relies on the growth of
polymer chainsvia surface-initiated polymerization. The
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"grafting from" approach, however, is generally preferable
because of better polymer growth control that avoids phase-
separation problems.5 Ru�he et al.17 and Matyjaszweski et
al.18,19 have extensively investigated surface-initiated grafting
reactions of a wide range of polymers on di� erent substrates.
In particular, surface-initiated free-radical polymerization (SI-
FRP) reactions involve an initiator species (usually potassium
persulfate) required to generate a reactive radical on the
surface of nanocellulose, oftenvia hydrogen abstraction. The
reactive radical on nanocellulose serves as an initiating site,
from where NIPAM monomers can propagate and grow
polymer chains of relatively high molecular weight. Further,
surface-initiated controlled radical polymerization (SI-CRP)
o� ers more precise control of polymer molecular weight,
architecture, composition, and dispersity.5 Generally, this
method allows the deactivation of propagating chains, leading
to reduced termination reactions and low-dispersity polymers.
SI-CRP can be further classi� ed into surface-initiated atom
transfer radical polymerization (SI-ATRP),18 surface reversible
addition� fragmentation chain transfer (S-RAFT),20 and sur-
face-initiated nitroxide-mediated polymerization (SI-NMP).21

In 1970, Anderson and Kochi22 reported a novel method to
produce alkyl radicals from oxidative decarboxylation of
carboxylic acids using catalytic Ag(I) and persulfate as an
oxidant. Since then, many studies have adopted this chemistry
to synthesize a wide variety of organic derivatives from
carboxylic acids.23� 26 In this work, we hypothesized that Ag(I)
in conjunction with an oxidant may catalyze or promote the
radical decarboxylation of carboxylic acids on the surface of
carboxylated nanocellulose, initiating the polymerization of
NIPAM monomers on the surface. This approach is similar to
SI-FRP, where the Ag(I)-catalyzed decarboxylation step
generates a reactive radical from which NIPAM monomers
can propagate and grow into PNIPAM chains.

In this study, PNIPAM was grafted from the TEMPO-
oxidized CNF surfacevia Ag(I)-promoted decarboxylative
polymerization of NIPAM monomers (Figure 1). The reaction
conditions employed are considerably milder than conven-
tional polymerization methods (such as the use of an aqueous
solvent, low reaction time and temperature, and nontoxic
materials). Unlike most SI-CRP methods, this polymerization
reaction can be performed as a one-pot process and does not
require complex prefunctionalization steps. Here, carboxylated
CNFs can be easily produced in the laboratoryvia a classical
TEMPO-mediated oxidation reaction27,28 or can be obtained
from commercial sources. This polymerization reaction forms a
C� C bond between CNF and PNIPAM chains, di� erent from
the ether or ester bonds commonly formed in SI-FRP and SI-
CRP reactions. In this study, PNIPAM was polymerized to
di� erent extents and con� gurations from CNFs. The new
materials, referred to as PNIPAM-g-CNFs, were characterized
using complementary chemical and physical techniques. The

e� ect of grafting, Ag concentration, and� ber concentration on
the cloud point of PNIPAM-g-CNFs was investigated. The
changes in physical, optical, and rheological properties of these
new CNF-grafted PNIPAM were then determined. To the best
of our knowledge, this is the� rst report of Ag(I)-promoted
decarboxylative chemistry to polymerize NIPAM from nano-
cellulose. This novel chemistry has the potential to be adapted
to polymerize any vinyl monomers from the surface of
nanocellulose and carbohydrates. This is an inexpensive,
green, and more e� cient approach to graft polymers compared
to the traditional carbodiimide coupling method employed in
carboxylated nanocellulose.

� EXPERIMENTAL SECTION
Materials. All chemicals were of analytical grade and used without

further puri� cation. TEMPO-oxidized cellulose nano� bers (0.82 wt
%, 1.4 mmol COO� Na+/g) were purchased from the University of
Maine. N-Isopropylacrylamide (NIPAM), sodium hydroxide
(NaOH), and sodium persulfate (Na2S2O8) were purchased from
Sigma-Aldrich. Silver nitrate (AgNO3), sodium chloride (NaCl), and
acetonitrile (MeCN) were obtained from Merck.

