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A novel mechanism of heat-triggered gelation for oxidised cellulose nanofibrils (OCNF) is reported. We
demonstrate that a synergistic approach combining rheology, small-angle X-ray scattering (SAXS) and
saturation transfer difference NMR (STD NMR) experiments enables a detailed characterisation of gela-
tion at different length scales. OCNF dispersions experience an increase in solid-like behaviour upon heat-
ing as evidenced by rheological studies, associated with enhanced interfibrillar interactions measured
using SAXS. Interactions result in an increased fibrillar overlap and increased population of confined
water molecules monitored by STD NMR. In comparison, cationic cellulose nanofibrils (produced by reac-
tion of cellulose with trimethylglycidylammonium chloride) were found to be heat-unresponsive.
� 2018 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
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1. Introduction easily follow the changes in water confinement in systems consti-
There is an enormous interest in cellulose based hydrogels as
inexpensive and biodegradable gels, for their industrial and sus-
tainable applications. Cellulose naturally occurs in plant cell walls
as a hierarchical assembly of fibrils, tightly bonded via multiple
hydrogen bonds [1,2]. Cellulose and cellulose derivatives are
becoming of great importance for the production of a wide range
of biodegradable materials, as their rheological properties have
gained great importance for several applications ranging from drug
release [3], microbeads [4], to functional ingredients in food (e.g.
thickeners, stabilizers, gelling agents) [5–7].

Due to strong attractive forces between fibrils, cellulose aque-
ous dispersions have poor stability, which can be improved by
the introduction of repulsive interactions [8]. For instance, the
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidation of the primary OH groups is one of the most commonly
used surface modifications, which selectively introduces nega-
tively charged carboxylate groups at the C6 position of the glucose
rings of cellulose [9–11]. The TEMPO-mediated oxidation yields
stable anionic oxidised cellulose nanofibrils (OCNF) with high sur-
face charge (f-potential < �30 mV) [12]. The large aspect ratio of
OCNF ( 5 nm diameter, up to few lm length) leads to a low overlap
concentration (i.e., the minimum volume fraction of particle neces-
sary for particle-particle interactions to occur) and hydrogels can
formwith a water content up to 99.9% [8,13,14]. The gelation prop-
erties of OCNF aqueous dispersions have been widely investigated
under different conditions by varying pH [8], electrolyte [12,15]
and surfactant [6,14] concentrations, showing a wide span of rhe-
ological properties. In several studies, cation-induced gelation of
OCNF, due to screening of the negative charges, has been reported
[12,15,16]. Crawford et al. first demonstrated a surfactant-induced
gelation, proposing either a depletion flocculation mechanism or a
micellar crosslinking between fibrils [6]. More recently, stable
shear thinning dispersions have been also reported using cationic
cellulose nanofibrils (CCNF) [17,18]. However, to the best of our
knowledge, the gelation of OCNF dispersions triggered only by
temperature has never been reported before. Previous gelation
processes have required addition of acids, oppositely charged ions
or surfactants.

In this work, we investigate a yet unreported reversible physical
gelation induced by temperature alone without any structural or
chemical change in the OCNF. By raising the temperature, weak
physicals gels were obtained from OCNF dispersions. Further rheo-
logical investigations revealed the reversibility of the process.
Since the only input to this system was the increased temperature,
we hypothesised that the interactions between the OCNF and
water could be important to understand the mechanism of gela-
tion. Studies of the structure and dynamics of water by NMR have
so far largely relied on the determination of 1H T1 and T2 relaxation
times [19,20]. However, while the former can be misinterpreted
due to its symmetric behaviour at short and long correlation times
(i.e. high T1 times might indicate either very fast or very slow
dynamics), the latter is strongly affected by the kinetics of chemi-
cal exchange, thus hindering the real impact of molecular motion
on T2 relaxation. On these grounds, we have instead used an
NMR approach based on the saturation transfer difference (STD)
experiment on D2O hydrogel samples which overcomes the draw-
backs of NMR relaxation measurements. It is based on monitoring
the STD signal of the residually protonated water (HDO) in hydro-
gel samples prepared in D2O. It should be noted that STD NMR has
been applied before to the study of small molecule gelators focus-
ing on the NMR signals of the gelator, but the technique is
restricted to relatively small molecules even using high field
NMR [21]. Here, we demonstrate that STD NMR can be used to
tuted by nanoparticulate gelators (cellulose derivatives) undergo-
ing a sol-to-gel transition. Hence, herein we describe the
reversible heat-induced gelation of OCNF aqueous dispersion. Cou-
pling STD-NMR with rheology measurements and small angle x-
ray scattering to determine network structures, provides detailed
structural insights into the gelation mechanisms upon increased
temperature, both at the mesoscale level and at the molecular
level.
2. Materials and methods

2.1. Sample preparation

OCNF, prepared as described previously using a TEMPO/NaOCl/
NaBr oxidation [13] followed by high pressure homogenization,
were provided by Croda, as a solid paste in water (ca. 8 wt% OCNF).
The degree of oxidation was determined to be 25% (f-potential
� �55 mV), measured by conductometric titration [13,22,23].

