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ABSTRACT:A family of thermoresponsive pNlgopropyla-
crylamide) [PNIPAM]-grafted cellulose ndmeos (CNFs) was
synthesizetlia 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 rel E?f&l NIPAM
o]

mild reaction conditions and can be performed in a one-step, e
pot fashion. This rapid reaction forms a@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 ¢
point from about 32 to 36C, 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 doastiyot signi
change the cloud point of PNIPAM-g-CNFs, while the cloud point slightly decreabes edgtitentration. Rheological studies
demonstrated the sael transition of PNIPAM-g-CNFs and revealed that the storage m@dwbs\e cloud point increases

with the amount of PNIPAM grafted. The novel chemistry developed paves the way for the polymerization of any vinyl monon
from the surface of CNFs and carbohydrates. This study validates a novel approach to graft PNIPAM from CNFs for the synthes
new thermoresponsive and transparent hydrogels for a wide range of applications.

INTRODUCTION PNIPAM chains collapse and aggregate into bigger globules,

Grafting functional polymers onto nanocellulose has bedfding to phase separation from waleTo date, a few
investigated to produce smart materials for advancdgnctional thermorequnswe ngno_cellulpse materials have been
applicationd. Nanocellulose, which can either be cellulosdeported based on their combination with PNIPAR.

nanobers (CNFs), cellulose nanocrystals (CNCs), or Several methods are described to graft polymers similar to
bacterial cellulose (BC), has been widely used as a buildiR§lIPAM on nanocellulo§&.® Most of these nanocellulose
block and scald for polymer functionalization because ofmodi cations are based on graft polymerization, which can be
desirable properties such as great abundance and sustainalglégsied into two major approaches: "grafting to" and "grafting
excellent mechanical behavior, unique optical properties, &pdm". The "grafting to" approach involves anchoring
tunable surface chemistry.Due to the high density of preformed PNIPAM chains on prefunctionalized nanocellu-
hydroxyl groups present on its surface, nanocellulose can eagig while the "grafting from" approach relies on the growth of

be functionalized by a variety o_f chemical reactions to gr lymer chains/ia surface-initiated polymerization. The
polymers. Indeed, several studies on polymer-grafted nano-

cellulose materials demonstrated stimuli responsive and otiier .

functional properties as reported in the literature. Received: November 4, 2021
Poly(N-isopropylacrylamideyeferred to as PNIPAMis Revised: January 4, 2022

a widely investigated functional polymer due to its remarkatfg/Plished: January 18, 2022

thermoresponsive properfié2NIPAM undergoes a rever-

sible coil-to-globule transition in water at abo8€82When

heated above its lower critical solution temperature (LCST),
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Figure 1.Silver-promoted decarboxylative polymerization of NIPAM from TEMPO-oxidized CNFs.

"grafting from" approach, however, is generally preferalle=ct of grafting, Ag concentration, amel concentration on
because of better polymer growth control that avoids phadée cloud point of PNIPAM-g-CNFs was investigated. The
separation problergsRLhe et al” and Matyjaszweski et changes in physical, optical, and rheological properties of these
al™® have extensively investigated surface-initiated graftingw CNF-grafted PNIPAM were then determined. To the best
reactions of a wide range of polymers aeratit substrates. of our knowledge, this is thest report of Ag(l)-promoted

In particular, surface-initiated free-radical polymerization (Slecarboxylative chemistry to polymerize NIPAM from nano-
FRP) reactions involve an initiator species (usually potassiurellulose. This novel chemistry has the potential to be adapted
persulfate) required to generate a reactive radical on the polymerize any vinyl monomers from the surface of
surface of nanocellulose, ofterhydrogen abstraction. The nanocellulose and carbohydrates. This is an inexpensive,
reactive radical on nanocellulose serves as an initiating sifegen, and more eient approach to graft polymers compared
from where NIPAM monomers can propagate and growo the traditional carbodiimide coupling method employed in
polymer chains of relatively high molecular weight. Furthezarboxylated nanocellulose.

surface-initiated controlled radical polymerization (SI-CRP)