Polymerization of NIPAM from CNFs.The polymerization of
NIPAM from CNFs was performed using a novel Ag(I)-promoted
decarboxylative method. In a typical reaction, NIPAM (30 equiv, 4.75
g) and Na2S2O8 (10 equiv, 3.33 g) were initially dissolved in
TEMPO-oxidized CNF aqueous dispersion (1 equiv COO� Na+, 100
mL) at 60°C under N2. The reaction was initiated by the addition of
AgNO3 (0.5� 2 equiv, 0.1� 0.5 g) dissolved in MeCN (100 mL). The
reaction mixture was stirred at 60°C for 1 h under N2. The � bers
were isolated by vacuum� ltration with intermittent washing with
warm ethanol and water. Poly-NIPAM (PNIPAM) grafted from
CNFs (PNIPAM-g-CNF) was dialyzed against Milli-Q water for 5
days using a cellulose dialysis membrane (MW cuto� 12 000� 14 000)
and was freeze-dried for 48 h. To prepare aqueous dispersions, known
amounts of PNIPAM-g-CNFs were suspended in water and dispersed
by ultrasonication (Sonics VCX 750) for 5 min at 19.5 kHz, 750 W,
and 70% amplitude (ON/OFF, 5 s).

Bulk PNIPAM was also synthesized using a phenylalanine
derivative as a source of carboxylic acid.N-CBz-phenylalanine (1
equiv, 90 mg), AgNO3 (1 equiv, 51 mg), Na2S2O8 (1 equiv, 71.5 mg),
and NIPAM (50 equiv, 1.7 g) were added to a Schlenk tube and
purged with N2 gas. Five milliliters of degassed DMF/water (1:1) was
then added. The reaction mixture was stirred at 70°C overnight until
>95% monomer conversion was con� rmed by1H NMR. The crude
mixture was diluted with THF and precipitated from diethyl ether 3×.
The resulting polymer was dried under reduced pressure to obtain
PNIPAM as a white solid (Figure S1).

Characterization. 1H NMR Spectroscopy.1H NMR spectroscopy
was used to monitor the polymerization reaction. Aliquots (1 mL) of
the reaction mixture were withdrawn at given time intervals for 24 h.
The reaction mixture was then passed through a 0.2� m syringe� lter,
and the supernatant was added with three drops of D2O. The samples
were subjected to1H NMR analysis using a Bruker-Avance DRX600
MHz spectrometer. Standard and multisolvent suppression1H NMR
spectra were recorded at 20°C. The amount of soluble fraction
(mixture of unreacted NIPAM and nongrafted PNIPAM) was

Figure 1.Silver-promoted decarboxylative polymerization of NIPAM from TEMPO-oxidized CNFs.
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quanti� ed by integrating the CH2 protons of the isopropyl group at
1.17 ppm against the MeCN peak. It was then assumed that the
remaining PNIPAM was grafted from CNFs. The ratio of unreacted
NIPAM and nongrafted PNIPAM was calculated by monitoring the
multiplets at 4.25 ppm and the broad peak at 4.16 ppm associated
with C� H protons in NIPAM and PNIPAM, respectively (Figure
S2).

Fourier Transform Infrared (FTIR) Spectroscopy.TEMPO-
oxidized CNF and PNIPAM-g-CNF were subjected to FTIR analysis
using an attenuated total re� ectance (ATR)- FTIR spectrometer
(Agilent Technologies Cary 630). The spectra were generated at 4
cm� 1 resolution with 32 scans in the range of 4000� 500 cm� 1.

Conductimetric Titration and Degree of Functionalization.The
carboxylate content of TEMPO-oxidized CNF before and after
polymerization was quanti� ed using conductimetric titration as
previously reported.29� 31 Brie� y, about 0.1 g of freeze-dried� bers
were suspended in 40 mL of Milli-Q water. The pH of the
suspensions was then adjusted to pH 2.5 and 100� L 0.1% NaCl was
added. The samples were then titrated against 0.1 N NaOH using an
automatic titrator (Mettler Toledo T5 titrator) operating at a rate of
0.1 mL/min. The carboxylate content was calculated as previously
described.29� 31 Further, the degree of functionalization (DF), de� ned
as the number of carboxylate groups consumed in the reaction, was
calculated as

degree of functionalization (DF)
CC CC

CC
1000 1

0

=
Š

×
(1)

where CC0 and CC1 are the carboxylate contents before and after the
polymerization reaction.

Thermogravimetric Analysis (TGA).Thermogravimetric analyses
were performed in a Shimadzu DTG-60H TGA with simultaneous
DTA. A known amount of the sample was placed in an aluminum pan
and heated from room temperature to 600°C at a heating rate of 20
°C/min under N2.

