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cleaving side groups by UV irradiation. The polymer is a random
terpolymer poly(di(ethylene glycol) methyl ether methacrylate)-
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MA and POEGMA repeating units lead to a lower critical solution
temperature (LCST) behavior. Initially, homogeneous aqueous
mixtures are obtained with CNCs, and no gelation is observed
even upon heating to 60 °C. However, upon UV irradiation, the NBOCAEMAs are transformed to cationic 2-aminoethyl
methacrylate (AEMA) groups, as 2-nitrobenzaldehyde moieties are cleaved. The resulting mixtures of anionic CNC and cationic
PDEGMA-rnd-POEGMA-rnd-PAEMA show gelation for sufficiently high polymer fractions upon heating to 60 °C due to the
interplay of ionic interactions and LCST. For short heating times, the gelation is thermoreversible, whereas for long enough heating
times, irreversible gels can be obtained, indicating importance of kinetic aspects. The ionic nature of the cross-linking is directly
shown by adding NaCl, which leads to gel melting. In conclusion, the optical triggering of the polymer ionic interactions in
combination with its LCST phase behavior allows a new way for ionic nanocellulose hydrogel assemblies.

1. INTRODUCTION cross-linking engineering steps to form the network con-
nectivity for gelation.7_3‘

As the CNCs typically are negatively charged due to their
sulfate ester groups arising from the sulfuric acid hydrolysis,
one could ask whether CNC-based hydrogels could be
fabricated by simply using ionic interactions as the network
cross-links upon mixing the anionic CNCs with cationic
polymers within the aqueous medium. In the state of the art,
well-defined ionic self-assemblies have been achieved, taken

Nanocelluloses are colloidal fibrils that can be cleaved from
plant or wood resources or produced bacterially." They have
been actively pursued recently due to their sustainable origin;
good mechanical properties; potential to allow functionaliza-
tion in a wide range to make composite materials, gels,
aerogels, fibers, biochemical scaffolds, films, coatings, viscosity
modifiers, and structural colors; and biocompatibility.2 The

good mechanical properties of native nanocelluloses arise from that the matching ionic interactions do not lead to cross-
their internal hydrogen-bonded structures of the constituent linkings, that is, there is only one oppositely charged site in the
parallel-aligned cellulose chains. Nanocelluloses include interacting molecules.’® There are, however, potential
cellulose nanofibers (CNF), cellulose nanocrystals (CNC), problems to be expected if several charged sites are
tunicates, and bacterial celluloses (BC), each having nano- encountered in each component, as simply mixing the negative
scopic lateral dimensions and lengths depending on the type. and positive components in their aqueous solutions may lead
In particular, CNCs are rod-like with lateral dimensions of to uncontrolled and nonuniform aggregations, as the electro-
approximately 5S—15 nm and lengths from tens to hundreds of static interactions are of long range. Therefore, a classic
nanometers, depending on the processing conditions and approach in interpolyelectrolyte complexation between the
sources.”
On the other hand, as hydrogels are important in many fields Received: November S, 2019
of science and technology,4 nanocellulose-based hydrogels Revised:  January 1S, 2020
have also been extensively pursued. Therein, the higher aspect Published: January 15, 2020

ratio CNFs inherently form gels,”® whereas the shorter aspect
ratio rod-like nanocelluloses require additional components or
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Figure 1. Suggested generic scheme to achieve homogeneous aqueous mixtures of (a) the negatively charged CNCs and (b) positively charged
polymers using an initially neutral polymeric precursor and (c) using a UV-triggerable cationization thereof to form (d) ionic cross-linkings on-
demand between CNCs, resulting in gel networks also driven by an additional LCST-functionalization of the polymer. The CNC model in panel
(a) is adapted with permission from ref 50. Copyright 2013 American Chemical Society.

anionic and cationic components is a controlled screening of
the ionic interactions upon adding salts or tuning the pH.”"~*

On the other hand, various routes for photoinduced and
phototriggerable hydrogelations have been reported.”’~** In
the present work, a question can be posed whether a
homogeneous aqueous mixture could be achieved by mixing
an initially charge-neutral polymer with the anionic CNC
dispersion followed by stimulus triggered by on-demand
switching of cationic groups within the polymer. The resulting
polycationic chains would then force the formation of ionically
interacting mixtures in situ, leading to aqueous gel networks. In
this case, the use of photocleavable chemical groups could be
an interesting approach.*’ However, in the context of CNC, no
previous literature exists to provide irradiation triggered
hydrogelation.