0 ers more precise control of polymer molecular weight, EXPERIMENTAL SECTION

architecture, composition, and dlspesrsm,e.nerally,. this Materials. All chemicals were of analytical grade and used without
method allows the deactivation of propagating chains, leadifyéher purication. TEMPO-oxidized cellulose nbecs (0.82 wt
to reduced termination reactions and low-dispersity polymeps, 1.4 mmol COQNa'/g) were purchased from the University of
SI-CRP can be further clasdi into surface-initiated atom Maine. N-Isopropylacrylamide (NIPAM), sodium hydroxide
transfer radical polymerization (SI-ATRR)rface reversible (NaOH), and sodium persulfate (8#g) were purchased from
addition fragmentation chain transfer (S-RA¥Tnd sur-  Sigma-Aldrich. Silver nitrate (AgiNGodium chloride (NaCl), and
face-initiated nitroxide-mediated polymerization (SI-Rivp). acetonitrile (MeCN) were obtained from Merck. o

In 1970, Anderson and K(f@hieported a novel method to Polymerization of NIPAM from CNFs.The polymerization of

d kvl radicals f dati d boxvlati IPAM from CNFs was performed using a novel Ag(l)-promoted
produce alkyl radicals Irom oxidative decarboxylation ¢ carboxylative method. In a typical reaction, NIPAM (30 equiv, 4.75

carboxylic acids using catalytic Ag(l) and persulfate as gh and Nas0, (10 equiv, 3.33 g) were initially dissolved in
oxidant. Since then, many studies have adopted this chemisteyiPO-oxidized CNF aqueous dispersion (1 equiv 880100
to synthesize a wide variety of organic derivatives fromL) at 60°C under N. The reaction was initiated by the addition of
carboxylic acids. ?® In this work, we hypothesized that Ag(l) AgNG; (0.5 2 equiv, 0.10.5 g) dissolved in MeCN (100 mL). The
in conjunction with an oxidant may catalyze or promote théeaction mixture was stirred at°60for 1 h under M The bers
radical decarboxylation of carboxylic acids on the surface"%ﬂ‘;ren 'Z?Lﬂggl b;’n(‘j’a\‘;\l‘g‘:ﬁrag%rl‘yVKJ'}EA'R;Er(’g;fh%rxl\‘ﬂ";agr‘g;?eé’v'g‘om
carboxylated nanocellulose, initiating the polymerization gﬁ”:s PNIPAM-0-CNF) was die_1l sed against Milli-O water for 5
NIPAM monomers on the surface. This approach is §|mllar by uéing a cellt?lose d?alysis mer);lbraneg(MV\/lﬂmoQM 000)
SI-FRP, where the Ag(l)-catalyzed decarboxylation stepqas freeze-dried for 48 h. To prepare aqueous dispersions, known
generates a reactive radical from which NIPAM monomegsnounts of PNIPAM-g-CNFs were suspended in water and dispersed
can propagate and grow into PNIPAM chains. by ultrasonication (Sonics VCX 750) for 5 min at 19.5 kHz, 750 W,
In this study, PNIPAM was grafted from the TEMPO-and 70% amplitude (ON/OFF, 5 s).
oxidized CNF surfaceia Ag(l)-promoted decarboxylative  Bulk PNIPAM was also synthesized using a phenylalanine
polymerization of NIPAM monomeFsgure ). The reaction derivative as a source of carboxylic Be{dBz-phenylalanine (1
conditions employed are considerably milder than conveRduiv.: 90 mg), AGNQI equiv, 51 mg), N&Os (1 equiv, 71.5 mg),
tional polymerization methods (such as the use of an aquedi NIPAM (50 equiv, 1.7 g) were added to a Schlenk tube and

vent. | fi i d t i d ¢ Furged with Blgas. Five milliliters of degassed DMF/water (1:1) was
solvent, low reaction ime and temperature, and nontoXifen aqded. The reaction mixture was stirred° @0Qernight until

mate'rials). Unlike most SI-CRP methods, this polymerizatiofyse, monomer conversion was coad by'H NMR. The crude
reaction can be performed as a one-pot process and does m@ure was diluted with THF and precipitated from diethyl ether 3
require complex prefunctionalization steps. Here, carboxylatge resulting polymer was dried under reduced pressure to obtain
CNFs can be easily produced in the laboreimeyclassical PNIPAM as a white soliffigure SiL
TEMPO-mediated oxidation reacticf or can be obtained =~ Characterization.'H NMR Spectroscopyd NMR spectroscopy
from commercial sources. This polymerization reaction formdgs used to monitor the polymerization reaction. Aliquots (1 mL) of
C C bond between CNF and PNIPAM chainsrent from the reaction mixture were withdrawn at given time intervals for 24 h.
he reaction mixture was then passed through m@yinge Iter,

the ether or ester bonds commonly formed in SI-FRP and Sjﬁd the supernatant was added with three drop® oT Be samples