X-ray Photoelectron Spectroscopy (XPS).XPS was performed on a
Thermo Scienti� c Nexsa Surface Analysis System equipped with a
hemispherical analyzer. The incident radiation was monochromatic Al
K� X-rays (1486.6 eV) at 72 W (6 mA and 12 kV, 400× 800� m2

spot). Survey (wide) and high-resolution C 1s (narrow) scans were
recorded at analyzer pass energies of 150 and 50 eV and step sizes of
1.0 and 0.1 eV, respectively. The base pressure in the analysis
chamber was less than 5.0× 10� 9 mbar. A low-energy dual-beam (ion
and electron)� ood gun was used to compensate for surface charging.
Data processing was carried out using Avantage software, and the
energy calibration was referenced to the main line of C 1s at 284.8 eV.
The Shirley background was used for curve� tting. The amount of
PNIPAM grafted from CNF was quanti� ed from the C 1s scan of
PNIPAM-g-CNFs as previously reported.14

UV� vis Spectrophotometry and Cloud Point Determination.
UV� vis spectroscopic analyses were performed on an Agilent Cary
3500 Multicell Peltier UV� vis machine. 1 wt % dispersions of
TEMPO-oxidized CNFs, bulk PNIPAM, PNIPAM-g-CNFs, and
PNIPAM� CNF blends (bulk PNIPAM mixed with CNF) were
loaded in quartz cuvettes equipped with temperature probes to
monitor the sample temperature. The absorbance of the samples at
600 nm was recorded at 25� 50 °C (heating phase) and 50� 25 °C
(cooling phase) at a heating rate of 1°C/min and 0.1°C interval. The
cloud point was determined from the� rst derivative of the
absorbance� temperature curves.

Rheology.Rheology experiments were performed on an Anton
Paar MCR302 rheometer equipped with a 25 mm parallel plate
geometry. The storage (G�) and loss (G� ) moduli of 1 wt % TEMPO-
oxidized CNF and PNIPAM-g-CNFs were recorded at a constant
strain of 1% and angular frequency(� ) of 10 rad/s. Measurements
were done at 25� 45 °C (heating phase) and 45� 25 °C (cooling
phase) at a heating rate of 1°C/min and 1°C interval. To ensure
temperature stability during measurements, a solvent trap was used.
Para� n oil was also added on the side of the plate to avoid the
evaporation of the sample.

� RESULTS

Polymerization of NIPAM from CNF. Polymerization
was initially conducted using 1 equiv of AgNO3 and 30 equiv
of NIPAM (with respect to carboxylate groups) in a 1:1
MeCN/water mixture at 60°C (Figure 1). PNIPAM-g-CNF
nano� bers were characterized by FTIR,1H NMR, and
conductimetric titration (Figure 2). The polymerization of
NIPAM from CNFs was monitored using1H NMR spectros-
copy (Figure 2a). At each time point, a sample of the mixture
was collected and the CNFs and PNIPAM-g-CNFs were
removed by� ltration. The� ltrate was analyzed to determine
the amount of remaining NIPAM in the solution. Soluble
PNIPAM was also observed in the� ltrate, as below. The
amount of PNIPAM grafted to the insoluble CNFs was
calculated based on the di� erence between the initial NIPAM
concentration and the remaining NIPAM/PNIPAM observed
after� ltration. Rapid polymerization of NIPAM was observed
in the� rst hour of the reaction, reaching a plateau after 1� 2 h.
After 24 h of reaction, 54% PNIPAM grafted from CNFs was
measured, along with 24% unreacted NIPAM, and 22%
nongrafted PNIPAM in the solution. Based on these results,
a reaction time of 1 h was selected for further experiments, as
there is no signi� cant polymerization thereafter. Following
isolation of PNIPAM-g-CNFs, the concentration of reacted
carboxylate groups was quanti� ed using conductimetric
titration and used to determine the degree of functionalization
(DF). As shown inFigure S3, the titration of PNIPAM-g-
CNFs resulted in a signi� cantly shorter plateau region
compared to TEMPO-oxidized CNFs, indicating that carbox-
ylate groups were consumed in the reaction.Figure 2b reveals
the e� ect of AgNO3 concentration on the DF of PNIPAM-g-
CNFs. The DF initially increased with AgNO3 concentration,
showing a maximum DF of� 70% at 1� 1.5 equiv, followed by
a decrease in DF at 2 equiv of AgNO3. The pattern is
signi� cant and reproducible.Figure 2c shows the FTIR spectra
of TEMPO-oxidized CNF, PNIPAM-g-CNF, and bulk
PNIPAM. TEMPO-oxidized CNF is characterized by the
presence of a sharp peak at 1615 cm� 1 attributed to the
carboxylate groups.30,31 After the polymerization reaction, two
sharp peaks attributed to the amide stretching of the PNIPAM
band appear at 1546 and 1640 cm� 1. The vibrational motion
associated with the methyl groups in the isopropyl moiety of
PNIPAM was also observed at 2970 cm� 1.11 These peaks
observed in PNIPAM-g-CNFs are consistent with the peaks
observed in bulk PNIPAM. Typical cellulose peaks were also
seen in PNIPAM-g-CNFs: a broad O� H stretching at 3300
cm� 1 and an sp3-hybridized C� H stretching at 2900 cm� 1.32

Interestingly, a small peak at 1715 cm� 1 associated with
carboxylic acid was also detected. This can be explained by the
acidic pH of the reaction mixture protonating the unreacted
carboxylate groups in CNF. FTIR analysis suggests that
PNIPAM was successfully polymerized from CNFs.

