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Keywords: Hypothesis: Poly(N-isopropylacrylamide) [PNIPAM]-grafted cellulose nanofibers (CNFs) are new thermo-
Poly(N-isopropylacrylamide) (PNIPAM) responsive hydrogels which can be used for a wide range of applications. Currently, there is no clear under-
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the gel strength while sustaining its thermo-responsive properties.

standing of the precise mechanism by which CNFs and PNIPAM interact together. Here, we hypothesize that the
physical crosslinking of grafted PNIPAM on CNF inhibits the free movement of individual CNF, which increases

Experiments: The thermo-responsive behaviour of PNIPAM-grafted CNFs (PNIPAM-g-CNFs), synthesized via

Rheology silver-catalyzed decarboxylative radical polymerization, and PNIPAM-blended CNFs (PNIPAM-b-CNFs) was
Ultra small angle neutron scattering (USANS) studied. Small angle neutron scattering (SANS) combined with Ultra-SANS (USANS) revealed the nano to
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microscale conformation changes of these polymer hybrids as a function of temperature. The effect of temper-
ature on the optical and viscoelastic properties of hydrogels was also investigated.

Findings: Grafting PNIPAM from CNFs shifted the lower critical solution temperature (LCST) from 32 °C to 36 °C.
Below LCST, the PNIPAM chains in PNIPAM-g-CNF sustain an open conformation and poor interaction with CNF,
and exhibit water-like behaviour. At and above LCST, the PNIPAM chains change conformation to entangle and
aggregate nearby CNFs. Large voids are formed in solution between the aggregated PNIPAM-CNF walls. In
comparison, PNIPAM-b-CNF sustains liquid-like behaviour below LCST. At and above LCST, the blended PNIPAM
phase separates from CNF to form large aggregates which do not affect CNF network and thus PNIPAM-b-CNF
demonstrates low viscosity. Understanding of temperature-dependent conformation of PNIPAM-g-CNFs engineer
thermo-responsive hydrogels for biomedical and functional applications.

1. Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is a thermo-responsive
polymer now used for many applications including drug delivery, tis-
sue engineering, and smart sensors [ 1-3]. PNIPAM shows a temperature
dependent phase change above a lower critical solution temperature
(LCST) of 32 °C [4,5] (Scheme 1a). In water at temperatures below
LCST, PNIPAM is hydrophilic and adopts an open and extended coil
conformation in which the amide groups are able to form hydrogen
bonds with water molecules. At temperatures above LCST, the PNIPAM
chains become hydrophobic as the hydrophilic amide groups are shiel-
ded by the hydrophobic isopropyl-methyl groups, releasing water mol-
ecules. As a result, PNIPAM collapses into a compact globular
conformation. The large size of these globules renders the PNIPAM
suspension turbid and opaque at temperatures above the LCST.

Besides its conceptual promises, pure PNIPAM in water forms gels
with poor mechanical properties which limits its applications [6,7].
Blending PNIPAM with other polymers [8], nanoparticles [9] and metal
organic frameworks (MOFs) [10] has been a strategy successfully
explored to produce composites of improved mechanical and thermo-
responsive properties [11]. Of those nanomaterials, cellulose nano-
fibers (CNF) have recently been investigated for preparing hydrogels as

it is a very attractive and sustainable source of low-cost, organic nano-
material that can be readily functionalised [12,13]. Mixing CNF with
PNIPAM produces suspensions with unique and well-defined thermo-
responsiveness and improved mechanical properties which are attrac-
tive for functional technologies [14,15]. For instance, Wei et al. devel-
oped CNF/PNIPAM hydrogels by grafting PNIPAM onto CNF by free-
radical polymerization. The hydrogels showed improved mechanical
properties and thermo responsive behaviour attributed to the rigidness
of CNF [6]. Zhang et al. produced high strength PNIPAM/CNF aerogels
by blending CNF with PNIPAM,; the strength of the aerogels was related
to PNIPAM acting as a binder to encourage CNF to form denser networks
[15]. Coughlin et al. also reported that grafting PNIPAM chains onto
methylcellulose, a cellulose derivative, promotes the self-assembly of
the water-soluble methylcellulose chains [16]. Recently, we have graf-
ted PNIPAM from CNF using a novel one-pot reaction utilizing the silver-
promoted radical decarboxylation of TEMPO-oxidized CNFs [17,18]. By
varying the AgNO3 concentration, we were able to modulate the degree
of functionalization and properties of PNIPAM grafted from CNFs
(PNIPAM-g-CNFs).