CCNF with a degree of substitution of 26% (f-potential �
+50 mV) were obtained treating a-cellulose (product number
C8002) powder with glycidyltrimethylammonium chloride
(�90%) (GTMAC), both purchased from Sigma-Aldrich�. Ethanol
(>95%), NaOH (�97%) and HCl (37%) were purchased from Sigma-
Aldrich�. Ultrapure deionized water, DI, (18.2 MX�cm) was used
throughout.

OCNF were purified by dialysis to remove residual salts and
preservatives [24]. Approximatively 20 g of OCNF were suspended
in 100 mL of DI and stirred at room temperature for 30 min, the
dispersion acidified to pH 3 using 1 M HCl (aq) and dialysed against
DI (Sigma-Aldrich� cellulose dialysis tubing, molecular weight cut-
off of 12,400 Da) for 3 days with daily replacement of DI. The dial-
ysed OCNF were processed via mechanical shear (ULTRA TURRAX,
IKA T25 digital, 30 min at 6500 rpm) and the pH adjusted to 7
using 0.1 M NaOH (aq). After a second dialysis step (as previously
reported) the dispersion was diluted to ca 2 wt% (dry basis) and
dispersed by sonication: Ultrasonic Processor FB-505, Fisher,
200 W�cm�2, equipped with a 1 cm probe, using a series of 1 s on
1 s off in pulse mode for a net time of 5 mins at 60% amplitude
on ca 45 mL dispersion contained in an ice bath. The GTMAC graft-
ing of a-cellulose was carried out following the semi-dry protocol
suggested by Zaman et al. [18]. The functionalization was per-
formed using 1 g of NaOH, 20 g of a-cellulose, 7.2 g of DI and
36.4 g of GTMAC. The CCNF dispersion was dialysed and dispersed
as previously described for OCNF. The solid contents (wt%) of the
OCNF and CCNF dispersions were obtained by drying approxi-
mately 10 g of the dispersion in an oven at 60 �C until constant
mass was achieved. The final concentration was calculated based
on the average of three measurements. Specific concentrations of
OCNF and CCNF dispersions were obtained via dilution of the stock
dispersions.
2.2. Rheology

The rheological measurements were performed using a stress-
controlled rheometer (Discovery HR3, TA instruments�) equipped
with a sandblasted plate-plate geometry (40 mm). The samples
were used without any further processing and the edge of the sam-
ple was covered with a thin layer of mineral oil to prevent evapo-
ration and further covered with a solvent trap to ensure
homogeneity of temperature within the chamber. Two types of
experiments were conducted. Small amplitude oscillatory shear
(SAOS) experiments at 0.1% strain and 10 rad s�1 angular fre-
quency and steady state flow curves. The SAOS rheology experi-
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ments were performed within the linear viscoelastic region as
determined by amplitude and frequency sweeps experiments. To
establish the same deformational history for all the samples,
1 min of rotational pre-shear at constant shear of 1 s�1 was
applied, afterwards, the samples were subject to the following
sequence of experiments: (i) thixotropy loop with increase in shear
rate from 0.1 to 100 s�1 in 161 s, then reversed; (ii) SAOS-time
ramp of 60 min; (iii) SAOS-heating ramp, from 25 to 80 �C with a
heating rate of 5 �C min�1; (iv) SAOS-time ramp of 30 min; (v)
SAOS-cooling ramp, from 80 to 25 �C with a heating rate of
5 �C min�1; (vi) SAOS-time ramp of 60 min and (vii) thixotropy
loop as described in (i).

The percentage recoverable energy, RE%, derived from the thix-
otropy loop was obtained by Eq. (1), where Ai is the area under the
shear viscosity curve upon increase of shear rate (0.1–100 s�1) and
Ad is the area under the shear viscosity curve upon decrease of
shear rate (100–0.1 s�1).

RE% ¼ Ad

Ai

� �
100 ð1Þ

In addition, a power law model [25], Eq. (2), for the shear vis-
cosity from 0.1 to 100 s�1 was used to describe the magnitude of
the shear-thinning behaviour.

g / _cn ð2Þ
where _c is the shear rate and n is the power law exponent, which
can be derived from the slope of the curve in the logarithmic
representation.

2.3. Fluorescent probe

Surface hydrophobicity of OCNF was probed using the fluores-
cent probe 6-propionyl-2-(N,N-dimethylamino)- naphthalene
(PRODAN, �98.0% Sigma-Aldrich�). A PRODAN in methanol
(�98.0% Sigma-Aldrich�) stock solution of 0.32% [w/v] was pre-
pared and stored in the dark at 15 �C. 10 lL of the PRODAN stock
solution was added to 2 mL OCNF dispersions at 0.012, 0.05 and
0.1 wt% before and after heating (80 �C for 30 min) followed by
gentle shaking. The measurements were performed in the dark
after the samples were kept in the dark for at least 2 h prior to
measurement. The relative fluorescence intensity (RFI) was mea-
sured in a spectrofluorometer (Perkin Elmer LS 50B) as a function
of the emission scan. The excitation wavelength used was
365 nm and the emission scanned from 400 to 650 nm with exci-
tation slit widths at 5 nm as reported by Haskard et al. [26].