Here, we first report mixtures of anionic CNCs and an
initially neutral random methacrylate terpolymer, allowing a
homogeneous aqueous mixture. The polymer contains UV-
cleavable groups, thus exposing cationic groups, leading next to
ionically cross-linked hydrogels. The suggested generic scheme
is shown in Figure 1. In particular, the polymer was selected to
involve a lower critical solution temperature (LCST) behavior,
that is, the aqueous polymer chains collapse upon heating past
a critical temperature. We show that depending on the thermal
history and compositions, thermoreversible or irreversible
gelation can be achieved.

2. EXPERIMENTAL SECTION

2.1. Materials. All solvents and reagents were purchased from
Sigma-Aldrich or VWR with >95% purity and used as received if not
stated otherwise. Azobisisobutyronitrile (AIBN) was recrystallized
from diethyl ether before use and stored in the fridge. All monomers
were purified by passing through a column containing aluminum
oxide (activated basic) prior to polymerization. Ultrapure Milli-Q
(MQ) water (18 m€) was used in all experiments.

2.2. Cellulose Nanocrystals (CNCs). CNCs were prepared from
a Whatman grade I filter paper according to a published procedure.®!
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The filter paper was first mechanically ground into a fine powder. An
amount of 15.0 g of the powder was hydrolyzed with 64% sulfuric acid
at 45 °C for 45 min under gentle mechanical stirring. The reaction
was stopped by diluting it 10-fold with 3 L of Milli-Q H,O. The
dispersion was left to sediment for 20 h after which the clear
supernatant was discarded, and the precipitate was washed by two
cycles of centrifugation and redispersion in Milli-Q H,O. The
remaining CNC dispersion was further purified by dialysis against
Milli-Q H,O until the conductivity of the dialysate remained <5 uS/
cm. Finally, the CNCs were filtered through a Whatman 541 filter
paper and stored at 4 °C until use.

2.3. Synthesis of 2-((2-Nitrobenzyl)oxycarbonyl)aminoethyl
Methacrylate (NBOCAEMA). The monomer was synthesized as
previously reported.>>™>* An amount of 4.34 g (80% purity, 24.3
mmol) of 2-nitrobenzyl alcohol was dissolved in 80 mL of THF. The
insoluble solids were removed via filtration after 10 min of stirring at
room temperature. Four milliliters (28.3 mmol) of isocyanatoethyl
methacrylate and 130 yL (220 umol) of dibutyltin dilaurate catalyst
were added, and the mixture was stirred overnight at room
temperature. Subsequently, the solvent was removed in vacuum,
and the residue was dissolved in dichloromethane. The dissolved
product was washed with diluted hydrochloric acid twice and
neutralized by washing with water. The solution was dried with
calcium chloride and filtered through a column packed with
aluminum oxide (activated basic). After evaporation of the solvent,
the product was obtained as a yellowish white solid in 93% yield.
Purity was proven by 'H-NMR spectroscopy (see Figure S1).

"H-NMR (300 MHz, CDCl,): 7.8—7.4 ppm (m, 4H, Ar—H), 6.13
ppm (s, 1H, DB—H), 5.6 ppm (s, 1H, DB—H), 5.53 ppm (s, 2H,
—0-CH,—Ar) 519 ppm (s, 1H, —NH-), 426 ppm (t, 2H,
—C(0)O—-CH,-), 3.54 ppm (quar, 2H, —CH,—NH-), 1.95 ppm (s,
3H, —CH,).

2.4. Synthesis of PDEGMA,;;-rnd-POEGMA,y,-rnd-PNBO-
CAEMA;, Terpolymer. ATRP polymerization™ was made using
LCST-inducing repeating units di(ethylene glycol) methyl ether
methacrylate (DEGMA) and oligo(ethylene glycol) methyl ether
methacrylate (OEGMA),***” as well as the photocleavable repeating
units NBOCAEMA. A total of 6.05 mL (32.8 mmol) DEGMA, 4.8
mL (104 mmol) OEGMA (M, = 500), 3.36 g (10.9 mmol)
NBOCAEMA, 54 mg (545 pmol) copper (I) chloride, and 170 mg
(1.1 mmol) 2—2'-bipyridyl were dissolved in 15 mL of absolute

https://dx.doi.org/10.1021/acs.biomac.9b01519
Biomacromolecules 2020, 21, 830—838