Whilst our latest reported study was able to demonstrate the thermo-
responsive behavior of PNIPAM-g-CNFs, a clear understanding of the
precise mechanism by which CNF and PNIPAM interact together is still
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Scheme 1. Schematic illustrating the temperature-dependent behaviour of (a) PNIPAM and (b) PNIPAM-g-CNF in water below and above LCST. Inset in (b) il-
lustrates the polymerization of N-isopropyl acrylamide (NIPAM) from TEMPO-oxidized CNFs via Ag-promoted decarboxylative polymerization.
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of importance. Studying how these thermo-responsive macromolecules
form well defined structures below and above LCST enables the engi-
neering of functional gels and suspensions systems having the desired
LCST and strength. Currently, there are no studies that clearly charac-
terized and defined the structures, interactions, and the transitions
mechanisms between PNIPAM and CNF as a function of temperature.
Further, little is known on the relationship between structural
arrangement of PNIPAM/CNF at the nano to microscale and the gel/
suspension mechanical, optical and thermo-responsiveness.

We hypothesize that the PNIPAM chains of these modified nano-
cellulose aqueous systems can have significant effects on the LCST,
mechanical and rheological properties of the suspensions or gels, as well
as their degree of swelling and ability to hold water molecules within the
matrix [12], whilst at the same time producing improved mechanical
properties such as rigidity and strength. In this study, we aim to address
three critical questions: 1) Can the LCST of a system be modified and if
so, by which variables? 2) Is there a difference in thermal behaviour
between blended and grafted systems at a given PNIPAM composition?
3) How do PNIPAM chains and CNF in water interact below and above
LCST, and how does it affect the suspensions mechanical properties?

In this work, we investigated the effect of temperature on the
conformation and functionality of PNIPAM-grafted CNF (PNIPAM-g-
CNF) hydrogels we previously prepared via silver-promoted decarbox-
ylative polymerization (Scheme 1b). The temperature dependent
structural change in PNIPAM-grafted CNF gel is evaluated at tempera-
tures below and above LCST and compared with the CNF, PNIPAM and
PNIPAM-blended CNF (PNIPAM-b-CNF) gels. Small angle neutron scat-
tering (SANS) is combined with Ultra-SANS (USANS) experiments to
monitor the nanoscale and microscale changes in the conformation and
arrangement of PNIPAM and CNF in the PNIPAM-g-CNF systems. A se-
ries of complementary techniques including optical imaging, UV-vis and
rheology are used to characterize the optical properties and strength of
gels and relate gel properties with their structures. These novel thermo-
responsive PNIPAM-grafted CNFs are promising functional materials for
application in tissue engineering, smart hydrogels, drug delivery, sen-
sors and bioengineering applications.

2. Experiments
2.1. Materials

All chemicals used were analytical grade and not further purified. N-
(Carbobenzyloxy)-L-phenylalanine, N-isopropylacrylamide (NIPAM),
and sodium persulfate (NayS;0g) were purchased from Sigma-Aldrich.
Aqueous dispersion (0.82 wt%) of TEMPO-oxidized cellulose nano-
fibers (TOCNFs) with a carboxylate content of 1.4 mmol COO'Na*/g
were provided by the University of Maine, USA. Silver nitrate (AgNO3)
and acetonitrile (MeCN) were obtained from Merck. D,O for SANS and
USANS experiment was graciously provided by ACNS, ANSTO.

2.2. Synthesis of PNIPAM

N-CBz-phenylalanine (90 mg, 0.30 mmol, 1 equiv), AgNOs (51 mg,
0.30 mmol, 1 equiv), NasS30g (71.5 mg, 0.30 mmol, 1 equiv), and
NIPAM (1,698 mg, 15 mmol, 50 equiv) were added to a Schlenk tube
and purged with nitrogen gas. Under a nitrogen atmosphere, 5 mL of
degassed DMF:water (1:1) was added. The reaction mixture was stirred
at 70 °C overnight until > 95% monomer conversion confirmed by 'H
NMR [17]. The crude mixture was diluted with THF and precipitated
from diethyl ether 3 times. The resulting polymer was dried under
reduced pressure to obtain PNIPAM as a white solid (My gpc = 85,500 g/
mol; Mw/Mn = 5.27). The gel permeation chromatography (GPC) trace
is provided in the supporting information (S1).
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2.3. Preparation of PNIPAM-g-CNF and PNIPAM-b-CNF suspensions

PNIPAM-g-CNFs were synthesized following a Ag(I)-promoted
decarboxylative method we reported previously [17]. In brief, an
aqueous suspension of PNIPAM and NayS;0g in TEMPO-oxidized CNF
aqueous dispersion was prepared at 60 °C under Ny. A suspension of
AgNO3 in MeCN was added to initiate the reaction at 60 °C for 1 h under
No. PNIPAM-g-CNFs were isolated by repeated washing with water and
warm ethanol followed by dialysis against Milli-Q water for 5 days using
a regenerated cellulose membrane with a molecular weight cut-off of
12,000 Da. The fibers were then freeze-dried for 2 d and stored at
ambient temperature. About 25% of PNIPAM was grafted from CNFs as
quantified by TGA and XPS. Aqueous dispersions of PNIPAM-g-CNFs
(0.5 wt%) were prepared by redispersion in water followed by ultra-
sonication (Sonics VCX 750) for 5 min. For comparison, 0.5 wt% solu-
tion of free PNIPAM was synthesized using a phenylalanine derivative as
a source of carboxylic acid. PNIPAM-b-CNF (0.5 wt%) suspensions were
prepared by adding a known amount of free PNIPAM (25% w/V) to
TOCNFs (75% w/v) and stirring for 24 h followed by sonication for 5
min.

