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Polymeric hydrogels and the associated structural assemblies are
endowed with exceptional capabilities for applications in biomedi-
cine, chemical biology, molecular electronics and wider energy
paradigm. Cross-linking chemistry adds extra handles to tailor the
gelation process and functional properties, surpassing those of
traditional hydrogels. Here, we present molecularly tethered gela-
tion of a cellulose (C) derivative by taking advantage of covalent
and non-covalent interactions using organic and ionic linkers,
respectively. The dual-cross-linked C-based hydrogels can be
synthesized at a moderate temperature (~70 °C) and processed
into thin films using a programmable dip-coater at room tempera-
ture. The hydrogel films exhibited enhanced pH stability compared
to the mono-cross-linked gels, were long-lived (over 180 days) and
showed excellent ion-exchange properties. The gelation mecha-
nism, local structures, and ion-exchange properties were corro-
borated by high-field (28.2 T, *H = 1200 MHz) solid-state NMR
spectroscopy. A facile gelation process enabled by covalent linkages,
metal coordination, and multimodal characterization demonstrated
here is expected to provide opportunities for a number of unexplored
applications.

Introduction

Gels derived from natural products are currently of great
interest for a multitude of applications ranging from biomedi-
cine, artificial tissues, wood engineering to a wider energy
paradigm.’™ The ability of hydrophilic polymer networks to
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swell in and retain significant fractions of water causes gela-
tion, leading to soft and self-standing three-dimensional mate-
rials referred to as hydrogels.>” The co-existence of sol and gel
components enables these materials to acquire unique physi-
cochemical properties.””®° Organic molecules such as amino
acids, nucleic acids, polysaccharides, and lignocellulosic bio-
mass, are being widely researched for the development of
functional hydrogels.'*™"”

Cellulose (C) and its derivatives are a fascinating class of
polymers, owing to the long polysaccharide chains with reactive
vicinal diols, providing a stable foundation for gelation.”*% 8724
C-gels have been explored in the areas of actuators, soft robots,
sensors, batteries, artificial wood, flame retardants, flexible
electronics, drug delivery, and in the controlled release of
pesticides and fertilizers.>>*' Different synthesis routes
enable unique physicochemical properties and stimulus adapt-
ability with respect to temperature, light, strain, pH, and
electric and magnetic fields further expands the application
space of C-hydrogels.®**7*% On the flip side, the insolubility of C
in water continues to be an obstacle to the development of
hydrogels.®***°~** Efforts have been made to address this
limitation by surface functionalization using acetate, methyl
or carboxymethyl groups: for example, carboxymethylcellulose
(CMC) has emerged as an alternative gelator for the aforemen-
tioned applications.’>®**™*” Further improvements to the gela-
tion of CMC can be sought using (non)covalent cross-linking
chemistry. Specifically, linkers based on ionic and hydrophobic
interactions have been used in tandem to develop hydrogels,
which showed enhanced viscoelastic properties compared to
the traditional CMC-hydrogels.*® Depending on the gelator and
cross-linker, chain tethering can be facilitated by both covalent
and non-covalent (including hydrogen bonding, electrostatic,
C-H-n and n-n stacking) interactions, and/or metal coordi-
nation.”®”! Although a mono-cross-linking strategy has been
demonstrated to develop CMC hydrogels/thin-films with adjus-
table mechanical strength, pH responsivity and self-healing
properties,****%* multi-cross-linking approaches are seldom
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applied. Despite the promising possibilities enabled by cross-
linking chemistry, molecular-level understanding of the local
structure in the vicinity of cross-linkers and its connection to
gelation properties and applications is still limited, calling
attention for further investigation.

Here we present a dual-cross-linked gelation of CMC with
citric acid (CA) and AI*" ions as cross-linkers. A combination of
covalent cross-linking and metal coordination is integrated into
a facile approach to synthesize hydrogel films at a moderate
temperature of ~70 °C, followed by drying and immersion into
an AI*" ionic solution. A second synthesis procedure by adding
both linkers at the beginning of gelation was also explored.
Both methods resulted in stable film formation. Gels can be
processed into thin films on glass substrates by using a program-
mable dip-coating technique. The ion-exchange properties of
hydrogel thin films are examined for capturing alkali metals from
aqueous solutions. The pH and thermal stability of mono- and
dual-cross-linked hydrogels are examined and compared. Since
these hydrogels contain heterogeneous compositions and struc-
tures that are difficult to characterize by long-range techniques
such as X-ray diffraction, we used infrared spectroscopy and solid-
state (ss)NMR spectroscopy to gain insights into the local struc-
ture. Specifically, we applied two-dimensional ssSNMR spectroscopy
at a high magnetic field of 28.2 T to characterize the local
structures in xerogels. In this way, the gelation mechanism is
corroborated by analyzing different intermolecular interactions,
which help explain their enhanced stability and ion-exchange
properties. These gels are open to a number of unexplored
applications, such as drug delivery, coatings and ion-exchange
membranes, upon further modification. The introduction of A**
cations into the hydrogel network (i) enhances the cross-linking
ability by metal coordination and non-covalent hydrogen bonding
interactions, and (ii) leads to the formation of Al-aqua complexes,
which retain large amounts of water in the hydrogel matrix,
enabling better flexibility of the gel. Therefore, AI** is preferred
over other mono or divalent cations. It brings additional benefits,
such as cost-effectiveness, low toxicity (in case gels are applied in a
biomedical context), actuators, conductivity and ion-exchange
properties.>*® The facile gelation and multiscale characterization
presented in this study is expected to pave the way towards
understanding stability-property relationships in hydrogels.