2.4. UV-visible spectrophotometry

Measurement of transmitted light (%) was used to detect
interfibrillar aggregation using a UV-Vis spectrophotometer
(Agilent�/HP 8453). Dispersions were degassed (in a sonicating
bath), and loaded into a quartz cuvette (Hellma Analytics�,
1 � 1 � 5 cm). Subsequently, a layer of mineral oil was placed on
the top of the dispersions to prevent solvent evaporation during
the heating process. The cuvette was immersed for 2/3 of its height
in a water bath at 80 �C for 30 min, ensuring that the dispersionwas
completely immersedbelowthewater-bath level. The sampleswere
equilibrated at room temperature for at least 2 h before measure-
ments. The transmittance spectrum was obtained between 500
and 800 nm and plotted as function of wavelength (nm).

2.5. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) measurements were per-
formed at Diamond light source (Didcot, Oxfordshire), on the I22
beamline with a beam energy E = 12.4 keV and wavelength k = 1
Å. The data were collected using a Pilatus P3-2M (Silicon hybrid
pixel detector, DECTRIS) with a total acquisition time of 7 s (as
an average of multiple frames of 100 ms). The probed q-range
was 0.005–0.75 Å�1

, where q is the scattering vector. The samples
were loaded into glass capillary tubes (Capillary tube supplies
Ltd�) of 1.5 mm external diameter. To avoid solvent evaporation,
heated samples were sealed with mineral oil and prepared in a water
bath at 80 �C for 30 min followed by cooling at room temperature.
The measured scattered intensity I(q) (cm�1) is defined for dilute iso-
tropic suspensions as follows [27]

I qð Þ ¼ uVp Dpð Þ2P qð ÞS qð Þ þ bkg ð3Þ

where u is the volume fraction occupied by the particles, Vp is the
volume of the particles (in cm3), Dp is the difference in scattering
length density between the dispersed particles and the solvent (in
cm�2), P(q) is the normalized form factor which describes the shape
and size of the particles, S(q) is the structure factor and describes
interference of the X-ray beam with multiple objects, usually asso-
ciated with particle-particle interactions, and bkg is the background.
The scattering data were background subtracted, and, in agreement
with the particle morphology observed in transmission electron
microscopy (TEM) measurements [13,18], cellulose fibrils were
modelled as rigid cylinders with an elliptical cross section and a
uniform scattering length density. As such, the major radius of the
cross-section (ra) and radius axial ratio (q) were fitted variables
while the value of the fibril length (L) was kept fixed in agreement
with previous TEM measurements, 300 and 1000 nm respectively
for CCNF [18,28] and OCNF [13]. The interactions between the rigid
fibrils were modelled using the Random Phase Approximation (RPA)
[27,29,30], with the parameter mRPA describing the strength of the
interactions. Positive values of mRPA are associated with repulsive
interaction between rods, while negative values are associated with
attractive interactions. This model, based on mean-field theory has
been studied extensively in the literature and recently applied for
oxidised cellulose nanofibrils [31].
2.6. Nuclear magnetic resonance spectroscopy

All the solution state NMR experiments were carried out using a
Bruker Avance I spectrometer operating at a 1H frequency of
499.69 MHz equipped with a 5 mm probe. Around 700 mL of dis-
persion (4 and 1 wt%) in 99.9% D2O (Sigma-Aldrich�) was pipetted
into a 5 mm NMR tube at room temperature. It should be noted
that the cellulose dispersions (OCNF and CCNF) were not solvent
exchanged in D2O beforehand; therefore, the final concentration
of exchangeable protons (hence HDO) in the gels was proportional
to the OCNF and CCNF concentrations used (1 and 4 wt%). Variable
temperature (VT) experiments were performed from 25 to 80 �C, at
different intervals, allowing thermal stabilisation of the sample for
20 min before acquisition. All the experiments were carried out
using a 5 s relaxation delay. The analysis of the NMR spectra was
focused on the HDO residual signal.

1H–13C HSQC and NOESY experiments were carried out for the
characterisation of OCNF 1 wt%, before and after heating the sam-
ple at 80 �C (1H spectrum of CCNF 1 wt% showed very large broad-
ening precluding further characterisation). A coaxial tube
containing toluene-d8 was used within the 5 mm NMR tube for
chemical shift referencing at different temperatures. Thus, 1H and
1H–13C HSQC experiments were referenced to the chemical shift
values of the residual methyl peak of toluene-d8 (2.08 ppm) [5].
Phase-sensitive HSQC experiments with 1H–13C correlation via
double inept transfer were acquired with 256 increments in the
F1 dimension. Phase-sensitive NOESY experiments with water
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suppression with gradients were carried out at 100, 200, 300, 400
and 500 ms mixing time with 128 increments in F1.