2.4. Small -angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) measurements were con-
ducted at the Bilby beamline using Time-of-flight mode at the Australian
Centre for Neutron Scattering (ACNS), Australian Nuclear Science and
Technology Organisation (ANSTO) [19]. Neutrons with a wavelength
range of 2-20 A (AN = 8.3%) were used to cover a g-range from 0.002
to 0.3 AL, Pure PNIPAM (0.5 wt%), PNIPAM-g-CNF (0.5 wt%), and
PNIPAM-b-CNF (0.5 wt%) dispersed in D20 were loaded in 2 mm quartz
cells and analyzed at 25 °C, 36 °C, and 45 °C. Empty and D,O-filled cells
were used for background scattering correction. Data reduction and
normalization to the absolute scattering cross section were performed
using home-built Mantid software. The reduced SANS curves were
further fitted into the shape dependent form factor model using the
SASFit software [20]. Table 1 shows the scattering length density (SLD)
and the volume fraction of the suspension.

2.5. Ultra-Small-angle neutron scattering (USANS)

Ultra-Small angle neutron scattering (USANS) measurements were
conducted at the Kookaburra beamline at the ACNS, ANSTO using high
flux mode with a 4.74 A wavelength. The suspensions were loaded in 2
mm Kookaburra demountable cells. D,O-filled cells were used for
background scattering correction. Data reduction and normalization to
the absolute scattering cross section were performed using the Kooka-
burra script in a home-built platform GUMTREE [21]. These slits
smeared absolute data were further processed (de-smeared) using Py-
thon script implemented in Mantid software [22] using the Lake algo-
rithm [22,23] before combining with SANS data.

2.6. UV-VIS spectroscopy

UV-Vis absorption spectroscopy was conducted on the Agilent Cary
3500 Multicell Peltier UV-Vis instrument. The suspensions of CNF,
PNIPAM, PNIPAM-g-CNF and PNIPAM-b-CNF were filled in the quartz
cuvettes. Temperature probes are attached to the cuvette to monitor the

Table 1
Scattering length density (SLD) and the volume fraction of TEMPO oxidised CNF
and PNIPAM in the suspension.

Sample SLD x10°° 1/A2 Vol fraction (%)
Deuterium 6.33 -

CNF with COO™ 3.77 0.23

PNIPAM 0.81 0.11
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suspension temperature during measurements. Absorbance was
measured at 600 nm in 0.1 °C interval for a temperature range from 25
to 50 °C at a heating rate of 1 °C/min.

2.7. Rheology

Rheology on the 1 wt% TEMPO oxidized CNF and PNIPAM-g-CNFs
suspensions was conducted on an Anton Paar MCR302 rheometer. A 25
mm parallel plate geometry was used. The storage (G") and loss (G")
moduli were recorded at a constant strain of 1% and an angular fre-
quency(w) of 10 rad/s. The experiments were made at temperature
increasing from 25 to 45 °C with a rate of 1 °C/min and 1 °C interval and
further cooling back from 45 to 25 °C.

2.8. Cryo-Scanning electron microscopy (Cryo-SEM)

Cryo-Scanning electron microscopy (SEM) was conducted on the
PNIPAM-g-CNF (0.5 wt%) sample dispersed in H,0. Two samples were
prepared at below and above LCST temperature (25 °C and 45 °C). The
samples were poured in the gold coated brass container and were plunge
frozen in liquid ethane using an automated EM GP2 freezer (Leica
Microsystems) and stored in liquid nitrogen (LN5) overnight. Next day,
samples were loaded onto a VCT500 cryo transfer shuttle (Leica
Microsystems) inside a VCM (Leica Microsystems) sample handling
station under LNy conditions. Then samples were transferred into an
ACE600 (Leica Microsystems) freeze fracture and sputter coating ma-
chine. Inside the ACE600, samples were kept at —176 °C temperature
while being freeze fractured to reveal the internal structure of the pre-
pared samples. After the fracture was completed, the samples were
freeze etched at —95 °C for 10 min, to enhance the inner features of
samples, by gently sublimating some of the ice away from the surface.
After the freeze etching was completed, samples were sputter coated
with a 10 nm layer of electrically conductive Au/Pd alloy. Finally,
samples were transferred into a NovaNano SEM 450 microscope
(Thermo Scientific) using a VCT500 cryo vacuum transfer holder and
mounted onto the custom built cryo-stage (Leica Microsystems). SEM

PNIPAM-b-CNFs

PNIPAM-g-CNFs

PNIPAM

Absorbance
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imaging was performed using low voltage and current (below 3 kV and
below 100 pA) to avoid sample damage and charging.