Experimental
Materials

All materials were used as received. CMC was purchased from
ThermoFisher Scientific (analytical grade, degree of substitu-
tion: 0.9, average molecular weight: ~700 kDa). Anhydrous
citric acid (CA), boric acid and aluminum sulfate octadecahy-
drate (Al,(SO,);-18H,0) were procured from Sigma Aldrich
(analytical grade). Millipore water was used to make the gels.

Preparation of mono-cross-linked CMC-CA hydrogels

To obtain a 2 wt% homogeneous solution, CMC powder was
added to distilled water and stirred at room temperature

© 2024 The Author(s). Published by the Royal Society of Chemistry
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overnight. A variable quantity of CA (corresponding to CA:CMC
anhydroglucose unit (AGU) molar ratios of 0:1, 0.1:1, 0.5:1,
1:1 and 2:1) was added and stirred at room temperature for
1 h to ensure a uniform distribution. The mixture was stirred at
70 °C for 30 minutes for the cross-linking reaction to occur. It
was degassed for 15 minutes to remove the bubbles and dried
overnight at 50 °C to obtain CMC-CA transparent hydrogel
films. These were hydrated with excess water to remove them
from the beakers, dried at 50 °C overnight to obtain CMC-CA
xerogels.

Preparation of CMC-CA-Al dual-cross-linked hydrogels

Procedure 1 - sequential addition of cross-linkers. The
transparent CMC-CA hydrogel films (prepared by the above
procedure) were immersed in a 0.1 M Al,(SO,4); solution for
24 hours to ensure AI** ions incorporation. The hydrogel films
were dried at 50 °C overnight to obtain CMC-CA-Al xerogel, and
immersed in distilled water for 24 hours to remove excess Al
ions. The washed hydrogel films were dried at 50 °C overnight
to obtain the xerogel.

Procedure 2 - simultaneous addition of cross-linkers. Alu-
minum sulfate (at a ratio of CMC AGU:Al ions = 10:1 molar
equivalent) and CA (at a ratio of CMC AGU:CA = 1:1 molar
equivalent) were dissolved in water to make a homogeneous
solution. CMC powder (3 wt%) was slowly added to this
solution with stirring. Complete dissolution was ensured by
stirring overnight. Air bubbles were removed by degassing for
1 hour. An Ossila dip-coater was used to cast the CMC-CA-Al
hydrogel film with a dip speed of 1.00 mm s~ ' and withdrawal
speed of 5.00 mm s * for 2 immersion cycles. The coated films
were dried in an oven at 120 °C for 20 minutes. The gelation
procedure is presented in Scheme 1.

Tap test

The stability of the formed gels was evaluated using both a tap
test and vial inversion. The vials containing the gel matrix were
gently tapped while held horizontally, and inverted to assess
their clarity and self-standing integrity.

a re-hydrate

RT, H,0

CMC-CA

A hydrogel
CMC + CAW CA-CMC

2

re-hydrate

CMC-CA-Al
RT, AP*/H,O

hydrogel
b

re-hydrate
———» CMC-CA-Al
hydrogel

A
CMC + CA + AP —’H CMC-CA-AI

,0 RT, H,0

Scheme 1 (a) Synthesis of mono-cross-linked CMC-CA hydrogel and
dual-cross-linked CMC-CA-Al hydrogels obtained by the sequential
addition of cross-linkers, i.e., CA is added first and then the gels are soaked
in A** solution. (b) Synthesis of dual-cross-linked CMC—-CA-Al hydrogels
obtained by the simultaneous addition of cross-linkers CA and A* at the
beginning of the gelation process. Both methods provided stable hydrogel
films: see Fig. S1, ESIf for the chemical structures and photographs of the
resulting hydrogels.
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pH-Responsive test

To evaluate the pH-responsive properties of the prepared
hydrogel films, solutions of pH 4, 7 and 10 were used. CMC-
CA-Al hydrogels of equal dimensions were immersed in the
solutions and monitored for changes in swelling.