The surface grafted material was further investigated using
X-ray photoelectron spectroscopy (Figure 3). Survey scans of
Whatman no. 1� lter paper (reference), TEMPO-oxidized, and
PNIPAM-grafted CNFs show carbon (287 eV) and oxygen
(533 eV) as the major elements, as expected for cellulosic
materials. TEMPO-oxidized CNFs also exhibit a small peak at
1070 eV associated with sodium bound to carboxylate groups.
PNIPAM-g-CNFs show a peak at around 400 eV attributed to
the nitrogen present in PNIPAM moieties.Table 1reveals that
the O/C ratio of CNF decreased upon grafting PNIPAM.
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These results con� rm that PNIPAM has been grafted from
CNFs. The O/C ratio further decreased with increasing
AgNO3 concentration, except at 2 equiv, where a sudden

increase was measured. There is an inverse trend with the %N
present in PNIPAM-g-CNFs (measured from XPS), which is
consistent with the relationship from DF as measured from
conductimetric titration.

High-resolution C 1s analysis also con� rmed the successful
grafting of PNIPAM on CNFs.Figure 3b,c shows the XPS C 1s
spectra of TEMPO-oxidized CNF and PNIPAM-g-CNFs (1
equiv Ag). Both materials exhibit four characteristic peaks
typical for carboxylated cellulose: C1: C� C and C� H at 285
eV, C2: C� O at 286.5 eV, C3: O� C� O, C� O, and COO�
at 288 eV, and C4:� COOH at 289 eV.33� 35 PNIPAM-g-
CNFs showed two new peaks at 285.5 and 287.5 eV associated
with the C� N and N� C� O binding energies of PNIPAM,
respectively. This was accompanied by a signi� cant increase in
%C1 as PNIPAM chains were grafted from CNFs. From the
deconvoluted C 1s peaks, the amount of cellulose and
PNIPAM (in wt%) present in PNIPAM-g-CNFs were
quanti� ed. Figure 3d shows that the amount of PNIPAM
grafted from CNFs increases with AgNO3 concentration.
However, as with the trends with DF, O/C ratio, and %N, a
sudden decrease in %PNIPAM grafted was observed at 2 equiv
Ag. XPS analysis reveals 27% as the highest amount of
PNIPAM grafted from CNFs (for 1.5 equiv Ag).

The thermal degradation behavior of PNIPAM-g-CNFs was
studied by thermogravimetric analysis (TGA) (Figure 4). The
thermograms of TEMPO-oxidized CNF and PNIPAM-g-CNF
exhibit an onset of degradation at around 275°C, consistent
with typical cellulosic materials (Figure 4a). On the other
hand, PNIPAM showed a higher onset thermal degradation
temperature of around 415°C. At 600°C, 27% CNF, 0%
PNIPAM, and 8% PNIPAM-g-CNFs remained. The derivative
weight loss pro� les (Figure 4b) exhibited three onset
degradation peaks for PNIPAM-g-CNF: (1) initial degradation
of ungrafted CNF at� 275°C, (2) degradation of CNF grafted
with PNIPAM at� 350°C, and (3) degradation of PNIPAM
grafted from CNFs at� 415 °C. Previous studies reported a
similar onset temperature for PNIPAM and its higher thermal
stability than nanocellulose.13,36 Figure 4c shows the� rst-
derivative curves of PNIPAM-g-CNFs synthesized by varying
the AgNO3 concentration. Using Gaussian peak� tting, the
area of the three peaks was quanti� ed and the amount of
PNIPAM grafted from CNFs was estimated from the ratio of
the area of the peak at 415°C to the total area (Figure S4).
Increasing the AgNO3 concentration in the polymerization
reaction also increases the amount of PNIPAM grafted from
CNFs (Figure 4d). Similar to the trends using DF and XPS
analysis, the %PNIPAM grafted decreased at 2 equiv Ag. TGA
reveals that at most 37 wt % PNIPAM polymerized from
CNFs. The di� erence observed in the absolute values reported
from XPS and TGA is attributed to sampling with the inherent
di� erence in the locus of the sample probed. XPS quanti� es
the top� 3 nm of the material surface, while TGA is a bulk
analysis.