2.9. Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) was performed on CNF
suspension diluted to 0.001%. The suspension was sonicated using an
ultrasonic probe at 70% amplitude for 2 min followed by drying on a
plasma-cleaned copper grid. The sample was stained with 2% uranyl
acetate, air dried, and examined at 200 kV using a FEI Tecnai F20 S-
TWIN FEGTEM instrument.

3. Results
3.1. Optical measurements

Fig. 1 shows images and temperature-dependent absorbance of 0.5
wt% PNIPAM, PNIPAM-b-CNF, and PNIPAM-g-CNF aqueous suspensions
below (25 °C) and above LCST (45 °C). The absorbance was measured at
a wavelength of 600 nm. Below LCST, all suspensions are transparent
and show negligible absorbance indicating the formation of structures
smaller than the visible light wavelengths (400-700 nm). The light
directly passes through the suspension without being scattered from
either the PNIPAM or the CNF chains.

Above LCST, PNIPAM and PNIPAM-g-CNF suspensions form gels and
become turbid as large structures that scattered light in multiple di-
rections are formed (Fig. 1a). The absorbance of PNIPAM solutions in-
creases to 2.5 at LCST (32 °C) and remains constant at higher
temperatures (Fig. 1b). However, the absorbance of PNIPAM-g-CNF
starts to increase at 36 °C and reaches a plateau of 1.25 around 40 °C.
The absorbance at the plateau is nearly half that of bulk PNIPAM. This
indicates a shift of the LCST for PNIPAM-g-CNF to a higher temperature
of 36 °C. This is consistent with previous studies where the addition of
hydrophilic molecules shifts the phase transition toward higher tem-
peratures [17,24]. Our previous study [17] also revealed that increasing
the amount of PNIPAM grafted from CNFs does not significantly shift the

b

3.0
2.5 ‘
~— PNIPAM Heating
= = = PNIPAM Cooling
= PNIPAM-b-CNFs Heating
2.04 = = = PNIPAM-b-CNFs Cooling
= PNIPAM-g-CNFs Heating
= = = PNIPAM-g-CNFs Cooling
1.5+
1.0 1
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OO l‘ T T T T T

50 55
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Fig. 1. Effect of thermal transitions on the optical properties of PNIPAM-CNF aqueous systems. (a) Photographs of 0.5 wt% PNIPAM, PNIPAM-b-CNFs, and PNIPAM-
g-CNFs at 25 °Cand 45 °C. (b) Temperature-absorbance (600 nm) curves of 0.5 wt% PNIPAM, PNIPAM-b-CNFs, and PNIPAM-g-CNFs. The temperature range is from

25 °C (below LCST) to 50 °C (above LCST).
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LCST.

Above LCST, the PNIPAM-b-CNF suspension shows a clear phase
separation between CNF and PNIPAM. The bottom of the suspension is
partly transparent while the top section is turbid. The absorbance
sharply increases at LCST and then decreases to a plateau at 0.5. This
abrupt change in absorbance near LCST indicates heterogeneity in the
distribution of CNF and PNIPAM chains in the suspension.

3.2. Behaviour of pure PNIPAM and CNF suspensions with temperature

The combination of small angle neutron scattering (SANS) with
Ultra-SANS (USANS) uses ideal techniques to assess the temperature-
dependent nano- and micro- scale structural changes in the PNIPAM-
CNF network. Fig. 2a shows the SANS curves of PNIPAM (0.5 wt%) in
D50 at 3 critical temperatures: below, at and above LCST. The clear
differences in the scattering profiles indicate changes in PNIPAM chain
conformation below and above LCST. At 25 °C, the power law slope of q°
L0 a¢ q > 0.0025 A1 indicates rod-shaped PNIPAM chains [25]. These
results confirm the extended coil conformation adopted by PNIPAM
chains at room temperature. The slope of q** at lower q values (q <
0.0025 A-1: size > 250 nm) originated from the clustering of PNIPAM
formed during the preparation along with any entanglement of coils.
The high molecular weight and polydispersity of PNIPAM exclude the
presence of the structure factor in the SANS intensity [26,27]. Hore et al.
also observed an upturn in the intensity for the 4% PNIPAM in a
deuterated water suspension above 25 °C [28]. This low q region signal
originates from the composition fluctuations of phase separation or
structural heterogeneities which merges with the signals from inter-
mediate q range signals [27-29]. As temperature increases to 45 °C, the
q"* slope starts early at q < 0.05 A~! indicating the formation of compact
PNIPAM chain aggregates.