CRP reactions. In this study, PNIPAM was polymerized tQere supjected i1 NMR analysis using a Bruker-Avance DRX600
di erent extents and caqurations from CNFs. The new \Hz spectrometer. Standard and multisolvent supprésSioaR
materials, referred to as PNIPAM-g-CNFs, were characterizgféctra were recorded at ZD The amount of soluble fraction

using complementary chemical and physical techniques. T(exture of unreacted NIPAM and nongrafted PNIPAM) was
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guantied by integrating the Ghbrotons of the isopropyl group at RESULTS
1.17 ppm against the MeCN peak. It was then assumed that the . L
remaining PNIPAM was grafted from CNFs. The ratio of unreacted Polymerization of NIPAM from CNF.Polymerization
NIPAM and nongrafted PNIPAM was calculated by monitoring thavas initially conducted using 1 equiv of Agi@ 30 equiv
multiplets at 4.25 ppm and the broad peak at 4.16 ppm associateti NIPAM (with respect to carboxylate groups) in a 1:1
with C H protons in NIPAM and PNIPAM, respectivelig(re MeCN/water mixture at 68C (Figure ). PNIPAM-g-CNF
52)F- o T . Infrared (FTIR) SpectroscAGMPO nanobers were characterized by FTiR, NMR, and
ourier Transform Infrare pectrosc - i i titrati i ati
oxidized CNF and PNIPAM-g-CNF were subjected to FTIR analysi,%cl)gdALI{/lcnfrrgﬁng,\“grsatlv\?gsﬂmgg;?m%eg Zi’rh%olilya F\? nszpiﬂcc:?oso_f
using an attenuated total @etance (ATR)- FTIR spectrometer . . ) -
(Agilent Technologies Cary 630). The spectra were generated atCqPy Figure 2). At each time point, a sample of the mixture
cm  resolution with 32 scans in the range of 4800 cm®, was collected and the CNFs and PNIPAM-g-CNFs were
Conductimetric Titration and Degree of FunctionalizatiGhe removed by ltration. The ltrate was analyzed to determine
carboxylate content of TEMPO-oxidized CNF before and aftethe amount of remaining NIPAM in the solution. Soluble
polymerization was quaeti using conductimetric titration as PNIPAM was also observed in thiate, as below. The
previously reportéd.*" Briey, about 0.1 g of freeze-dridiers  amount of PNIPAM grafted to the insoluble CNFs was
were suspended in 40 mL of Milli-Q water. The pH of thecgicylated based on theedience between the initial NIPAM
suspensions was then adjusted to pH 2.5 and ID0% NaCl was ncentration and the remaining NIPAM/PNIPAM observed

added. The samples were then titrated against 0.1 N NaOH using %ﬁ . . S
automatic titrator (Mettler Toledo T5 titrator) operating at a rate of &1t€r ltration. Rapid polymerization of NIPAM was observed

0.1 mL/min. The carboxylate content was calculated as previoudfythe rst hour of the reaction, reaching a plateau af#en.1
described ! Further, the degree of functionalization (DFpeie  After 24 h of reaction, 54% PNIPAM grafted from CNFs was

as the number of carboxylate groups consumed in the reaction, wasasured, along with 24% unreacted NIPAM, and 22%

calculated as nongrafted PNIPAM in the solution. Based on these results,
cC. & C a reaction time of 1 h was selected for further experiments, as
degree of functionalization (DE)M x 100 there is no signiant polymerization thereafter. Following
CGo D isolation of PNIPAM-g-CNFs, the concentration of reacted

carboxylate groups was quaati using conductimetric

where Ceand CG are the carboxylate contents before and after thg;y a5 and used to determine the degree of functionalization
polymerization reaction.