Thermoresponsive Properties of PNIPAM-g-CNFs.
The thermoresponsive properties of the aqueous dispersions
of PNIPAM-g-CNFs were investigated using cloud point
determination (Figure 5). Figure 5a shows that a bulk
PNIPAM solution abruptly turned from clear to turbid upon
heating above 45°C. This thermal transition is reversible as
the dispersion returned transparent upon cooling to 25°C.
The same is observed for PNIPAM-g-CNF suspensions, where
the thermoresponsive behavior of PNIPAM-g-CNFs is due to
the PNIPAM moieties polymerized from CNF.

Figure 2. Chemical characterization of PNIPAM-g-CNFs. (a)
Polymerization reaction pro� le as monitored by1H NMR analysis.
(b) E� ect of AgNO3 concentration on the degree of functionalization
(DF) of PNIPAM-g-CNFs. (c) FTIR spectra of TEMPO-oxidized
CNF, PNIPAM-g-CNF (1 equiv Ag), and bulk PNIPAM.
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To better understand the thermoresponsive behavior of
PNIPAM-g-CNFs, the e� ects of grafting, AgNO3 catalyst
concentration, and� ber concentration on the cloud point of
PNIPAM-g-CNFs were quanti� ed using UV� vis spectropho-
tometry. Figure 5b,c shows the absorbance� temperature
pro� les and cloud point of bulk PNIPAM and PNIPAM-g-
CNFs synthesized using di� erent AgNO3 concentrations. Bulk
PNIPAM demonstrates a sharp and abrupt increase in
absorbance upon heating at 32°C, consistent with the cloud
point reported in the literature.37� 40 Upon cooling back to 25
°C, a small hysteresis was observed, i.e., the cloud point
decreased to 31°C. PNIPAM-g-CNFs showed a similar
behavior relative to PNIPAM; however, the absorbance
recorded was much lower. In addition, an increase of about
4 °C in cloud point was observed. Previous studies also
reported an increase in cloud point after grafting from
nanocellulose. For instance, Hemraz et al.11 reported that

PNIPAM brushes grafted from CNCs exhibit a higher
transition temperature of 34°C. Risteen et al.36 also reported
a cloud point of 33� 34 °C for “patchy” PNIPAM-modi� ed
CNCs. However, both papers did not o� er any explanation for
the cloud point shift.

A higher degree of hysteresis (1� 2 °C) in the heating and
cooling of PNIPAM-g-CNFs was also observed relative to bulk
PNIPAM.Figure 5c shows that the AgNO3 concentration does
not signi� cantly change the cloud point of PNIPAM-g-CNFs.
As a comparison to the grafted PNIPAM-g-CNFs, a series of
nonbonded counterpart suspensions (a physical blend of
di� erent concentrations of bulk PNIPAM with CNF
dispersions) was also prepared and their temperature proper-
ties were determined (Figure 5d). Similar to bulk PNIPAM,
PNIPAM� CNF blends showed maximum absorbance at 32
°C, with the absorbance gradually decreasing with increasing
temperature. This observation was observed for all concen-
trations of PNIPAM� CNF blends. This can be due to the
phase separation of bulk PNIPAM from CNF upon heating, as
observed inFigure 5a. The e� ect of� ber concentration on the
thermoresponsive properties of PNIPAM-g-CNFs is also
shown inFigure 5e,f. Generally, the phase transition shifts to
slightly lower temperatures as the� ber concentration increases.
This observation is consistent with previous studies that
reported that increasing the polymer content decreases the
cloud point.41,42

PNIPAM-g-CNF Rheology.The changes in the rheological
properties of CNFs after PNIPAM grafting were investigated

Figure 3.XPS analysis of PNIPAM-g-CNFs. (a) Survey scans of Whatman Filter no. 1 paper (WFP), TEMPO-oxidized CNF, and PNIPAM-g-
CNF. C 1s scans and deconvolution of (b) TEMPO-oxidized CNF (1 equiv Ag) and (c) PNIPAM-g-CNFs. (d) E� ect of AgNO3 concentration on
the %PNIPAM grafted from CNFs as quanti� ed by XPS.