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01519/suppl_file/bm9b01519_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.9b01519?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.9b01519?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.9b01519?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.9b01519?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.9b01519?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

a)

l T>LCST
+

b)

T>LCST

+
wv S +
_w @/.\
Cationization
+ j +
+

@) Collapse +Q%+ +

+

PDEGMA-rnd-POEGMA-rnd-PNBOCAEMA

417 109 54
o o o
go 0 go
0 Q HN O,N
X2 ~Xs

I

Thermoresponsive UV-Responsive

l UV 350 nm

PDEGMA-rnd-POEGMA-rnd-PAEMA
417 109 54
§) o o

0 0 *HN
\\(z 8
+
ON
H 2
co,
0

Figure 2. (a) TEM micrograph of aqueous CNCs. (b) PDEGMA,,,-rnd-POEGMA ¢o-rnd-PNBOCAEMA;, random terpolymer, suggesting a
thermoresponsive LCST behavior in water and UV-triggerable cationization. (c) Schematics of the UV-triggerable positive polymer charging and

the temperature-driven collapse and segregation from water.

ethanol. After degassing for 10 min, 80 uL (546 umol) of ethyl 2-
bromo-2-methylpropionate (EBiB) was added, and degassing was
continued for 20 min. The mixture was then polymerized for 10 h at
60 °C. After cooling to room temperature, the solution was flushed
with air to oxidize the copper (I) and filtered via basic aluminum
oxide to remove the oxidized catalyst. The solution was then
concentrated at the rotary evaporator, and the terpolymer was
precipitated in cold diethyl ether twice. Drying in vacuum yielded 5.8
g (40%) of a yellow, highly viscous polymer. 'H-NMR-analysis
(Figure S2) in combination with SEC measurements (Figure S3) gave
a composition of PDEGMA,,;-rnd-POEGMA o-rnd-PNBOCAE-
MAg,

SEC (THF): M, ~ 160,000 g:mol~!, D ~ 1.99.

"H-NMR (300 MHz, CDCL;): 8.2—7.4 ppm (m, 4H, Ar—H), 6.2
ppm (s, br, IH, =NH-), 5.53 ppm (s, 2H, —O—CH,—Ar) 4.1 ppm
(t, 2H, —~C(0)O—CH,—), 3.8—3.5 ppm (br, —CH,—), 3.4 ppm (s,
3H, O—CH,), 2.3-0.5 ppm (3H, —CHj).

2.5. Preparation of Mixtures of CNC and PDEGMA,,,-rnd-
POEGMA ,o-rnd-PNBOCAEMA;,. We prepared 3 vol % (total solids
volume concentration) dispersions of the anionically charged CNCs
(bulk density 1.6 g/mL) with the charge-neutral PDEGMA,,,-rnd-
POEGMA45-rnd-PNBOCAEMA;, (density 1.2 g/mL) in Milli-Q
water. Six compositions of CNC:PDEGMA,,,-rnd-POEGMAyo-rnd-
PNBOCAEMA;, were used: 4:1, 2:1, 1:1, 1:2, 1:4, and 1:8 vol:vol.

2.6. UV Irradiation. The samples were irradiated for 4 h using a
Rayonet RPR-200 photochemical chamber reactor with RPR-3500A
lamps (350 nm) nominally at room temperature. However, irradiation
tended to warm the samples. Therefore, in order to prevent excessive
warming of the solutions, the sample vials were stored in a fridge until
they cooled down after every 30 min of UV irradiation.

2.7. Gelation. Samples were heated in an oven set to 60 °C. The
typical heating periods were 30 min or 20 h.

2.8. Dynamic Light Scattering (DLS) and Zeta Potential (¢).
DLS and zeta potential measurements were performed with a
Zetasizer nano ZS90 (Malvern Instruments). Square polystyrene
cuvettes (12 mm; product no. DTS0012, Malvern Instruments) were
used for DLS, and folded capillary zeta cell cuvettes (product no.
DTS1070, Malvern Instruments) were used for zeta potential
determination. CNC (1 mg/mL) and PDEGMA,,,-rnd-POEG-
MA po-rnd-PNBOCAEMA;, dispersion in Milli-Q H,O were used
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for both types of experiments, but an additional 1.0 mM of NaCl was
used in the zeta potential samples. Measurements were conducted at
neutral pH 7 and pH 4, which is roughly the pH for different
CNC:PDEGMA,,,-rnd-POEGMA (y-rnd-PNBOCAEMA;, composi-
tions. The reported distributions and values are the average of three
measurements.