Thermogravimetric Analysis (TGAhermogravimetric analyses (DF). As shown _lrFlgure_ S_Sthe titration of PNIPAM-g-
were performed in a Shimadzu DTG-60H TGA with simultaneou$'NFS resulted in a sigoantly shorter plateau region
DTA. A known amount of the sample was placed in an aluminum p&®mpared to TEMPO-oxidized CNFs, indicating that carbox-
and heated from room temperature to°€Dat a heating rate of 20  ylate groups were consumed in the reaétipme b reveals
°C/min under N. the e ect of AQNQ concentration on the DF of PNIPAM-g-

X-ray Photoelectron Spectroscopy (XRBp was performed ona CNFs. The DF initially increased with AgN@ncentration,
Thermo Scientt Nexsa Surface Analysis System equipped with é‘i]owing a maximum DF o70% at 11.5 equiv, followed by
hemispherical analyzer. The incident radiation was monochromaticf\ decrease in DF at 2 equiv of AgNUle, pattern is

K X-rays (1486.6 eV) at 72 W (6 mA and 12 kV,4800 m? L -
spot). Survey (wide) and high-resolution C 1s (narrow) scans werd9N! cant and reproducibléigure 2 shows the FTIR spectra

recorded at analyzer pass energies of 150 and 50 eV and step siz&% of EMPO-oxidized CNF, PNIPAM-g-CNF, and bulk
1.0 and 0.1 eV, respectively. The base pressure in the analy3¥IPAM. TEMPO-oxidized CNF is characterized by the
chamber was less than’s 10 ° mbar. A low-energy dual-beam (ion presence of a sharp peak at 1615 atiributed to the

and electron) ood gun was used to compensate for surface chargingarboxylate grouﬁg’,l After the polymerization reaction, two
Data processing was carried out using Avantage software, and §a@rp peaks attributed to the amide stretching of the PNIPAM
energy (_:allbratlon was referenced to the main line of C 1s at 284.8 gMind appear at 1546 and 1640%cifhe vibrational motion

The Shirley background was used for cutvg. The amount of — ssqiated with the methyl groups in the isopropyl moiety of

PNIPAM grafted from CNF was quaed from the C 1s scan of 1
PNIPAM-g-CNFs as previously repoied. PNIPAM was also observed at 2970'thiThese peaks

UV vis Spectrophotometry and Cloud Point Determination. observed in PNIPAM-g-CNFs are consistent with the peaks
UV vis spectroscopic analyses were performed on an Agilent cgfserved in bulk PNIPAM. Typical cellulose peaks were also
3500 Multicell Peltier UWis machine. 1 wt % dispersions of seen in PNIPAM-g-CNFs: a broad HDstretching at 3300
TEMPO-oxidized CNFs, bulk PNIPAM, PNIPAM-g-CNFs, andcm ! and an s?;hybridized CH stretching at 2900 chr?

PNIPAM CNF blends (bulk PNIPAM mixed with CNF) were |nterestingly, a small peak at 1715 cassociated with
loaded in quartz cuvettes equipped with temperature probes {o,poxylic acid was also detected. This can be explained by the

monitor the sample temperature. The absorbance of the samples p . : .
600 nm was recorded at # °C (heating phase) and 586 °C ABldic pH of the reaction mixture protonating the unreacted

(cooling phase) at a heating rate @/min and 0.2°C interval. The carboxylate groups in CNF. FTIR analysis suggests that

cloud point was determined from thest derivative of the ~PNIPAM was successfully polymerized from CNFs. _
absorbancdemperature curves. The surface grafted material was further investigated using

Rheology.Rheology experiments were performed on an AntorX-ray photoelectron spectroscdpigifre 3. Survey scans of
Paar MCR302 rheometer equipped with a 25 mm parallel pla/hatman no. llter paper (reference), TEMPO-oxidized, and
geometry. The storagd [ and loss G ) moduli of 1 wt % TEMPO-  pNIPAM-grafted CNFs show carbon (287 eV) and oxygen
oxidized CNF and PNIPAM-g-CNFs were recorded at a constanb33 ev) as the major elements, as expected for cellulosic
strain of 1% and angular frequengylf 10 rad/s. Measurements o qrials TEMPO-oxidized CNFs also exhibit a small peak at

were done at 255 °C (heating phase) and 485 °C (coolin . . :
phase) at a heating ratz(a oTO/rginpand )1°C interval. T(o ensgre 1070 eV associated with sodium bound to carboxylate groups.

temperature stability during measurements, a solvent trap was usel/PAM-g-CNFs show a peak at around 400 eV attributed to
Para n oil was also added on the side of the plate to avoid th&he nitrogen present in PNIPAM moiefiesle lreveals that

evaporation of the sample. the O/C ratio of CNF decreased upon grafting PNIPAM.
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Figure 2. Chemical characterizati of PNIPAM-g-CNFs. (a)
Polymerization reaction pl® as monitored b{H4 NMR analysis.