The aqueous CNF (0.5 wt%) suspension shows similar scattering
curves at the three temperatures (25 °C, 36 °C and 45 °C) tested, indi-
cating its temperature-independent structural arrangements. (Fig. 2b).
The q2 slope at higher q values (q > 0.05 A™?) reveals the parallelepiped
shape of CNF which is consistent with previous work [30,31]. At in-
termediate q values (0.01 < q < 0.045 A™1), the slope of q”! shows a
linear shape of CNF. However, the slope of ¢ at lower q value (q <
0.003 A1) reveals scattering from the large structure formed by
aggregated CNF as shown in the TEM image in the supporting infor-
mation [S4]. The scattering curve of CNF fits well with the parallele-
piped model as well as with the cylinder model. The fitted CNF curve
with the parallelepiped model is shown in the supporting information
(S2). In both cases, the CNF cross section is about 3 nm x 5 nm,

a b
= 25°C s 25°C
10000 = 36°C = 36°C
= 45°C 101 45°C
1000 %
< 100 55‘ ;
1 K
5 8
< 10l q*=0.04 A1
z 2
2 c
g 1 Lo
c £
0.14
0.01 4 0.01

0.01 0.1
q(A*)

0.1

0.01

q(A™)

Fig. 2. SANS intensity-versus q vector curves of the individual constituents: (a)
PNIPAM in D,O at different critical temperature. (b) CNF in D,O at different
temperatures: 25 °C, 36 °C, 45 °C.
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consistent with literature [31]. The correlation peak (or hump) at
q*=0.04 A1 gives the inter-fiber distance (‘d’) of 14 nm calculated by
the relation d = 2pi/q*.

3.3. Behaviour of PNIPAM blended with CNF (PNIPAM-b-CNF) with
temperature

Fig. 3a shows the merged SANS-USANS curves of blended PNIPAM-b-
CNF, below (25 °C) and above (36 and 45 °C) the LCST of bulk PNIPAM
(32 °C). The differences in the scattering profiles indicate a different
structural arrangement at 25 °C from those at 36 and 45 °C. Interest-
ingly, the scattering profile at 36 and 45 °C (red and green curve in
Fig. 3a) are identical, revealing similar structural arrangement above the
PNIPAM LCST.

At 25 °C, the SANS profile of PNIPAM-b-CNF is similar to that of the
bulk CNF (Fig. 3b). Blending PNIPAM chains has no effect on the mesh
structure of CNF suspensions as the free PNIPAM chains entangle be-
tween the CNF bonded with weak interactions. The SANS curve of
PNIPAM-b-CNF fits well with a cylinder model with the rod diameter of
3-5 nm from the CNF. Details of the fitting are provided in the sup-
porting information (S3). The SANS-USANS curves at 36 and 45 °C are
similar and show two humps: (i) at higher q value (q*=0.04 A=) SANS
region and (ii) at the lower q value (q*=0.00047 A’l)-USANS region.
The hump at high q value is from the CNF mesh structure. However, the
hump at the low q range indicates the formation of large structures from
the aggregation of PNIPAM chains which have formed compact
globules.

These SANS curves fit well with the form factor of a cylinder
(diameter 3-5 nm) combined with a sphere (diameter 640 nm). The
large sphere represents the aggregate of PNIPAM chains in the CNF
network. The interparticle distance between these aggregates is 1350
nm evaluated from the correlation peak at q*=0.00047 A~L. The scat-
tering from the spherical structure model contains both the PNIPAM and
CNF fractions. Moreover, additional CNF and NIPAM fibers connected
with the sphere contribute to the scattering. Thus, it is difficult to
determine reliable I(q = 0) to extract the specific composition fraction of
NIPAM and CNF in this system. Additionally, the intensity in SANS/
USANS region is still going up at low q which indicates that there are
structures larger than the size range these techniques cover. This poses
difficulty to get volume fraction information. For simplicity, we assumed
a simple spherical and cylinder model to fit the SANS-USANS curves
without adding further complexity.

3.4. Behaviour of PNIPAM grafted on CNF (PNIPAM-g-CNF) with
temperature

Fig. 4a shows the SANS-USANS curves for grafted PNIPAM-g-CNF
measured below (25 °C), at (36 °C) and above (45 °C) the LCST of
PNIPAM-g-CNF. The scattering curve of PNIPAM-g-CNF at 25 °C shows
two correlation humps while PNIPAM-b-CNF displays a single hump
(Fig. 5a). The first hump (at q*=0.04 A™!) in both samples is similar
which is from the CNF mesh structure.

At 25 °C, the hump between 0.004 < q < 0.02 A~ differs from the
CNF scattering curve, revealing scattering from the structural changes
due to grafted PNIPAM chains. The hump is centred at q* = 0.0097 A~
which gives an interparticle distance of 65 nm + 2 nm. The scattering
curve of PNIPAM-g-CNF at 25 °C is well fitted by the two cylinders
model. The diameter of the smaller cylinder is about 3 nm which cor-
responds to the CNF diameter. The large cylinders 20 nm in diameter are
bundles formed by nearby CNF. The inter spacing between these bundles
is 65 nm + 2 nm.

At LCST (36 °C), the SANS-USANS curve shows an increase in scat-
tering intensity with a broad hump at q*=0.0031 A1, The broadness of
this hump reveals a large size distribution of the structures formed and
the position of the hump gives an interparticle distance of 200 nm + 3
nm. Above LCST (45 °C), the SANS-USANS curve shows two clear humps
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Fig. 3. (a) SANS-USANS curves of the blended systems including PNIPAM-b-CNF in D50 suspension at different temperatures: 25 °C, 36 °C and 45 °C. (b) SANS-

USANS curves of PNIPAM-b-CNF and CNF in D,0O at 25 °C.

centred at q* = 0.0023 A~! and 0.0167 A~'. These two humps indicate
the formation of homogenous structures and the primary hump at q =
0.0023 A~! gives an interparticle distances of 290 nm + 5 nm.