Saturation Transfer Difference (STD) NMR experiments [32]
were performed by selective 1H saturation of the OCNF and CCNF
networks (resonances below 0 ppm), employing a spoil sequence
to remove unwanted magnetization. Cascades of 49 ms Gaussian-
shaped pulses at a field strength of 50 Hz were employed, with a
delay of 4 ms between successive pulses, for a total saturation time
of 4 s. The on-resonance and off-resonance frequencies were set to
�1 and 50 ppm, respectively, and a recycle delay of 5 s was used.
The STD spectra were obtained by subtracting the on- from the
off-resonance spectrum (Isat and I0, respectively, yESI, Figs. S1 and
S2). To determine the STD response (gSTD) of the HDO peak (which
is proportional to the fraction of bound HDO), its signal intensity in
the difference spectrum (ISTD) was integrated relative to the signal
intensity in the off-resonance spectrum (I0) [33].

gSTD ¼ I0 � Isat
I0

� �
100 ¼ ISTD

I0

� �
100 ð4Þ
Fig. 1. Storage (G0) and loss (G00) moduli as function of temperature and time, (a)
1.25 wt% OCNF dispersion and (b) 1 wt% CCNF dispersion. The OCNF solid content of
3. Results and discussion

Examination of the rheological behaviour of CCNF dispersions
showed no effect of temperature. However, OCNF dispersions
revealed a striking sol-to-gel transition upon heating, never
observed before, to our knowledge, for a cellulose-based dispersion
(Fig. 1).
1.25 wt% was selected over 1 wt% as the heat-induced gelation effect is more
pronounced at this concentration (yESI, Fig. S3 for OCNF at 1, 1.5 and 1.75 wt%). (ii)
The concentration of the fibrils used in all experiments is well above the overlap
concentration, calculated to be substantially less than 0.1 wt% [6]. Error for intrinsic
limitation of sample loading and equipment of ca. 5%. This is within the size of the
symbols used on the graphs.

Fig. 2. Shear viscosity loop (Pa�s) of OCNF and OCNF* (heated) 1.25 wt% dispersions.
The increase and decrease of the shear (s�1) is indicated by the arrows. The dashed
line corresponds to the fitted power law model (Eq. (2), for shear rate from 0.39 to
100 s�1, R2 > 0.99). Error for intrinsic limitation of sample loading and equipment of
ca. 5%. This is within the size of the symbols used on the graphs.
3.1. Evidencing the heat-induced gelation of OCNF dispersions:
rheology

The 1.25 wt% OCNF dispersion sol-to-gel transition was anal-
ysed using measurements of storage (G0) and loss (G00) moduli of
the dispersion as a function of temperature and compared with a
1 wt% CCNF dispersion (Fig. 1, yESI, Fig. S3 for OCNF at 1, 1.5,
1.75 and 4 wt%). In the first time ramp, the OCNF dispersion
showed a time dependent G0 similar to the behaviour observed
by Veen et al. [34] for bacterial cellulose dispersions, associated
with the reformation of the cellulose fibrillar contacts after disrup-
tion of the network induced by the loading of the sample in the
rheometer. During the temperature ramp, G0 sharply increased
with temperature rise from 25 to 80 �C, then reached equilibration
at 80 �C. Surprisingly, G0 continued to increase upon cooling (from
80 to 25 �C). The evolution of G0 and G00 upon heating, with G0<G00

before heating and G0 > G00 after heating, indicates that the OCNF
dispersion underwent a heat-induced sol-to-gel transition. It is
noted that the OCNF dispersion showed an increase in G0 of one
order of magnitude upon heating, while the value of G” remains
constant. As such, the system increased in overall elasticity (G0),
while the viscous component (G00) remained constant. After cooling
down to room temperature, G0 and G00 remained constant. For CCNF
dispersions a slight increase in G0 was observed upon equilibration
at 80 �C, but neither G0 nor G” changed significantly upon heating,
indicating that, unlike OCNF, the rheological properties of the CCNF
dispersions are insensitive to the heating process at this
concentration.

In order to gain information regarding the rearrangement of the
network upon shear of the non-heated OCNF and heated OCNF
(OCNF*), we carried out thixotropy loop experiments, before and
after the heating loop previously described (in situ heating). It is
noted that the results of the thixotropy loop are strictly dependent
on the time frame in which the increase and decrease of the shear
rate occurs. Due to this, a faster thixotropic loop could produce a
different outcome than a slower loop. Regardless, as the conditions
for each loop remain the same, the thixotropy loop provides com-
parable information about the material.