2.9. Conductometric Titration. Conductometric titration of
CNCs was done according to the SCAN-CM 65:02 procedure as
described earlier by using a 751 GDP Titrino (Methrom AG)
conductometric titrator and Tiamo software.”®*’ Before the measure-
ment, CNC acidic groups were protonated with HCI. Concentrated
HCl was added to the CNC dispersion up to 0.1 M final
concentration. The mixture was equilibrated for 15 min at 22 °C,
after which it was dialyzed against MQ H,O until the conductivity of
the sample remained below S yS/cm to remove the excess HCI. The
titration sample was prepared by adding 490 mL of degassed MQ
H,0, 0.5 mL of 0.1 M HC], and 1.0 mL of 0.5 M NaCl to 20 mL of
the protonated CNCs (¢ = 15.9 mg/mL). The sample was titrated
against 0.1 M NaOH under constant stirring (300 rpm). NaOH was
added in 20 uL increments every 30 s. The acidic sulfate half ester
content of CNCs was calculated as the ratio of the amount of NaOH
required to neutralize the acidic groups (in ymol) to the amount of
CNCs (g)

2.10. Transmission Electron Microscopy (TEM) and Size
Analysis. The CNCs were imaged with JEM-2800 (JEOL) high-
resolution TEM operating at 200 kV. A 10 uL droplet of 1 mg/mL
CNC dispersion was pipetted onto a plasma-cleaned carbon film grid
(Electron Microscopy Sciences), incubated for 1 min and then blotted
with a filter paper. The average size of the CNCs was determined
from the images by using ImageJ.*>°"

2.11. Nuclear Magnetic Resonance Spectroscopy ('H-NMR).
"H-NMR spectra were recorded with a Bruker Avance spectrometer
operating at 300 MHz and 25 °C. Measurements were performed
using deuterated chloroform (CDCl;) or deuterated water (D,O).
The residual solvent peaks (7.26, 5.32, and 1.56 ppm) were used as a
standard for peak calibration.

2.12. Size-Exclusion Chromatography (SEC). The molar mass
was determined with a Waters Acquity APC system with Acquity APC
XT 200 A, 450 A columns at 30 °C, and UV and RI detectors. The
system was calibrated with conventional calibration using third-order
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Figure 3. Sol—gel transitions illustrated by the vial inversion tests. (a) Using the charge-neutral polymer: CNC:PDEGMA,,,-rnd-POEGMAy,-rnd-
PNBOCAEMAG, for 4:1—1:8 vol:vol. The neutral polymer mixes well with the anionic CNC. No gelation is observed even upon 30 min heating to
60 °C. (b) Using the cationized polymer after the UV irradiation: CNC:PDEGMA,,,-rnd-POEGMAyo-rnd-PAEMA, for 4:1—1:8 vol:vol upon a
short heating (30 min) at 60 °C. In this case, thermoreversible gelation is observed obviously as only a small extent of cross-linking is formed due to
segregation driven by heating to T > LCST. (c) Cationized polymer after the UV irradiation: CNC:PDEGMA,,,-rnd-POEGMAgo-rnd-PAEMA,
for 4:1—1:8 vol:vol using a long heating (20 h) at 60 °C. The long heating at T > LCST promotes the extent of cross-linking. In this case, both
thermoreversible and irreversible gelation can be observed, depending on the composition. Note that the panels (b) and (c) show only the inverted

vials.

fitting and poly(methyl methacrylate) (PMMA) standards from PSS.
The eluent was THF + 1 mg/L of tetra-n-butylammonium bromide
(TBAB) running at 0.8 mL/min. The sample was dissolved into
eluent with a concentration of 1 mg/mL, solvated overnight on a
shaking table and filtered through a 0.45 ym Teflon (PTFE) filter into
SEC vials before measurement.

2.13. Turbidimetry. Cloud points (CP) of the samples were
determined with a Jasco V-750 Spectrophotometer operating at 600
nm with a Jasco CTU-100 circulating thermostat unit attached. The
temperature range was set from 20 to 70 °C at a heating rate of 1 °C/
min. The samples were prepared into 10 mm quartz cuvettes with a
concentration of 0.5 mg/mL and measured during the same day. Due
to inadequate signal in this concentration, PDEGMA,,,-rnd-
POEGMA  oo-rnd-PAEMA;, and composition 2:1 vol:vol were
measured with a concentration of 1 mg/mL.