Table 1. Elemental Composition (C, O, N) and the O/C
Ratio of CNF and PNIPAM-g-CNFs from Wide XPS
Analysis

sample % C % O % N O/C

CNF 56.1 43.9 0.78
PNIPAM-g-CNF (0.5 equiv Ag) 62.6 33.4 4.0 0.53
PNIPAM-g-CNF (1 equiv Ag) 64.5 30.9 4.7 0.48
PNIPAM-g-CNF (1.5 equiv Ag) 65.3 28.6 5.5 0.44
PNIPAM-g-CNF (2 equiv Ag) 64.7 31.1 4.2 0.48
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by measuring the storage (G�) and loss (G� ) moduli of 1 wt %
TEMPO-oxidized CNF and PNIPAM-g-CNF aqueous sus-
pensions as a function of temperature (Figure 6). G� andG�
describe the solidlike and liquidlike behavior of the material,
respectively.Figure 6a shows that theG� andG� of 1 wt %
TEMPO-oxidized CNFs remained relatively constant with
temperature. Throughout the heating and cooling phases,G� is
slightly higher thanG� . These� ndings corroborate the study
of Yue and Qian43 where CNF suspensions maintained their
viscoelastic behavior with increasing temperature. PNIPAM-g-
CNFs, on the other hand, revealed a clear temperature-
dependent sol� gel transition. Below 35°C, G� is greater than
G�, showing the PNIPAM-g-CNF dispersion to be a stable sol.
However, above 35°C, G� becomes more dominant thanG� ,
which indicates that the dispersion has become solid or gel-
like. The cooling measurements also showed a slight hysteresis;
G� measured in the cooling phase is usually slightly higher than
that in the heating phase. Lin et al.44 and Azzam et al.45

observed a similar sol� gel transition in CNCs functionalized
with di� erent thermosensitive polymer chains.

Interestingly,Figure 6b,e reveals that grafting PNIPAM from
CNFs signi� cantly enhances its modulus when heated above
the cloud point of PNIPAM. AgNO3 concentration also
controls G� of PNIPAM-g-CNFs. Similar to the trends
observed with DF, XPS, and TGA,G� of PNIPAM-g-CNFs
at 45 °C increases with AgNO3 concentration, except at 2
equiv Ag where a drop inG� was observed (Figure 6f).

� DISCUSSION

PNIPAM was grafted from CNFsvia Ag(I)-promoted
decarboxylative polymerization of NIPAM from the surface
of TEMPO-oxidized CNFs.Figure 7shows the proposed
mechanism for polymerization. The initiation step relies on the
oxidative decarboxylation of carboxylate groups in an aqueous
persulfate (or peroxydisulfate) solution catalyzed by Ag(I).
The metastable intermediate Ag(II) species are initially
generatedin situthrough the rate-limiting oxidation of Ag(I)
by persulfate. The Ag(II) species are directly involved in the
facile and rapid decarboxylation of the carboxylate group,
generating an acyloxy radical, which subsequently fragments
into an alkyl radical and carbon dioxide.22,46 The free radical
on the C6 position of CNF serves as an initiating site where
NIPAM monomers can add to propagate PNIPAM chains.
Figure 2a reveals that the polymerization reaction is rapid,
achieving maximum polymerization from CNFs at 1 h. This
initiator system is also characterized by the formation of free
PNIPAM in solution, consistent with most surface-initiated
free-radical polymerization reactions.5 The formation of the
ungrafted polymer in solution can be attributed to initiation by
the persulfate anion, which has been previously used as an
initiator in radical polymerizations.47

Conductimetric titration, FTIR, XPS, and TGA results also
revealed that the AgNO3 concentration can modulate the DF
and PNIPAM content of PNIPAM-g-CNFs. The DF and
amount of PNIPAM grafted from the surface of CNFs
generally increase with AgNO3 concentration. This is as

Figure 4.TGA of PNIPAM-g-CNFs. (a) Thermograms and (b)� rst-derivative curves of TEMPO-oxidized CNFs, bulk PNIPAM, and PNIPAM-g-
CNFs. (c) Normalized� rst-derivative curves of PNIPAM-g-CNFs synthesized with di� erent concentrations of AgNO3. (d) E� ect of AgNO3
concentration on %PNIPAM grafted from CNFs as quanti� ed by TGA.
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expected since increasing the Ag concentration generally
increases the rate of decarboxylation and radical formation,
hence increasing the number of initiating sites where PNIPAM
chains can propagate. The DF achieved a maximum at 1.5

equiv. AgNO3; however, the use of 2 equiv. of Ag resulted in a
decrease in DF and PNIPAM grafted from CNFs.