The SANS scattering curves of PNIPAM-g-CNF at 36 °C and 45 °C
both fit well with the model of a sphere combined with a cylinder. The
fitted curve is presented in the supporting information (S4). The cylinder
diameter of 3-5 nm at 36 °C is similar to CNF. However, the cylinder
diameter increases to 10 nm (at 45 °C) which indicates a growth in the
thickness of the CNF due to the conformation change of the corona from
the PNIPAM grafted from the CNF surface. The sphere diameter (for
36 °C) is about 50 nm. The spheres are formed by the partly closed
structures of PNIPAM chains which are entangled with the CNF. The
spaces between these spheres are about 200 nm which corresponds to
the void space between CNF entangled by PNIPAM. The sphere diameter
(for 45 °C) also increases to 100 nm. The large sphere is formed by the
entangled CNF collapsed by the conformation change of the PNIPAM
chains. The void spaces between these spheres also increase to about
290 nm.

At 25 °C, the slope of q!7 in the intermediate q value reveals the
open conformation of the PNIPAM chains and CNF fibrils. Increasing
temperature to LCST increases the slope to g2 indicating the formation
of fractals which become more compact above LCST where the slope
increases to q'3‘1. The compactness originates from the closed confor-
mation of grafted PNIPAM and its effect on the nearby CNF.

Cryo-SEM is conducted to visualize the internal structure of the
PNIPAM-g-CNF gel below and above the LCST temperature (25 and
45°C) (Fig. 4 c and d). The micrograph for the sample below LCST shows
the open structures of the PNIPAM-g-CNF. The inset in Fig. 4c clearly
reveals that large open structures are formed. However, for the sample
above the LCST, better ordered and aligned structures with regular and
closed unit cells are observed (Fig. 4d). These results obtained from the
real space imaging by cryo-SEM agree well with the SANS-USANS data
analysis.

3.5. Comparison of blended and grafted PNIPAM-CNF systems at
different temperature

Fig. 5 compares the SANS-USANS curves of PNIPAM-g-CNF with
PNIPAM-b-CNF suspensions at different temperatures. There are
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noticeable differences as changes in the PNIPAM chains’ conformation
with temperature lead to different structural arrangements between the
blended and grafted PNIPAM- CNF systems.

At 36 °C, the hump at the higher q values in both PNIPAM-g-CNF and
PNIPAM-b-CNF is from the CNF mesh structure. However, the broad
hump in the intermediate q values of PNIPAM-g-CNF is from the
entangled PNIPAM/CNF structure which forms voids of 200 nm. The
hump shifts towards the lower q values for the PNIPAM-b-CNF indi-
cating the formation of large phase separated structures of aggregated
PNIPAM chains.

At 45 °C, the scattering of PNIPAM-b-CNF is similar to the blended
sample at 36 °C indicating no effect of temperature on phase separated
PNIPAM and CNF. However, the SANS curve of PNIPAM-g-CNF shows
two humps indicating the formation of homogenous size structures
separated by a regular and finite distance. The formed structures are the
voids which grow to a larger size of 290 nm.

3.6. Rheology

Fig. 6 presents the rheological properties of TEMPO-oxidised CNF,
bulk PNIPAM, PNIPAM-b-CNF, and PNIPAM-g-CNF suspensions. The
storage (G’) and loss (G’’) moduli are quantified as a function of tem-
perature. G’ and G*’ describe the solid-like and liquid-like behaviour of
the material, respectively. The viscoelastic properties of TEMPO-
oxidised CNF are not significantly affected by temperature. Bulk PNI-
PAM, on the other hand, displays higher moduli relative to CNF as
shown in Fig. 6b. A significant increase in moduli is observed at 32 °C,
with the magnitude of G”> dominating that of G’ over almost the full
range of temperature tested. PNIPAM-b-CNFs shows a similar pattern as
bulk PNIPAM with a remarkable increase in G’ observed at 32 °C.
Interestingly, cooling measurements reveal the viscoelastic behaviour of
the PNIPAM-CNF to be irreversible. The PNIPAM-g-CNF suspension
displays a temperature-dependent sol-gel transition at 36 °C. Below this
temperature, G’ is greater than G’, showing the PNIPAM-g-CNF sus-
pension behaves as a stable sol. However, above 36 C, G’ becomes
dominant over G”’ indicating that it has transitioned into a solid-like
material.