2.14. Oscillatory Rheology. TA Instruments AR2000 stress-
controlled rheometer with a 20 mm steel plate-plate geometry and a
Peltier heated plate were used for rheological characterization. The
linear viscoelastic region for measurements was confirmed with strain
sweeps. Measurements were performed using an oscillation frequency
of 1.0 rad/s. After UV irradiation, liquid samples were pipetted on the
20 °C rheometer allowing in situ gelation during the measurements.
The temperature was increased to 40 °C, and the time sweeps were
measured for 30 min at a 0.3% strain amplitude during the gelation,
followed by a frequency sweep and a strain sweep at 40 °C. The
frequency sweeps were carried out at 0.1 Pa. Temperature ramps from
20 to 80 °C were measured with a 0.3% strain amplitude and 2 °C/
min heating rate from liquid samples. Temperature ramps were
acquired twice and all the other measurements in triplicate. Data is
reported as average.

2.15. Scanning Electron Microscopy (SEM). Scanning electron
microscopy images were imaged with a Zeiss Sigma VP scanning
electron microscope with an accelerating voltage of 1.5 kV. Gel
samples were frozen in liquid propane and freeze-dried. Prior to the
imaging, aerogel samples were coated with 4 nm iridium coating using
a Leica EM ACE600 high vacuum sputter coater.
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3. RESULTS AND DISCUSSION

The materials are shown in Figure 2. The CNCs were
characterized via light scattering and {-potential measurements
as well as electron microscopy. An exemplary TEM image is
shown in Figure 2a, suggesting an average CNC length of 241
+ 88 nm and a width of 17 + 4 nm (Figure S4), indicating an
aspect ratio of approximately 14. Due to the sulfuric acid
hydrolysis, the surface hydroxyl groups of CNCs are partially
esterified to anionic sulfate ester groups, rendering the surface
negatively charged. Apparent {-potentials and electrophoretic
mobilities were —56 mV and —4.41 ymcm/Vs, respectively, at
pH 7 and —44 mV and —3.45 pymcm/Vs, respectively, at pH 4
(Figure SS), facilitating the stability of the CNCs in aqueous
dispersions.”” The sulfate content was determined by
conductometric titration to be 239 pmol/g (Figure S6). To
form homogeneous aqueous mixtures with CNCs, we used an
initially neutral random terpolymer PDEGMA,,,-rnd-POEG-
MA | ,o-rnd-PNBOCAEMAg, consisting of photocleavable
NBOCAEMA repeat units and DEGMA and OEGMA repeat
units, allowing LCST behavior. The cleavage of the protected
amine moieties of PNBOCAEMA was investigated via 'H-
NMR spectroscopy in D,O (Figure S7). Comparing the
integrals of the cleaved 2-nitrobenzyl group indicates
approximately 90% cleavage upon 2 h of UV irradiation.
Therefore, to ensure an efficient cleavage, an irradiation time of
4 h was subsequently used. That the polymer becomes cationic
upon the UV trigger is shown in Figure S7. The
thermoresponsive behavior of PDEGMA,,,-rnd-POEGMAo-
rnd-PNBOCAEMA;, was characterized via turbidimetry
(Figure S8). Due to the relatively low signal, the exact value
could not be obtained. However, we estimated the cloud point
temperature (T,) in water to be roughly 43 °C. Zeta potential
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measurements of the terpolymer showed a shift from slightly
negative to close to zero {-potential before and after UV
exposure at pH 7. At pH 4, simulating the acidic environment
when combining terpolymer with CNCs, we can see clear shift
from negative to positive {-potential before and after UV
exposure indicating the positive charge of PDEGMA,,,-rnd-
POEGMA,y,-rnd-PNBOCAEMA, (Figure S9).