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 rtoed the successful
grafting of PNIPAM on CNHsigure B,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: C1C@nd C H at 285
eV,C2:COat286.5eV,C3: @ O,C O, and COO
at 288 eV, and C4:COOH at 289 eV? ** 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 acsighincrease 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
quantied. Figure @ shows that the amount of PNIPAM
grafted from CNFs increases with AgMNOncentration.
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)ufe 3. The
thermograms of TEMPO-oxidized CNF and PNIPAM-g-CNF
exhibit an onset of degradation at around®@7%onsistent
with typical cellulosic materialsiglre 4). On the other
hand, PNIPAM showed a higher onset thermal degradation
temperature of around 416. At 600°C, 27% CNF, 0%
PNIPAM, and 8% PNIPAM-g-CNFs remained. The derivative
weight loss prdes (Figure &) exhibited three onset
degradation peaks for PNIPAM-g-CNF: (1) initial degradation
of ungrafted CNF at275°C, (2) degradation of CNF grafted
with PNIPAM at 350°C, and (3) degradation of PNIPAM
grafted from CNFs at415°C. Previous studies reported a
similar onset temperature for PNIPAM and its higher thermal
stability than nanocelluld$é® Figure 4 shows the rst-
derivative curves of PNIPAM-g-CNFs synthesized by varying
the AgNQ concentration. Using Gaussian pdtkg, the
area of the three peaks was quashtand the amount of
PNIPAM grafted from CNFs was estimated from the ratio of
the area of the peak at £I5to the total area~{gure Sy
Increasing the AgNQconcentration in the polymerization
reaction also increases the amount of PNIPAM grafted from
CNFs (Figure d). 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 dierence 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 @gsanti
the top 3 nm of the material surface, while TGA is a bulk
analysis.

Thermoresponsive Propeties of PNIPAM-g-CNFs.

The thermoresponsive properties of the aqueous dispersions
of PNIPAM-g-CNFs were investigated using cloud point

(b) E ect of AgNQ concentration on the degree of functionalization determination _F(’igure » Figure a shows that a _bU|k
(DF) of PNIPAM-g-CNFs. (c) FTIR spectra of TEMPO-oxidized PNIPAM solution abruptly turned from clear to turbid upon
CNF, PNIPAM-g-CNF (1 equiv Ag), and bulk PNIPAM.

heating above 4%. This thermal transition is reversible as
the dispersion returned transparent upon cooling t€.25

These results com that PNIPAM has been grafted from The same is observed for PNIPAM-g-CNF suspensions, where
CNFs. The O/C ratio further decreased with increasinghe thermoresponsive behavior of PNIPAM-g-CNFs is due to
AgNQ; concentration, except at 2 equiv, where a suddetine PNIPAM moieties polymerized from CNF.
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Figure 3.XPS analysis of PNIPAM-g-CNFs. (a) Survey scans of Whatman Filter no. 1 paper (WFP), TEMPO-oxidized CNF, and PNIPAM-
CNF. C 1s scans and deconvolution of (b) TEMPO-oxidized CNF (1 equiv Ag) and (c) PNIPAM-g-CNéat ¢ ABNQ concentration on
the %PNIPAM grafted from CNFs as quadtby XPS.

Table 1. Elemental Composition (C, O, N) and the O/C  PNIPAM brushes grafted from CNCs exhibit a higher

Ratio of CNF and PNIPAM-g-CNFs from Wide XPS transition temperature of 38. Risteen et af.also reported

Analysis a cloud point of 3334 °C for “patchy PNIPAM-modied
CNCs. However, both papers did naraany explanation for

gl »C %0 %N OC e cloud point shift.
CNF _ 56.1 439 0.78 A higher degree of hysteresis22C) in the heating and
PNIPAM-g-CNF (0.5 equiv Ag) 626 334 40 053 g4ging of PNIPAM-g-CNFs was also observed relative to bulk
PNIPAM-g-CNF (1 equiv Ag) 645 309 47 048 pNPAM.Figure § shows that the AgN@oncentration does
PNIPAM-g-CNF (1.5 equiv Ag) 653 286 55 = 044 4t gignjcantly change the cloud point of PNIPAM-g-CNFs.
PNIPAM-g-CNF (2 equiv Ag) 647 8Ll 42 048 Ag g comparison to the grafted PNIPAM-g-CNFs, a series of