At first the shear viscosity of the OCNF* dispersion had a value
almost two orders of magnitude greater than that of the OCNF
dispersion (at 0.1 s�1), confirming that the OCNF forms a stronger
network upon heating (Fig. 2). The OCNF dispersion is a non-
thixotropic fluid, indicating that particle interactions are quickly
restored after disruption induced by shear flow [35]. On the con-
trary, the OCNF* dispersion showed a considerable work softening
behaviour [36] characteristic of gel-like materials, where a slow



Fig. 3. UV-Vis transmittance spectra of the OCNF and OCNF* dispersions at 0.5 and
1 wt%, dashed and solid line respectively. Error for intrinsic limitation of the
equipment of ca. 1% is within the width of the line.

Fig. 4. SAXS patterns for (a) 1 wt% OCNF (in blue) and OCNF* (in red) dispersions
and (b) 1 wt% CCNF (in blue) and CCNF* (in red) dispersions. Intensity is given in
absolute scaling (cm�1), errors in the value of the intensity are given on the graph.
The black lines are the fits given by a model of interacting rigid cylinders with an
elliptical cross-section. Dashed lines indicate the slopes where Dm is obtained. For
CCNF and CCNF*, the slope in the q-range 0.02–0.06 Å�1 is �q�1 as expected for
fibrillar objects. Images of 1 wt% OCNF and CCNF dispersions are shown as insets.
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regeneration of the colloidal aggregates occurs [25]. Similar trends
have been observed for cellulose nanocrystals [35], CCNF [17] and
bacterial cellulose [37] dispersions at concentrations beyond the
gelation threshold [17,35,37] but never a heat-induced change in
thixotropy as for the 1.25 wt% OCNF dispersion. In addition, the
non-thixotropic OCNF and the work softening OCNF* dispersions
were underlined by a significant difference in recoverable energy,
RE%, 97% and 51% respectively (Eq. (1)). The intensity of the
shear-thinning behaviour described by the exponent n of a power
law model (Eq. (2)) resulted in greater values for OCNF* compared
to OCNF, 0.74 and 0.15 respectively, indicating the presence of a
stronger network, which decays more significantly upon shearing
[24].

Further rheological measurements performed on OCNF* disper-
sions showed a complete loss of gel-like properties when the heat-
ing loop was made prior to the loading of the sample into the
rheometer. In this situation, the OCNF* dispersion showed similar
rheological properties compared to the OCNF dispersions, indicat-
ing that the perturbation occurring during loading is enough to
induce a complete gel-to-sol transition. Nevertheless, the thixo-
tropy loop of the in situ prepared OCNF* dispersion showed only
partial breakage of the network, with incomplete restoration of
the viscosity observed prior to heating. Thus, the difference in rhe-
ological properties between the water bath and the in situ heated
OCNF dispersions indicates that a complete gel-to-sol transition
is obtained either at higher shear rates (>100 s�1), or upon other
forms of perturbation (e.g. shaking) prior to measurements.

To better understand the heat induced gelation mechanism of
OCNF dispersions, we combined SAXS and UV-Vis measurements
to investigate the aggregation state of fibrils at the mesoscale level,
and NMR spectroscopy to probe molecular scale changes of water
confinement in the OCNF hydrogel.

3.2. Structural information at the mesoscale level: UV-Vis and SAXS

The strong influence of the deformational history on the gel
properties of OCNF dispersions, as observed in the thixotropy loops
(Fig. 2), required non-invasive, in situ, techniques to better under-
stand the sol-to-gel transition. To that aim, SAXS and UV-Vis
experiments were carried out to track the impact of temperature
on the aggregation state of the fibrils at the mesoscale level. In par-
ticular, SAXS experiments allow a quantitative description of the
aggregation state of the fibrils.

The UV-Vis spectra clearly showed a lower transmittance for
the 1 wt% OCNF* compared to the OCNF, indicating that the aggre-
gation of the OCNF fibrils is enhanced upon heating (Fig. 3) [15].

The microstructure of the 1 wt% OCNF and CCNF dispersion
were probed using SAXS (Fig. 4). In all the SAXS curves, the Guinier
region was not observed in the low q-range, showing that the over-
all fibril length is greater than the length scale probed in this
experiment (> 125 nm) [38]. Nevertheless, the SAXS patterns
showed two clear regions for the OCNF dispersions: a high q-
range for q > 0.1 Å�1 associated with the fibril cross-section and a
low q-range for q < 0.1 Å�1 linked to the elongated aspect of the fib-
rils. In the high q-range, the intensities I(q) of OCNF and OCNF*

were superimposable in absolute scaling, indicating that the
cross-section of the fibrils is not influenced by the heating process.
On the contrary, in the low q-range, a significant difference in sig-
nal intensity was observed between the OCNF and OCNF* disper-
sions. In the low q-range the signal intensity of the OCNF
dispersion followed a q�1 slope (dashed line on Fig. 4a) which is
characteristic of rigid rods [38] and in agreement with the SAXS
[39] and small angle neutron scattering (SANS) [40,41] data previ-
ously reported. After heating, the intensity increased and followed
a q�1.67 slope. In agreement with rheological data, the CCNF did not
show strong variations between the non-heated CCNF and the
heated CCNF (CCNF*), the two curves being almost completely
superimposable. It can be noted concerning the slope in the low
q-range, that the patterns deviate from the q�1 slope, indicating
that the fibrils are already aggregated before heating, in agreement
with the gel state observed for CCNF in rheology before heating.