Next, aqueous mixtures of the anionic CNCs and the charge-
neutral PDEGMA,,,-rnd-POEGMA(o-rnd-PNBOCAEMA,
polymers were prepared at room temperature for their relative
volumetric compositions 4:1, 2:1, 1:1, 1:2, 1:4, and 1:8 vol:vol
by keeping the total solid concentrations fixed at 3.0 vol %. In
all mixtures, slightly opaque fluid-like dispersions were
observed at 4 °C, obviously due to the colloidal nature of
the CNCs. The LCST of the pure polymer was determined to
be about 43 °C (Figure S8), but in the composites, the
transition is shifted to lower temperatures with an increasing
amount of CNCs present, as will be discussed later. Fluid-like
dispersions at 4 °C are observed as the polymer is fully soluble,
and the CNCs are repelling due to their negative surface
charge. Importantly, the dispersions seem visually homoge-
neous and stable (Figure 3a). This finding supports the
hypothesis to achieve a robust homogeneous mixing of the
negative CNCs and neutral PDEGMA,,,-rnd-POEGMA -
rnd-PNBOCAEMA;, in aqueous media. Note that polarized
optical microscope imaging (POM) of the mixtures with
crossed polarizers did not show any birefringence at any point
of the processing. Heating to 60 °C (30 min) leads to a cloudy
appearance (Figure 3a) as the PDEGMA,,,-rnd-POEGMA, 34-
rnd-PNBOCAEMA, polymer chains collapse, as the temper-
ature is beyond its LCST cloud point 43 °C (Figure S8). Upon
recooling to 4 °C, the original translucency is recovered,
indicating reversibility.

After being homogeneously mixed, UV irradiation is next
applied to drive the on-demand cationization of the polymer
(see Figure 2) to achieve the electrostatic complexation with
the anionic CNC. Figure 3b shows the CNC:PDEGMA,,,-rnd-
POEGMA, yy-rnd-PAEMA;, compositions ranging from the
high relative volume fraction of CNC (4:1 vol:vol) to the high
relative volume fraction of the polymer (1:8 vol:vol). Slightly
surprisingly, at 4 °C all compositions are stable and
homogeneous dispersions (instead of flocculation®) or gels,
and the mixtures are yellowish-brown depending on the
composition, as caused by the near-UV-absorption of the
released 2-nitrobenzaldehyde molecules. Furthermore, an
increase of turbidity (Figure 3b,c) was observed, suggesting
an increased interaction of the anionically charged CNCs and
the now positively charged terpolymer PDEGMA,,,-rnd-
POEGMA | yo-rnd-PAEMA,,. As will be later discussed in the
connection of Figure 4, all studied CNC:PDEGMA,,,-rnd-
POEGMA, yy-rnd-PAEMA;, compositions show LCST behav-
ior. Therefore, heating to 60 °C is expected to promote phase
segregation of the DEGMA and OEGMA repeat units.
Interestingly, heating to 60 °C for a short time of 30 min
leads to gelation, except for the composition 4:1 vol:vol, that is,
involving the smallest amount of the polymer, see Figure 3b.
Cooling back to 4 °C, all compositions are again fluid. A
similar procedure was repeated by keeping the CNC:PDEG-
MA,,;-d-POEGMA, oo-rnd-PAEMA, for a longer time (20
h) at 60 °C (Figure 3c). In this case, a more complex behavior
was observed. At the smaller polymer fraction (4:1 vol:vol), no
gelation was observed at 60 °C, as was the case also for the
shorter heating. Similarly, for the compositions 2:1 and 1:1
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Figure 4. Turbidity measurements for CNC:PDEGMA,,-rnd-
POEGMA,o-rnd-PAEMA;, 2:1, 1:1, 1:2, and 1:4 volvol. (a)
Turbidity data. (b) Tunability of the LCST behavior where the
cloud point is shown to increase when the polymer fraction is
increased.

vol:vol, thermoreversible gelation was observed, as the fluid
behavior was regained upon cooling back to 4 °C. However,
for the highest polymer volume fractions (1:2, 1:4, 1:8 vol:vol),
the fluid behavior was not regained upon cooling to 4 °C,
indicating irreversible gelation. These observations suggest
time-dependent restructuring of the polymer on CNCs to form
the ionic cross links.

Negative control experiments were performed similarly by
using only either CNCs or polymers at different concentrations
(Figures S10—S11). Therein, no gelation was observed, even
upon prolonged UV exposure. One can conclude that gelation
is observed when both CNCs and the polymer are present
where both the phototriggered polymer cationization and
heating past the LCST were needed.

Therefore, the simple vial turning experiments allow
mapping the elements of the complicated phase behavior
and kinetic aspects. The attractive feature is that the neutral
polymer precursor allows achieving homogeneous mixtures
upon mixing. After the mixing, the irradiation-switched ionic
interactions do not directly lead to gelation but additionally
require heating past the LCST. Whether gelation is reversible
or irreversible can be controlled by the polymer volume
fractions as well as by the time that the compositions are
heated above the LCST. Indirectly, this suggests that the
material has a memory. We tentatively suggest that these
attractive properties are driven by a combination of reasons:
(i) DEGMA and OEGMA repeating units within PDEG-
MA,,7-rnd-POEGMAo-rnd-PAEMA, lead to LCST-behavior
of the ionic complex; (ii) heating causes polymer conforma-
tional collapse and also tendency to form local aggregates of
the hydrophobic domains to form ionic cross-link sites; and
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of the gels. Dotted lines show yield strains and intersections of G" and G”.