Table 2 summarizes the G’ of CNFs, bulk PNIPAM, PNIPAM-b-CNF,
and PNIPAM-g-CNF at different temperatures. The viscoelastic
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Fig. 4. SANS-USANS curves of (a) grafted PNIPAM-g-CNF in the D,0 suspension at different temperatures: 25 °C, 36 °C and 45 °C. (b) SANS-USANS curve of PNIPAM
in D50 at 25 °C. Cryo-Scanning electron microscope (Cryo-SEM) images of (c¢) PNIPAM-g-CNF in the H,O suspension quenched in liquid ethane from equilibrium at

different temperatures ()25 °C (d) 45 °C. Inset shows the enlarge image.

properties of CNF suspensions are not significantly affected by temper-
ature. Bulk PNIPAM and PNIPAM-b-CNFs display similar behaviour: G’
increases at 36 °C and slightly decreased at 45 °C. At all temperatures
tested, G* of PNIPAM-b-CNF is lower than that of PNIPAM. Interestingly,
grafting PNIPAM from CNF dramatically increases its storage modulus
when heated above its LCST. At 45 °C, a 25-fold increase in G’ is
observed in PNIPAM-g-CNF relative to PNIPAM.

4. Discussion

The temperature-dependent structural changes of the PNIPAM-
grafted CNF (PNIPAM-g-CNF) gel were evaluated and compared with
the bulk PNIPAM and PNIPAM-blended CNF (PNIPAM-b-CNF) gels. The
structural changes in the system affect both the LCST and the strength of
the gel.

Absorbance and rheological measurements reveal an LCST of 32 °C
for the bulk PNIPAM which is consistent with previous studies [32,33].
Below LCST (25 °C), PNIPAM aqueous suspensions are transparent
(Fig. 1) and demonstrate a liquid-like behaviour in rheology (Fig. 6b).
PNIPAM is hydrophilic in water as the amide groups are hydrated by the
surrounding water molecules via hydrogen bonding [34,35]. Thus, the
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PNIPAM chain adopts an open coil conformation which contributes to a
liquid like behaviour (Fig. 7a). At and above LCST, H-bonds between the
amide groups of PNIPAM become energetically more favourable than
inter-molecular bonds with surrounding water molecules. This causes
new intra- and inter-chain H-bond formation between the amide groups
of PNIPAM leading to a change in conformation from coil to globule
(Fig. 7a) [35].

Similarity in the scattering curves of blended PNIPAM-b-CNF and
pristine CNF at room temperature (Fig. 3b) indicates that blending
PNIPAM has no effect on the CNF network. In this CNF network, the
blended PNIPAM chains have only weak interactions with CNF and do
not constrain the CNF structural arrangement. The PNIPAM chains move
freely in an open coil conformation as separated entities in the CNF
network, producing a free-flowing liquid like suspension. The LCST of
PNIPAM-b-CNF is similar to that of the bulk PNIPAM which is due to the
free movement of the PNIPAM chains. Above the LCST, the PNIPAM-b-
CNF shows phase separation in the optical images (Fig. 1a). Above LCST,
free PNIPAM chains in the CNF network change their conformation to
globular, entangle and form large aggregates 640 nm in diameter which
are 1350 nm apart (red lines in the Fig. 7b).

In PNIPAM-g-CNF suspensions, the thermal transition (LCST 36 °C) is
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Table 2

Storage moduli (G’) of 0.5 wt% TEMPO-oxidized CNFs, bulk PNIPAM, PNIPAM-
b-CNFs, and PNIPAM-g-CNFs at 25 °C, 36 °C, and 45 °C. Measurements were
performed at a constant strain of 1%, angular frequency of 10 rad/s, and heating
rate of 1°'C/min.

Sample Storage modulus, G’ (Pa)

25°C 36 °C 45°C
CNF 5.64 x 10 7.01 x 10° 3.29 x 10°
PNIPAM 4.48 x 10° 3.54 1.56
PNIPAM-b-CNF 1.32 x 10° 1.86 0.82
PNIPAM-g-CNF 6.04 x 107 0.30 38.47
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close to the normal human body temperature, providing the potential
for this material to be used in functional biomedical applications. The
LCST of PNIPAM is highly affected by several polymer properties such as
substituent groups, grafting density, molecular weight, and tacticity
[36-40]. The shift in LCST is ascribed to the changes in the hydrophobic
interactions and hydrogen bonding between PNIPAM and water. In this
system, an increase in LCST for PNIPAM-g-CNF is driven by the limita-
tions on the PNIPAM chains mobility due to one end immobilized onto
the CNF. These new structural measurements support previous work of
PNIPAM-grafted cellulose nanocrystals [41,42]. Below the LCST, PNI-
PAM chains’ free-end entangles with the nearby CNF to form smaller
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Fig. 7. (a) Schematic mechanism of the PNIPAM conformation below and above LCST. (b) Schematic of the blended PNIPAM-b-CNF conformation below and above
LCST (c) Schematic of the grafted PNIPAM-g-CNF conformation below and above LCST.