nonbonded counterpart suspensions (a physical blend of

To better understand the thermoresponsive behavior fi erent concentrations of bulk PNIPAM with CNF
PNIPAM-g-CNFs, the ects of grafting, AgNCratalyst  dispersions) was also prepared and their temperature proper-

concentration, ancber concentration on the cloud point of ties were determine@igure ). Similar to bulk PNIPAM,
PNIPAM-g-CNFs were quamil using UVvis spectropho- PNIPAM CNF blends showed maximum absorbance at 32

tometry. Figure B,c shows the absorbanmsnperature  °C, with the absorbance gradually decreasing with increasing
pro les and cloud point of bulk PNIPAM and PNIPAM-g- temperature. This observation was observed for all concen-
CNFs synthesized usingatient AgN@ concentrations. Bulk  trations of PNIPAMCNF blends. This can be due to the
PNIPAM demonstrates a sharp and abrupt increase Rhase separation of bulk PNIPAM from CNF upon heating, as
absorbance upon heating at@2 consistent with the cloud observed ifrigure @. The eect of ber concentration on the
point reported in the literatute.*° Upon cooling back to 25 thermoresponsive properties of PNIPAM-g-CNFs is also
°C, a small hysteresis was observed, i.e., the cloud posfiown inFigure &,f. Generally, the phase transition shifts to
decreased to 31C. PNIPAM-g-CNFs showed a similar slightly lower temperatures as tigr concentration increases.
behavior relative to PNIPAM; however, the absorbancEhis observation is consistent with previous studies that
recorded was much lower. In addition, an increase of abowgported that increasing the polymer content decreases the
4 °C in cloud point was observed. Previous studies alsdoud poinf*?

reported an increase in cloud point after grafting from PNIPAM-g-CNF RheologyThe changes in the rheological
nanocellulose. For instance, Hemraz ‘et raported that  properties of CNFs after PNIPAM grafting were investigated
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Figure 4TGA of PNIPAM-g-CNFs. (a) Thermograms and (bf-derivative curves of TEMPO-oxidized CNFs, bulk PNIPAM, and PNIPAM-g-
CNFs. (c) Normalizedrst-derivative curves of PNIPAM-g-CNFs synthesized weitendiconcentrations of AghNQ@d) E ect of AgNQ@

concentration on %PNIPAM grafted from CNFs as gediiy TGA.

by measuring the storage)(and loss G ) moduli of 1 wt %

DISCUSSION

TEMPO-oxidized CNF and PNIPAM-g-CNF aqueous suspypaM was grafted from CNRsa Ag(l)-promoted

pensions as a function of temperatbigu(e . G andG

decarboxylative polymerization of NIPAM from the surface

describe the solidlike and liquidlike behavior of the materigls TEMPO-oxidized CNFssigure 7shows the proposed

respectivelyrigure @ shows that th& andG of 1 wt %

mechanism for polymerization. The initiation step relies on the

TEMPO-oxidized CNFs remained relatively constant witxidative decarboxylation of carboxylate groups in an aqueous

temperature. Throughout the heating and cooling pBaises,
slightly higher tha® . These ndings corroborate the study

persulfate (or peroxydisulfate) solution catalyzed by Ag(l).
The metastable intermediate Ag(ll) species are initially

of Yue and Qidn where CNF suspensions maintained theirgeneratedéh situthrough the rate-limiting oxidation of Ag(l)
viscoelastic behavior with increasing temperature. PNIPAMy persulfate. The Ag(ll) species are directly involved in the
CNFs, on the other hand, revealed a clear temperaturtacile and rapid decarboxylation of the carboxylate group,

dependent sobel transition. Below 3&, G is greater than

generating an acyloxy radical, which subsequently fragments

G, showing the PNIPAM-g-CNF dispersion to be a stable sdnto an alkyl radical and carbon dioXitie The free radical

However, above 3&, G becomes more dominant than

which indicates that the dispersion has become solid or g
like. The cooling measurements also showed a slight hysterézé
G measured in the cooling phase is usually slightly higher th

that in the heating phase. Lin et‘aind Azzam et 4.

observed a similar sgkl transition in CNCs functionalized

with di erent thermosensitive polymer chains.
Interestinglyrigure 6,e reveals that grafting PNIPAM from

on the C6 position of CNF serves as an initiating site where
HI_PAM monomers can add to propagate PNIPAM chains.
ure A reveals that the polymerization reaction is rapid,
a ieving 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 reactiolbe formation of the
ungrafted polymer in solution can be attributed to initiation by
the persulfate anion, which has been previously used as an

CNFs signicantly enhances its modulus when heated aboVgitiator in radical polymerizatidfs.

the cloud point of PNIPAM. AgNCconcentration also
controls G of PNIPAM-g-CNFs. Similar to the trends
observed with DF, XPS, and T@&A,of PNIPAM-g-CNFs
at 45°C increases with AgN@oncentration, except at 2
equiv Ag where a drop @& was observed-igure ).