Powder XRD characterization

The powder X-ray diffraction (PXRD) patterns of neat precur-
sors and hydrogels were acquired using a Bruker D8 Advance
A251 diffractometer equipped with Cu Ko radiation (A = 1.5056 A)
at room temperature. Diffractograms were obtained from 20 = 4° to
80° with a step width of 0.02° and a counting time of 0.5 s per step.

Thermal analysis

Thermogravimetry (TGA) and differential scanning calorimetry
(DSC) analysis of CMC and hydrogels were performed on
approximately 10 mg of sample placed in an aluminum sample
holder using a TA Q50 instrument. A temperature range of
25-600 °C was employed at a constant heating rate of 10 °C per
minute. During the analysis, nitrogen gas was purged at a flow
rate of 20 mL per minute to maintain an inert atmosphere.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy

A PerkinElmer FTIR Spectrum Two UATR spectrometer was
used to acquire the IR spectra of neat CMC, citric acid and the
hydrogels. The spectra were acquired with 10 scans with a

spectral resolution of 0.5 cm™".

Solid-state NMR spectroscopy

All materials for ssNMR analysis were used in powder form. 1D
and 2D solid-state 'H and *’Al magic-angle spinning (MAS)
NMR spectra were acquired on a 28.2 T Bruker Avance Neo
spectrometer equipped with a 3.2-mm double-resonance H-X
probe tuned to 'H and >”Al (Larmor frequencies are 1200.9 and
312.9 MHz, respectively). The MAS frequency was 20 kHz unless
otherwise mentioned. The "H 90° pulse duration was 2.3 ps.
The 'H spectra of xerogels were acquired with 16 co-added
transients using a recycle delay of 4 s. To acquire 1D *’Al
spectra, a 90° pulse duration of 3.5 pus was used. Each spectrum
was obtained by the co-addition of 512 transients with a recycle
delay of 1 s. The 2D *’Al-"H correlation spectra of the hydrogel
powders were acquired using a dipolar-mediated heteronuclear
multiple-quantum coherence (D-HMQC) sequence with *7Al
detection.®® The SR4,> sequence®® was applied on the 'H
channel to reintroduce the heteronuclear >’Al-'H dipolar cou-
plings with a recoupling duration of 7, = 200 ps. The States-
TPPI method was used for quadrature detection along the
indirect 'H dimension. The 2D spectra resulted from 64
rotor-synchronized ¢; increments, each with 32 co-added tran-
sients with a recycle delay of 1.5 s.

For CA powder, all 1D 'H MAS and 2D 'H-'H correlation
experiments were acquired with a 21.1 T Bruker Avance Neo
spectrometer with a "H Larmor frequency of 900 MHz. For 1D
"H the 90° pulse duration was 2 ps and the recycle delay was
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50 s. All single-pulse "H spectra of Cs adsorbed films were
acquired with 4 co-added transients. The 2D 'H-'H spin-
diffusion (SD) spectra were acquired using a three-pulse
NOESY-like sequence with a mixing time 7gp of 500 ms. The
2D spectra resulted from averaging 2 transients for each of 128
rotor-synchronized ¢; increments. The spinning frequency
was 50 kHz. The 2D 'H-'H double-quantum-single-quantum
(DQ-SQ) spectrum was acquired using the back-to back (BaBa)
sequence®®> with one rotor period. For the indirect DQ dimen-
sion, 128 ¢; increments were acquired each by coadding 16
transients using the States method to achieve sign discrimination.
For CMC-CA and CMC-CA-A], all 1D *’Na MAS NMR spectra were
acquired on an 18.8 T Bruker Avance Neo spectrometer (Larmor
frequencies: "H = 800.1 MHz, **Na = 211.7 MHz) equipped with a
1.3-mm double-resonance H-X probe tuned to 'H and **Na. Each
spectrum was obtained by the co-addition of 1024 transients with a
recycle delay of 0.5 s. The 'H, **Na, *’Al, **’Pb and '**Cs isotropic
chemical shifts were calibrated using the "H adamantane signal at
1.83 ppm as a secondary external reference, according to ITUPAC
nomenclature.®