(iii) if the polymer fraction is small, the ionic cross-link
domains remain small and few, not sufficient to allow
irreversible gelation, instead leading to reversible gelation. By
contrast, if the polymer fraction is large, stronger ionically
cross-linked networks are formed during the prolonged heating
to 60 °C, leading to irreversible gelation.

Cloud points were studied via turbidity measurements using
CNC:PDEGMA,,,-r1d-POEGMAog-rnd-PAEMA,, with 2:1,
1:1, 1:2, and 1:4 vol:vol (Figure 4). They depend slightly on
the CNC:polymer ratio. All CNC:PDEGMA,,,-rnd-POEG-
MA, yo-rnd-PAEMA;, compositions showed lower cloud points
than the pure polymer (T, ~ 43 °C) (Figure S8). The
composition with the highest CNC concentration showed the
lowest cloud point temperature (34 °C) and vice versa.

The effect of total solid concentration for gelation was
inspected using CNC:PDEGMA,,;-rnd-POEGMA yo-rnd-
PAEMA;,: 2:1 vol:vol (Figure S12). Therein, the critical
concentration of total solids to allow gelation upon heating was
approximately 2.5% vol. Two composition ranges were selected
for more detailed investigations using oscillatory rheology, that
is, representing reversible gelation (2:1 and 1:1 vol:vol) and
irreversible gelation (1:2 and 1:4 vol:vol) (Figure 3c) upon
recooling from 60 to 4 °C (Figure 5). Temperature ramp
experiments were first measured starting from 20 °C using the
sweep rate 2 °C/min (Figure Sa). Gelation temperatures were
estimated from the intersection of storage modulus (G’) and
loss modulus (G”) for the compositions 2:1 and 1:2 vol:vol
where G’ intersected G” unambiguously. Because composi-
tions 1:4 and 1:8 vol:vol did not show clear intersection of G’
and G”, we roughly estimated the gelation temperature from
the point where the moduli start increasing from those of the
viscous fluid level (Figure Sa). Note that as the rheological
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measurement parameters are chosen according to the elastic
gel state, the noise levels in the easily flowing fluid state turn
high (Figure 5). The gelation temperatures (Ty,) vary between
23 and 51 °C for the different CNC:terpolymer ratios (Figure
Sb), where the highest CNC fraction shows the lowest gelation
temperature. This trend thus suggests the importance of the
LCST and the cloud points (Tcp) for the gelation mechanism
(Figure 4b). We also point out that especially for the
composition 1:2 vol:vol, a massive shrinking of the sample
volume were observed during the gelation and thus suggesting
an erroneous drop in the seeming moduli values due to
reduced contact of the rheometer plates upon exceeding
approximately 50 °C.

Gels of PDEGMA,,,-rnd-POEGMAjy-rnd-PAEMA;, with
2:1 and 1:2 vol:vol were chosen for further rheological
experiments (Figure 6, Figures S13—S14), as suggested by
their different gelation behaviors (thermoreversible and
irreversible gelation) in the vial inversion testing (Figure
3b,c). Frequency sweeps at 60 °C turned unreliable due
excessive slip due to massive gel contraction. The slip could
better be controlled at 40 °C, which was still above the gelation
temperatures of both compositions. Following the step-wise
temperature increase to 40 °C, a rapid gelation of both
compositions is observed in time sweeps (Figure 6a) where
composition 2:1 vol:vol forms a gel and stabilizes slightly
faster, presumably due to its lower T,. The storage moduli of
both compositions were obtained from plateau values in the
end of the time sweep and were found to be approximately the
same (G’ = 60 Pa and G” = 15 Pa) for both compositions.
The moduli of both compositions show only a small
dependency of frequency as expected for elastic gels where
the moduli are ideally independent of the frequency (Figure
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6b). The gels behave as strain-softening materials where the
stiffness decreases when strain is increasing beyond the linear
viscoelastic region (LVR) (Figure 6c). Yield strain, where
plastic deformation starts to occur, was slightly at a lower strain
in the composition 2:1 vol:vol than in 1:2 vol:vol. Finally, the
gels break down or detach from the plates almost at the same
strains where G" and G” intersect.