We hypothesized that an increase in the silver(II)
concentration may lead to increased water oxidation and a

Figure 5.Thermoresponsive properties of PNIPAM-g-CNF suspensions. (a) Photographs of 1 wt % PNIPAM-g-CNFs, bulk PNIPAM, and
PNIPAM� CNF blend before and after heating to 50°C and cooling to 25°C. (b) Temperature� absorbance (600 nm) curves of PNIPAM-g-
CNFs synthesized with varying AgNO3 concentrations. (c) E� ect of AgNO3 concentration on the cloud point of PNIPAM-g-CNFs. (d)
Temperature� absorbance (600 nm) curves of PNIPAM� CNF blends at varying PNIPAM concentrations. (e) Temperature� absorbance (600
nm) curves of PNIPAM-g-CNFs at varying� ber concentrations. (f) E� ect of � ber concentration on the cloud point of PNIPAM-g-CNF
suspensions.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c01444
Biomacromolecules2022, 23, 1610� 1621

1616

https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig5&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


subsequent decrease in the reaction pH.48 We investigated this
mechanism by monitoring the pH of a solution of 1 or 2 equiv
of AgNO3 with Na2S2O8 in MeCN/H2O at 60°C (Figure S5).
After heating for 1 h at 60°C, we observed a� nal pH of 2.8
with 1 equiv of AgNO3, and a pH of 2.3 with 2 equiv of
AgNO3. This demonstrates that using excess AgNO3 in the
polymerization reactions leads to more acidic reaction
conditions.

We next examined how the increased acidity of the reaction
mixture a� ects the radical decarboxylation reaction and the
incorporation of the carboxylate-derived functional group into
the resulting polymer (Figure S6). The decarboxylative

polymerization was conducted with a small-molecule carbox-
ylic acid, both under normal conditions and with the addition
of 1 equiv of HCl. While both reactions gave high monomer
conversion and similar molecular weights and dispersities (as
measured by GPC),1H NMR analysis of the precipitated
polymers showed that the addition of HCl resulted in a 4-fold
decrease in the incorporation of the carboxylate-derived end
group (Figures S6 and S7).

Taken together, these results indicate that the presence of
excess AgNO3 in the decarboxylative polymerization with
CNFs decreases the pH of the reaction mixture, resulting in
inhibition of the radical decarboxylation and subsequent

Figure 6.Rheological properties of PNIPAM-g-CNF suspensions. Temperature dependence ofG� (closed circles) andG� (open circles) of (a) 1
wt % TEMPO-oxidized CNF and 1 wt % PNIPAM-g-CNFs synthesized with (b) 0.5 equiv, (c) 1 equiv, (d) 1.5 equiv, and (e) 2 equiv AgNO3. (f)
G� of 1 wt % TEMPO-oxidized CNF and PNIPAM-g-CNF aqueous dispersions at 45°C. All measurements were performed at a constant strain of
1%, angular frequency of 10 rad/s, and heating rate of 1°C/min.
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reduction in the DF and the amount PNIPAM conjugated to
the material.

Grafting PNIPAM from the surface of CNFs rendered the
treated� brils thermoresponsive (Figure 5). Figure 8illustrates
the thermoresponsive property of PNIPAM-g-CNFs. This
remarkable property is ascribed to the grafted thermores-
ponsive PNIPAM, which undergoes a reversible coil-to-globule
transition in water.8,10 Below the cloud point, PNIPAM chains
are hydrophilic due to their extended chain conformation,
allowing the amide groups to form hydrogen bonds with water
molecules. This absorbs surrounding water molecules, which
e� ciently disperses PNIPAM-g-CNF� bers. Above the cloud
point, PNIPAM chains become coiled as a result of the
hydrophilic amide groups being shelled by the hydrophobic
isopropyl� methyl groups. This consequently frees or releases
water molecules, which leads to the aggregation of PNIPAM-g-
CNF � bers.49,50 This forms a turbid suspension wherein
nano� bers become much larger than the wavelength of light.
Control experiments on PNIPAM� CNF blends also revealed
the e� ect of grafting PNIPAM from CNFs. Contrary to
PNIPAM-g-CNFs, PNIPAM� CNF blends resulted in the
phase separation of PNIPAM and CNF dispersion above the

cloud point. Covalent tethering of PNIPAM onto CNFs allows
hybrid� bers to change structural conformation in response to
a temperature change. This is crucial for the precise
engineering of thermoresponsive materials. However, the
cloud point values recorded in the heating and cooling phases
show a slight hysteresis, consistent with the literature.10,51 The
lag between the cooling and heating phases is a result of the
intrachain hydrogen bonding between PNIPAM chains in its
collapsed state.52 These hydrogen bonds cannot be easily
removed and delay the redispersion of� bers to their extended
conformation state. This can be further minimized� but not
completely eliminated� by slowing the heating rate.36

Grafting PNIPAM from CNFs delayed the cloud point from
� 32 to� 36°C, similar to cloud points reported for PNIPAM-
modi� ed nanocellulose.11,36 Several studies reported that the
cloud point of PNIPAM is a� ected by the composition of
substitute groups, chain length, molecular weight, and
tacticity.53� 56 The shift in cloud point can be ascribed to
changes in the hydrogen bonding and hydrophobic inter-
actions between the polymer and water. In this case, the
increased hydrophilicity of the grafted polymer brought about
by the CNF can delay the onset of the thermal transition of

Figure 7.Proposed mechanism for the Ag(I)-promoted decarboxylative polymerization of NIPAM from CNF.