1615

Conductimetric titration, FTIR, XPS, and TGA results also
revealed that the AgN©oncentration 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 AgN€oncentration. This is as
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Figure 5.Thermoresponsive properties of PNIPAM-g-CNF suspensions. (a) Photographs of 1 wt % PNIPAM-g-CNFs, bulk PNIPAM, an
PNIPAM CNF blend before and after heating t6G@&nd cooling to 25C. (b) Temperatureabsorbance (600 nm) curves of PNIPAM-g-

CNFs synthesized with varying AghOncentrations. (c) Ect of AgNQ@ concentration on the cloud point of PNIPAM-g-CNFs. (d)
Temperatureabsorbance (600 nm) curves of PNIPAMF blends at varying PNIPAM concentrations. (e) Temperaliwabance (600

nm) curves of PNIPAM-g-CNFs at varyibgr concentrations. (f) Ect of ber concentration on the cloud point of PNIPAM-g-CNF
suspensions.

expected since increasing the Ag concentration generadlyuiv. AQNQ@ however, the use of 2 equiv. of Ag resulted in a
increases the rate of decarboxylation and radical formatia@ecrease in DF and PNIPAM grafted from CNFs.

hence increasing the number of initiating sites where PNIPAMWe hypothesized that an increase in the silver(ll)
chains can propagate. The DF achieved a maximum at tdéncentration may lead to increased water oxidation and a
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Figure 6.Rheological properties of PNIPAM-g-CNF suspensions. Temperature depe@d@iaseaf circles) ar@ (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) 2.6duiv AGNO
G of 1 wt % TEMPO-oxidized CNF and PNIPAM-g-CNF aqueous dispersiots. #ldmeasurements were performed at a constant strain of
1%, angular frequency of 10 rad/s, and heating rat€mhih.

subsequent decrease in the reacticlf ¥ investigated this  polymerization was conducted with a small-molecule carbox-
mechanism by monitoring the pH of a solution of 1 or 2 equiylic acid, both under normal conditions and with the addition
of AgNQ, with NgS,0gin MeCN/H,0 at 60°C (Figure Sp of 1 equiv of HCI. While both reactions gave high monomer
After heating for 1 h at 8C, we observed aal pH of 2.8 conversion and similar molecular weights and dispersities (as
with 1 equiv of AgNg and a pH of 2.3 with 2 equiv of measured by GPCJH NMR analysis of the precipitated
AgNG;. This demonstrates that using excess AgNte polymers showed that the addition of HCI resulted in a 4-fold
polymerization reactions leads to more acidic reactiodecrease in the incorporation of the carboxylate-derived end
conditions. group Figures S6 and 57

We next examined how the increased acidity of the reactionTaken together, these results indicate that the presence of
mixture aects the radical decarboxylation reaction and thexcess AgNQin the decarboxylative polymerization with
incorporation of the carboxylate-derived functional group int6NFs decreases the pH of the reaction mixture, resulting in
the resulting polymerFigure Sp The decarboxylative inhibition of the radical decarboxylation and subsequent

1617 https://doi.org/10.1021/acs.biomac.1c01444
Biomacromolecule2022, 23, 16101621


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01444/suppl_file/bm1c01444_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01444/suppl_file/bm1c01444_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01444/suppl_file/bm1c01444_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01444?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules pubs.acs.org/Biomac

*Na-00C o
(e} —_—>
HO Initiation
OH

CH3

Propagation &

Termination
0 0
eo—ﬁ—o—o—ﬁ—oG>
o] o] Agd' Ag'
k, 0 ¥> 0
Il
2 *0-s-0° @o—ﬁ—o@
Il
0 o)

Figure 7.Proposed mechanism for the Ag(l)-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. T
reorientation of the methyl side chaiects hydrophobicity and the ability of the polymer to hydrogen bond with the surrounding water, thus
a ecting phase separation.