We postulate that the cross-linkings in the CNC:PDEG-
MA,,;-rnd-POEGMA |oo-rnd-PAEMA;, gels are mediated by
ionic interactions. To directly prove this, increasing the ionic
strength is a way to increase the ionic screening and to reduce
the Debye screening length. To illustrate this, Figure 7 and

CNC:PDEGMA, ,-md-POEGMA,

1:2 (vol:vol) at 60 °C

-md-PAEMA,,

No NaCl NaCl (mol/L)

Figure 7. CNC:PDEGMA,,,-rnd-POEGMA o5-rnd-PAEMA;, 1:2
vol:vol at 60 °C with various concentrations of NaCl, showing that
the gel melts upon adding NaCL

Figure S15 show CNC:PDEGMA,,,-rnd-POEGMA yo-rnd-
PNBOCAEMAg, 1:2 vol:vol gel at 60 °C, where various
concentrations of NaCl have been added. Clearly, the addition
of NaCl suppresses the gelation, directly showing that the
gelation is driven by ionic interactions.

Finally, to study the gel network structures, TEM is not
particularly suitable as it requires thin samples, and one expects
that the polymer component cannot easily be resolved.
Therefore, we selected SEM upon freezing in liquid propane
followed by lyophilization. Cooling by liquid propane
suppresses the thermally insulating Leidenfrost effect and
thus leads to quick freezing to reduce aggregations.”* SEM
images of CNC:PDEGMA,,;-rnd-POEGMA o-rnd-PAEMA,
2:1 and 1:2 vol:vol suggest differences in their network
structures. The 1:2 vol:vol network consists of thicker fibers
than 2:1 vol:vol, which are probably due to the higher
concentration of the polymer compared to CNCs (Figure
8a,b). However, we can still see the individual CNCs on the
surface of the polymer networks (Figure 8b, inset). On the
contrary, the 2:1 vol:vol network consists of a higher
concentration of CNCs compared to the polymer, which can
be distinctly seen in the SEM image where the network
consists mostly of CNCs covered with the polymer (Figure
8c,d).

4. CONCLUSIONS

In this work, the challenge to prepare ionically cross-linked
hydrogels of negatively charged CNCs and positively charged
polymers is addressed by preparing first a neutral polymeric
"precursor”, allowing homogeneous mixing with CNCs,
followed by UV-triggered in situ cationization. The poly-
methacrylate terpolymer poly(di(ethylene glycol) methyl ether
methacrylate)-rnd-poly(oligo(ethylene glycol) methyl ether
methacrylate)-rnd-poly(2-((2-nitrobenzyl) oxycarbonyl)-
aminoethyl methacrylate), that is, PDEGMA,,,-rnd-POEG-
MA o-rnd-PNBOCAEMA;, was designed to be bifunctional:
The PNBOCAEMA repeating units are UV-triggerable to
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Figure 8. SEM images of freeze-dried CNC:PDEGMA,,,-rnd-
POEGMA, yo-rnd-PAEMA;,. (a3, b) 1:2 vol:vol composition. The
inset shows magnification of CNCs on the surface of the terpolymer.
(¢, d) 2:1 vol:vol composition.

provide cationic AEMAs upon cleaving of the 2-nitro-
benzaldehyde group and thus allowing ionic binding to the
anionic CNCs. The DEGMA and OEGMA functionalities lead
to the LCST behavior of the ionic complexes, which turns
relevant to drive gelation. A range of CNC:polymer volume
fractions from 2:1 to 1:8 vol:vol was explored. The cloud
points 34—38 °C were determined by turbidimetry and gelling
temperatures 23—51 °C by rheology. If the fraction of the
polymer is sufficiently large, gelation is observed at 60 °C, that
is, passing the cloud point of the complex. The ionic nature of
the interaction is shown by adding NaCl, which screens the
ionic interactions, thus leading to the gel melting. The gelation
involves kinetic aspects combined with the compositions, as
thermoreversible gelation is observed if the heating at 60 °C is
short (30 min), whereas irreversible gelation results for long
heating (20 h) at 60 °C. This indicates slow formation of the
LCST-driven ionic cross-linkings between the CNCs. In
conclusion, the concept can be generalized to prepare other
ionically self-assembled systems, for example, using clay-
polymer self-assemblies or interpolyelectrolyte complexes.
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