The best data fitting for both OCNF and CCNF was obtained
using a model of interacting rigid cylinders, with interactions mod-
elled using the Random Phase Approximation (Table 1) [27,29,30].
The parameter mRPA describes, from the aggregation state of the cel-
lulose fibrils, information regarding the interfibrillar interactions.



Table 1
Values of the fitted SAXS data for 1 wt% OCNF, OCNF*, CCNF and CCNF* dispersions.

Length (nm)a Major radius (nm)b Radius axial ratio mRPAc Dm

OCNF 1000 4.3 ± 0.1 0.30 ± 0.03 0 1.00
OCNF* 1000 4.3 ± 0.1 0.31 ± 0.03 �19.8 ± 0.5 1.67
CCNF 300 2.6 ± 0.1 0.46 ± 0.03 �5.1 ± 0.5 \
CCNF* 300 2.7 ± 0.1 0.45 ± 0.03 �7.4 ± 0.5 \

a The length of the fibrils was kept fixed at the values given by the literature for the CCNF [18,28] and OCNF [13].
b The polydispersity over the cross-section was found to be 20%.
c For OCNF, interactions were not needed to fit the data, hence mRPA was fixed at 0.
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For OCNF, mRPA was null due to non-interacting behaviour of the
fibrils. On the contrary, the mRPA parameter was found to be
�19.8 for OCNF*, suggesting interfibrillar attractive interactions
as indicated by the negative value of mRPA. For CCNF, the signal
can be modelled well by interacting rigid fibrils before and after
heating, in both cases with the addition of a q�4 signal at very
low q-range to describe the presence of larger aggregates as sug-
gested by a more turbid dispersion (Fig. 4b inset) and gel-like
behaviour. In that case as well, heating seemed to further decrease
the mRPA value, although the change is less pronounced and in the
low-q region the two curves superimposed. The strong interactions
between CCNF explains, therefore, the minimal CCNF rearrange-
ment upon heating.

It is noted that, in the model of fibril-fibril interaction employed
herein, the actual value of mRPAwill be dependent on the lengthof the
nanofibrils (fixed at 300 and 1000 nm for CCNF and OCNF respec-
tively). Nonetheless, assuming the fibril form-factor is unchanged
with changes in temperature, the trends observed in the variation
of mRPA upon heating are valid. The SAXS results suggest that non-
attractive OCNF experience a change in fibril-fibril interaction upon
heating, leading to gelation. A similar phenomenon was previously
observed upon addition of salt, where reduction of the electrostatic
repulsion between OCNF led to gelation [31].

The aggregation of OCNF was also evaluated in terms of fractal
theory. The mass fractal dimension (Dm), obtained from the slope
in the low-q power law region, showed a noteworthy increase in
Dm upon heating, indicating the formation of a more space span-
ning network [41,42]. In a recent study, Wu et al. [43] showed
the primary importance of the particle shape over the material
properties and that the assembly of elongated particles diverge sig-
nificantly from the reaction-limited cluster aggregation (RLCA) and
diffusion-limited cluster aggregation (DLCA) previously proposed
for spherical colloidal particles [44]. Interestingly, Wu et al. [43]
reported values of Dm for asbestos and glass rod-like particles
nearly equal to the Dm values of OCNF* shown here (Table 1).

3.3. Monitoring changes in water confinement during gelation: NMR
relaxation and saturation transfer difference (STD NMR) of residually
protonated water (HDO)

While UV-Vis and SAXS yielded a mesoscopic picture of OCNF
heat-induced gelation, providing information about changes in
fibril-fibril interactions, solution NMR spectroscopy could be used
to probe the gelation at the molecular level in terms of water
dynamics. It is well known that NMR not only provides information
on the chemical nature and conformation of molecules but also
allows the investigation of the dynamics of the individual compo-
nents (molecular motions) [45,46]. Importantly, solution-state
NMR has already been employed to provide direct surface charac-
terisation of nanocellulose and TEMPO-oxidised nanocellulose in
aqueous colloidal suspensions [47]. Only the nuclei at the surface
of cellulose fibres are visible by solution NMR, as those in the core
are not detected due to their very short T2 relaxation time (large
signal broadening).
In this work, we have focused on the analysis of the residually
protonated water peak (HDO) in the dispersions prepared in D2O,
which originates from the 1H-2H(D) exchange due to fibril-D2O
interactions. In this regard, it is important to note that O’Neill
et al. recently demonstrated by deuterium labelling, neutron scat-
tering and molecular dynamics simulations that there exist two
well differentiated populations of water associated with cellulose
[48]. One is more mobile and can be associated with surface water,
and the second population is consistent with confined water that
can be attributed to water present in the narrow spaces between
fibrils. Importantly, 1H-13C HSQC and NOESY experiments carried
out before and after heating of the OCNF gels at 80 �C showed no
change in the chemical environment or conformation, respectively,
at the surface of OCNF fibrils upon heat-induced gelation (yESI,
Figs. S4 and S5), in agreement with fluorescent spectroscopy which
confirmed the unchanged hydrophobicity of the fibrils after heating
(yESI, Fig. S6). As neither the dimensions of OCNF nanofibrils, nor
the conformation of the surface moieties changed upon heating,
as shown by SAXS (Fig. 4, Table 1) and NMR (yESI, Figs. S4 and S5)
respectively, we can reasonably assume that the fraction of surface
water is not affected significantly by heating. On these grounds, we
have focused our NMR discussion on the role of water in terms of
changes in the fraction of confined water, as presented below.