reduction in the DF and the amount PNIPAM conjugated tacloud point. Covalent tethering of PNIPAM onto CNFs allows
the material. hybrid bers to change structural conformation in response to
Grafting PNIPAM from the surface of CNFs rendered thea temperature change. Thss drucial for the precise
treated brils thermoresponsiviéidure %. Figure dllustrates  engineering of thermoresponsive materials. However, the
the thermoresponsive property of PNIPAM-g-CNFs. Thigloud point values recorded in the heating and cooling phases
remarkable property is ascribed to the grafted thermoreshow a slight hysteresis, consistent with the litéfatufae
ponsive PNIPAM, which undergoes a reversible coil-to-globu#gy between the cooling and heating phases is a result of the
transition in watér:° Below the cloud point, PNIPAM chains intrachain hydrogen bonding between PNIPAM chains in its
are hydrophilic due to their extended chain conformatiorgollapsed staté.These hydrogen bonds cannot be easily
allowing the amide groups to form hydrogen bonds with wateemoved and delay the redispersiomefs to their extended
molecules. This absorbs surrounding water molecules, whadnformation state. This can be further minimibed not
e ciently disperses PNIPAM-g-CNfers. Above the cloud completely eliminatecby slowing the heating réte.
point, PNIPAM chains become coiled as a result of the Grafting PNIPAM from CNFs delayed the cloud point from
hydrophilic amide groups being shelled by the hydrophobic32to 36°C, similar to cloud points reported for PNIPAM-
isopropyl methyl groups. This consequently frees or releas@sodi ed nanocellulos&3® Several studies reported that the
water molecules, which leads to the aggregation of PNIPAMajeud point of PNIPAM is acted by the composition of
CNF bers'®° This forms a turbid suspension wherein substitute groups, chain length, molecular weight, and
nano bers become much larger than the wavelength of lighacticity>® °° The shift in cloud point can be ascribed to
Control experiments on PNIPAKINF blends also revealed changes in the hydrogen bonding and hydrophobic inter-
the eect of grafting PNIPAM from CNFs. Contrary to actions between the polymer and water. In this case, the
PNIPAM-g-CNFs, PNIPAMCNF blends resulted in the increased hydrophilicity of the grafted polymer brought about
phase separation of PNIPAM and CNF dispersion above thyy the CNF can delay the onset of the thermal transition of
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PNIPAM at high temperatures. Previous studies have reportesh rmed the solgel transition of PNIPAM-g-CNFs and
that the addition of hydrophilic or hydrophobic componentsevealed that the storage moduldg (ncreases with the
can tune the cloud point of PNIPAM. For instance, Radecki @mount of PNIPAM grafted. This study demonstrates a novel
al®’ reported that increasing the amount of hydrophilicchemistry to polymerize NIPAM or any vinyl monomers from
polyacrylamide (PAAM) component in PNIPAM-PAAM carboxylated CNFs, resulting in a new generation of functional
hydrogels shifts the phase transition toward higher temperanomaterials for a wide range of applications.
atures.

We also found that the amount of Ag used in the ASSOCIATED CONTENT
polymerization reaction does not swmitly change the . )
cloud point. This suggests that the amount of PNIPAM grafted SuPporting Information .
from CNFs does not act the cloud point value. Thiset ~ The Supporting Information is available free of charge at
can be related to the molecular weight of PNIPAM. Similar t6ttps:/pubs.acs.org/doi/10.1021/acs.biomac.1c01444
our results, Fujishige et°4lalso showed that the phase- IH NMR spectrum of PNIPAM-mogid N-CBz-

separation temperature was independent of the molecular S P

X e phenylalanine; monitoring of the Ag-promoted polymer-
weight (Wflgh'” the range of 50 0@1)4(_)0 O.OO)' However, ization reaction usirtgl NMR spectroscopy; conducti-
Tong et af” reported th.at the cloud point inversely depends metric titration curves of TEMPO-oxidized CNEs and
on the molecular weight. Further, we have shown that PNIPAM-g-CNFs; ects of excess silver on reaction pH
increasing the ber concentration (0.2 wt %) slightly and decarboxylation: and Gaussian fitiag of the

decreases the cloud point of PNIPAM-g-CNFs. This is TGA rst-derivative curve of PNIPAM-g-CN#DP)
attributed to the increased polynpolymer interactions at

higher concentrations, lowering the temperature of transi-
ton™ , , - AUTHOR INFORMATION
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