and loosely interacting CNF bundles of thickness 20 nm which are 65 nm
apart (Fig. 7c). The weak interaction between PNIPAM and CNF in the
network creates a free-flowing suspension. At the LCST, the PNIPAM
chains change conformation from an open coil towards a collapsing
structure. Upon this changing conformation, the PNIPAM chains
entangle and become closer to nearby PNIPAM/CNF units also by
physical entanglement. As the nearby CNF rods come closer together,
they create boundaries with PNIPAM/CNF nodes which are 50 nm thick.
The large structures are formed within the suspension by fiber exclusion
creating voids 200 nm in size. The multiple visible light scatterings from
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the CNF/PNIPAM boundaries and voids in all directions make the sus-
pension turbid. Above LCST, the PNIPAM chains dehydrate and collapse
completely into a compact globule. These collapsing PNIPAM/CNF
bundles form large agglomeration bundles of PNIPAM/CNF nodes 100
nm in size which also increase the void size to 290 nm. These voids and
boundaries are homogenous in size, as indicated by the readily
observable correlation humps in the SANS. The large structures formed
by voids separated by PNIPAM/CNF thick boundaries keep the suspen-
sion turbid and opaque.

Above LCST (45 °C), the grafted PNIPAM-g-CNF shows a solid-like
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gel behaviour with the elastic modulus (G’) increased by a factor 25x
higher than PNIPAM and 47 x higher than the blended PNIPAM-b-CNF
system. Grafting PNIPAM from CNF significantly increases the strength
of the gel, while blending PNIPAM weakens it. The weakness in the
PNIPAM-b-CNF material may result from the phase separation at higher
temperature (Fig. 1a). The weak interaction between aggregated PNI-
PAM and CNF structures does not support the overall network structure
and weakens the gel. However, for the PNIPAM-g-CNF, the dense bundle
wall of PNIPAM/CNF and the organised void structures increases the gel
strength.

5. Conclusion

Inspired by the vast emerging applications of PNIPAM [1-3], we
grafted this thermo-responsive polymer from CNFs and studied the ef-
fect of temperature on the conformation and functionality of the
resulting polymer hybrid. Whilst our previous study [17] showed the
efficient grafting of PNIPAM from CNFs, the current study presents a
fundamental understanding of temperature dependent nano- and micro-
scale structural arrangement due to changes in grafted PNIPAM
conformation on CNF. Through SANS-USANS and other complementary
analyses, we elucidated the changes in conformation and functionality
of a) PNIPAM, b) PNIPAM-grafted CNFs (PNIPAM-g-CNFs) and c)
PNIPAM-blended CNFs (PNIPAM-b-CNFs) as affected by temperature.

Below LCST (25 °C), these suspensions in water all demonstrate a
transparent-liquid like behaviour. The hydrophilic PNIPAM remains in
an open, extended coil conformation and the weak CNF-PNIPAM
interaction leads to a transparent and free flowing suspension. At the
LCST, the suspension changes from being free flowing to a gel-like liquid
due to the globular conformation of PNIPAM.

In PNIPAM-b-CNF gels, above LCST, the free PNIPAM chains
collapse, agglomerate and form large size aggregates in the CNF
network. The blended PNIPAM chains do not affect CNF mesh structure.
The weak interaction between CNF and PNIPAM forms weak gels. The
large size of the aggregates leads to multiple light scattering which
renders the suspension turbid.

In the PNIPAM-g-CNF suspensions, the PNIPAM chains bring the
nearby CNFs closer together by physical entanglement at the LCST. As
some nearby CNFs come closer, the distance between other CNF units
increases which creates large voids 200 nm in size. The entangled
PNIPAM-CNF structures form the boundaries of these voids. Above
LCST, the PNIPAM chains collapse completely and form a compact
globule which entangles further more CNFs and brings them closer
together. This further expands the average void size to 290 nm. The
resultant voids and PNIPAM/CNF bundle boundaries are homoge-
neously distributed in suspension, and they inhibit the free movement of
PNIPAM and CNF, increasing the gel strength. Gels made from grafted
PNIPAM-g-CNF are nearly 50 times stronger (as measured with G’) than
those from blended PNIPAM-b-CNF. This phenomenon is reversible
upon varying temperature below and above LCST. These new structural
measurements support previous work of PNIPAM-g-CNC [41,42].
Grafting PNIPAM from CNF increases the LCST from 32 to 36 °C. The
grafting process covalently links the PNIPAM with the CNFs, which
constrains the movement of the PNIPAM chains in the network. Thus, for
the PNIPAM chains to aggregate above the LCST, the CNFs must move to
create denser bundles and voids. The energetic penalty of this reorga-
nization is likely responsible for the increase in LCST observed.

As PNIPAM-g-CNFs have an LCST close to human body temperature,
applications in the biomedical field can be explored. The temperature-
dependent conformation of PNIPAM chains grafted on CNF at
different pH and salt concentrations can be further studied. This would
allow the manipulation of the thermosensitive behaviour of grafted
PNIPAM-g-CNF hydrogels with varying gel structure, strength and
gelation temperature. These are important variables for biomedical
applications such as organoids culture [43], drug delivery, smart sensing
and tissue engineering.
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