Figure 8.Schematic illustrating the proposed thermoresponsive behavior of PNIPAM-g-CNFs in water below and above the cloud point. The
reorientation of the methyl side chain a� ects hydrophobicity and the ability of the polymer to hydrogen bond with the surrounding water, thus
a� ecting phase separation.
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PNIPAM at high temperatures. Previous studies have reported
that the addition of hydrophilic or hydrophobic components
can tune the cloud point of PNIPAM. For instance, Radecki et
al.57 reported that increasing the amount of hydrophilic
polyacrylamide (PAAM) component in PNIPAM-PAAM
hydrogels shifts the phase transition toward higher temper-
atures.

We also found that the amount of Ag used in the
polymerization reaction does not signi� cantly change the
cloud point. This suggests that the amount of PNIPAM grafted
from CNFs does not a� ect the cloud point value. This e� ect
can be related to the molecular weight of PNIPAM. Similar to
our results, Fujishige et al.58 also showed that the phase-
separation temperature was independent of the molecular
weight (within the range of 50 000� 8 400 000). However,
Tong et al.59 reported that the cloud point inversely depends
on the molecular weight. Further, we have shown that
increasing the� ber concentration (0.2� 1 wt %) slightly
decreases the cloud point of PNIPAM-g-CNFs. This is
attributed to the increased polymer� polymer interactions at
higher concentrations, lowering the temperature of transi-
tion.41

Rheological studies established the sol� gel transition of
PNIPAM-g-CNF suspensions in water (Figure 6). Below the
cloud point,G� was greater thanG�, demonstrating the
dominant liquidlike properties of PNIPAM-g-CNFs. Here, the
rigidity of PNIPAM-g-CNFs largely relies on the hydrogen
bonding interactions of the amide groups of PNIPAM with all
of the surrounding water molecules. In comparison, the
dominant solidlike properties of PNIPAM-g-CNFs (G� > G� )
are apparent when the temperature is above the cloud point.
The PNIPAM-g-CNF� ber network becomes more compact
due to hydrogen bonding between the side chains of PNIPAM
and CNF� bers.60 PNIPAM brushes grafted from CNCs show
a similar rheological behavior.11 It was reported, however, that
the sol� gel transition is not completely reversible and is highly
dependent on the grafting density. Here, we have also shown
that increasing Ag concentration in the reaction generally
increases the storage modulus of the PNIPAM-g-CNF
suspension above cloud point corresponding to the increased
amount of PNIPAM grafted from CNFs.

� CONCLUSIONS
In this work, thermoresponsive PNIPAM-grafted CNFs were
synthesizedvia a novel silver-promoted decarboxylative
polymerization method. This approach relies on the decar-
boxylation of carboxylated CNFs where reactive radicals on the
surface of CNFs can initiate the polymerization of PNIPAM
chains. The polymerization reaction, which forms a C� C
bond between CNF and PNIPAM chains, is rapid, mild, and
accompanied by the formation of free polymers in solution.
The amount of Ag in the reaction can tune the degree of
functionalization (DF) and the amount of PNIPAM grafted
from CNFs. PNIPAM-g-CNFs exhibit similar thermorespon-
sive behavior as native bulk PNIPAM, albeit showing a slight
hysteresis between the heating and cooling phases. Grafting
PNIPAM from CNFs shifts the cloud point to a higher
temperature as in� uenced by hydrophilic CNFs. Unlike
physical blending, covalently tethering PNIPAM transforms
originally inert CNFs into thermosensitive biomaterials. The
Ag concentration does not signi� cantly change the cloud point
of PNIPAM-g-CNFs; however, the cloud point slightly
decreases with� ber concentration. Rheological studies

con� rmed the sol� gel transition of PNIPAM-g-CNFs and
revealed that the storage modulus (G�) increases with the
amount of PNIPAM grafted. This study demonstrates a novel
chemistry to polymerize NIPAM or any vinyl monomers from
carboxylated CNFs, resulting in a new generation of functional
nanomaterials for a wide range of applications.
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