Due to the intrinsic limitations of T1 and T2 relaxation measure-
ments, we developed a new methodology based on Saturation
Transfer Difference NMR (STD NMR) spectroscopy [49] to monitor
the behaviour of water in the gels upon heating and to correlate
with our rheological observations. STD NMR is a very well-
known ligand-based NMR technique for the characterisation of
binding of small molecules to macromolecular receptors, and it
has already been applied to study the exchange phenomena of
small organo- and hydrogelators between the free state, in the iso-
tropic phase of the gel, and the bound state, in the anisotropic net-
work [21,50]. To the best of our knowledge, it has never been
employed to study the evolution of the state of water during the
gelation process. Here, we focus on monitoring the residually pro-
tonated water molecules (HDO) during the process of gelation.
Briefly, by irradiating 1H resonances corresponding to the core of
the cellulose network (1 ppm), we can observe the binding of
water to the surface of cellulose fibrils. Importantly, the measured
STD factor is directly proportional to the fraction of OCNF-confined
water (fBW) when the experiments are carried out in D2O gels.
Under these conditions we can safely discard any significant con-
tribution from direct saturation transfer through chemical
exchange of HDO with the hydroxyl groups of cellulose, as the
majority of them will be deuterated, compared to the enormous
network of non-exchangeable sugar protons available to transfer
magnetization to bound HDO molecules by inter-molecular NOE
(schematic representation yESI, Fig. S7).

On these grounds, we measured the STD factors of the residual
HDO water peak for OCNF and CCNF gels prepared in D2O at differ-
ent temperatures (Fig. 5, for non-normalised data yESI, Fig. S8).
Notably, the results showed a striking difference between OCNF
and CCNF dispersions. While in OCNF dispersion the STD factors



Fig. 5. Temperature evolution of the 1H HDO STD factor for OCNF (solid circles) and
CCNF (empty circles) dispersions (a) 1 wt% and (b) 4 wt%, during heating (solid line)
and cooling (dashed line) cycles. An on-resonance frequency of �1 ppm was used to
saturate the OCNF and CCNF networks. The STD values are normalised against the
value obtained at 25 �C for each dispersion (the lowest value in both cases). The
error of the measurement of STD factors is ca. 10%, in line with the previous reports
[21].
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increased significantly with temperature up to 80 �C, in CCNF dis-
persions it showed only a small enhancement up to 60 �C and a
slight decrease at 80 �C (Fig. 5). The latter is probably due to the
lower efficiency of intramolecular 1H–1H spin diffusion (cellulose
saturation intrinsically lower) and intermolecular nuclear Over-
hauser effect (cellulose – HDO) at high temperature. It should be
noted the hysteretic evolution of the STD factor of HDO in OCNF
dispersions during the heat-cooling cycle (Fig. 5), is thus in agree-
ment with the observed temperature-dependent rheological beha-
viour (Fig. 1). Notably, the increase in the STD factor of water in
OCNF gels upon heating was found to be significantly higher at a
lower concentration of OCNF (Fig. 5, yESI, Fig. S8), in very good
Fig. 6. Schematic representation of the increased overlap of the oxidised cellulose nanofi
in red) between fibrils increase, increasing the amount of confined water, without stron
scale.
agreement with rheology where the highest concentration tested
(4 wt%) showed only a small increase in G0 after the heating proto-
col (yESI, Fig. S3d). Thus, the STD NMR experiments are directly
reporting an increase in the fraction of OCNF-confined water mole-
cules in the dispersion upon heating, which is not observed in the
case of the CCNF dispersion. The increased fraction of OCNF-
confined water observed upon heat-induced gelation is not due
to conformational changes at the surface of OCNF fibrils (e.g.
changes in the glycosidic bond torsion angles, or reorientation of
the hydroxymethyl group in non-oxidised residues), but to
changes at the mesoscale level, i.e. higher fibril-fibril overlap, in
excellent agreement with the rheological and SAXS data.

In this way, we have demonstrated that STD NMR with observa-
tion of the residually protonated water molecules (HDO) is a sim-
ple powerful tool to study the hydration features of gels
constituted by high molecular weight gelators (cellulose), report-
ing on changes in water confinement during gelation, and demon-
strated the excellent correlation of the STD factor of the HDO peak
to the rheological data of hydrogels prepared in D2O.

3.4. Proposed mechanism of heat induced gelation of OCNF dispersions

The gelation of OCNF with increased temperature is the result of
a delicate interplay of electrostatic and hydrophobic interactions in
this system. As water is heated, the dielectric constant decreases,
from 78.57 at 25 �C to 62.33 at 80 �C [51]. Decreased dielectric con-
stant indicates a decreased polarizability of the fluid, which effec-
tively acts as increased charge screening for electrostatic
interactions. From our work on OCNF with added monovalent salt,
increased charge screening causes the local aggregation of the fib-
rils, resulting in gelation [31] – only a small amount of added elec-
trolyte is required to cross from repulsive interactions to attractive
ones, as measured by SAXS [31]. Similarly, here heating causes
some degree of flocculation in the OCNF suspensions, reducing
light transmission, and a weak gel forms. This corresponds to the
SAXS data which show no change in fibril cross section, but a
change in the interaction parameter mRPA which indicates an
increase in attractive interactions between the fibrils at higher
temperatures. Gel formation is associated with an increase in con-
fined water, seen by the STD NMR, since increased contact between
fibrils will constrain water at the interfaces between the two sur-
faces (schematically depicted in Fig. 6). Once formed, after cooling
the gel is in a metastable state, which is easily disrupted and
returned to the dispersed state by agitation-induced shear.
Increased charge screening would not alter the apparent
hydrophobicity of the fibrils, so this is consistent with the fluores-
brils (OCNF) upon heating. After heating, the number of junction zones (highlighted
g densification of the cluster. Note: cellulose fibrils and water molecules are not to
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cence data (yESI, Fig. S6). CCNF is less responsive to electrostatic
screening effects [52] due to the presence of stronger interfibrillar
interactions as shown by SAXS (Fig. 4b) and by greater moduli (G0

and G00) in oscillatory rheology (Fig. 1b), hindering further fibrillar
rearrangement upon heating. Since this suspension is already
gelled, changes in dielectric constant and electrostatic screening
make little difference to the structure.
4. Conclusion

In this work we describe a novel mechanism of temperature
triggered gelation for oxidised nanocellulose hydrogels, along with
a thorough study of the process, from the rheological macroscopic
behaviour, through nanoscale fibril aggregation, down to the
molecular level of the water dynamics within the OCNF network.
Rheological measurements revealed that the negatively-charged
OCNF forms a metastable physical gel upon heating. The OCNF
heat-induced gels were preserved upon cooling, but easily dis-
rupted by mechanical perturbation. However, same behaviour
was not observed for the positively-charged CCNF at the same con-
centrations. This shows the gelation is specific to OCNF and not a
general behaviour of nanocelluloses. SAXS analysis of the OCNF
gels pointed towards an increase in junction zones between fibrils,
indicating a transition from widely dispersed fibrils to closer con-
tact. These junction zones work as crosslinking points creating a
connected network that leads to the remarkable increase in the
elastic moduli observed. STD NMR experiments detected an
increase in the population of confined water with temperature, this
behaviour not observed for CCNF, suggesting a correlation between
water confinement and gel formation. We proposed that this heat-
induced fibril aggregation is mainly driven by changes of the
dielectric constant of the dispersing media (water) which alters
the fine balance between attractive forces (interfibrillar hydrogen
bonding and hydrophobic interactions) and repulsive forces (elec-
trostatic interactions) favouring a closer interaction between the
fibrils leading to the formation of a metastable aggregate and gel
formation. For the CCNF, the attractive element of this balance is
already stronger than for OCNF and the CCNF fibrils are already
in a higher level of aggregation, as seen by SAXS, such that heating
cannot meaningfully affect the gel structure further. These obser-
vations of gelation in OCNF due to heating are significant for pro-
posed applications of these materials in rheology modification,
since formulation and industrial processing frequently involve
heating steps, which may therefore alter the properties of the sus-
pension. The results outlined here will permit selection of nanocel-
lulose properties and post-processing of suspensions to enhance or
avoid this effect and inform further work towards uptake of such
materials in real-life applications.

These results also demonstrate the strength of using combined
non-invasive, in situ techniques to probe the gel properties from
nanoscale using SAXS to molecular scale using STD NMR, giving
detailed insights into mechanism. In particular the work shows
the benefits of using STD NMR on residual HDO in D2O solvated
hydrogel samples of particulate gelators to monitor changes in
the populations of surface-confined water molecules with temper-
ature. The ease of the STD NMR methodology, and the solid evi-
dence gathered in this work may allow a future boost in the use
of HDO-based STD NMR experiments to correlate changes in con-
fined water populations with rheology, within the hydrogel
research community.
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