Ion-exchange studies

To understand the Li*, Cs*, Sr** and Pb** adsorption properties,
the CMC-CA-Al dip-coated films on glass substrates were
immersed in aqueous solutions of metal ions for 1 hour. LiCl,
CsCl and Pb(NOj3), solutions were used (0.1, 0.5 and 20 wt%,
respectively). The films were taken out from the solution and
dried at room temperature overnight. The scratched films were
powdered and used for analysis. 1D MAS NMR spectra were
acquired on an 18.8 T Bruker Avance Neo spectrometer (Larmor
frequencies: 'H = 800.1 MHz, ’Li = 311.0 MHz, *Cs =
104.9 MHz and **’Pb = 167.4 MHz) equipped with a 1.3-mm
double-resonance H-X probe tuned to "H and X = "Li or **Cs or
*7pb. A spinning frequency of 50 kHz was employed.
To acquire 1D “Li MAS spectra, a 90° pulse duration of 1.4 ps
was used with a relaxation delay of 0.5 s, by signal averaging
with 1024 co-added transients. To collect 1D **Cs NMR spec-
tra, a 90° pulse duration of 1 us and 1024 co-added transients
were used. The adsorbed Cs* ions on CMC-CA-AI films exhib-
ited a shorter relaxation delay of 1 s, whereas a relaxation delay
of 50 s was used for the CsCl salt. For *’Pb MAS NMR data
collection, a 90° pulse duration of 1.25 ps was used with a
relaxation delay of 0.5 s, using 20480 co-added transients.

Results and discussion

Fig. 1 presents the molecular structures of CMC and the cross-
linkers used in this study, and compares a schematic of
gelation between CMC and CA/AI*" species together with the
different steps involved. Although the chain entanglement of
CMC in water leads to a highly viscous solution, it does not
prevent the dissolution of CMC. As reported in the previous
literature, CMC alone, i.e., without any covalent cross-linking
agent being used, leads to poor gelation (ESI,f Fig. §2).°*7®
Organic cross-linkers such as boric acid (BA) lead to poor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Structures of gelator molecules and cross-linkers. (b) Gelation of CMC and CA together with photographs of the obtained gels with and

without A" linkers. The CMC—CA-Al gel exhibits excellent stability in water for over 180 days. (c) Schematic of cross-linked CMC~CA fibrils which are

expected to lead to a hydrogel by cross-linking of CMC with CA and Al>*

gelation, and epichlorohydrin (ECH) leads to a stiff gel, but
undergoes degradation over time (ESI,T Fig. S3 and S4). When a
CMC : CA binary mixture in water (1:1, one CA equiv. per CMC
anhydroglucose unit) was heated on a hot plate, covalent cross-
linking between the OH of CMC and the COOH of CA occurs,
yielding a stable hydrogel (Fig. 1b). In optimizing this process,
we adjusted the CA concentration and temperature in the
70-150 °C range, but this did not show a substantial difference
in gel setting, ESI,{ Fig. S5, hence 70 °C was preferred. Gels
made with CMC: CA [1:0.01] exhibited relatively low setting or
started to flow downwards upon vial inversion. When [CA] was
increased to 0.5 or 1, gelation was found to improve (ESL+
Fig. S6), indicating that CMC: CA [1:1] appears to yield better
gel setting. However, further increasing [CA] to 2 or more
resulted in reduced swelling and poor gelation. Once brought
back to room temperature and allowed to settle, the CMC-CA
[1:1] hydrogel leads to the formation of a thin layer at the gel/
air interface, creating a barrier with the rest of the reaction
mixture. Vial inversion, followed by a tap test during which the
gel does not appear to run down, corroborates this observation
(Fig. 1b, photographs in the inset), and hence the schematic
presented in Fig. 1c. We reasoned that esterification occurs
between ~-COOH (CA) and -OH (CMC). This reaction, depicted
in the proposed mechanism (ESLt Fig. S7a), leads to the
formation of a thin layer at the gel/air interface. This
esterification-mediated gel formation has been observed in
similar systems in previous studies.®>**~”> It has been hypothe-
sized that this reaction proceeds via the formation of a cyclic
anhydride intermediate of CA in order to esterify the primary
and secondary -OH groups of CMC,”® which may cause dehy-
dration of excess water molecules as the cross-linking reaction
of CMC evolves. Alternative mechanisms have also been
proposed, as indicated in ESI,{ Fig. S7b. Evaporation of excess
of water results in a ‘nearly transparent’ layer at the bottom of

© 2024 The Author(s). Published by the Royal Society of Chemistry

ions, illustrating the use of both covalent and non-covalent interactions.

the glass vial, necessitating a rehydration step to recover the
hydrogel film. Consequently, these films are soaked in water to
detach them from the vials to obtain stable hydrogel films.
During this rehydration process, the Na' ions present as
counter cations in CMC are leached into the water. This was
confirmed by acquiring and analyzing the *’Na MAS NMR
spectra of the xerogels before and after soaking in water (ESI, T
Fig. $8), where the low intensity of the >*Na peak in the washed
gels confirms that the Na* ions are weakly bound to the gel
network. We were intrigued that the partial leaching of Na* ions
could provide opportunities to incorporate other multivalent
cations via an ion-exchange process (vide infra), through which
the gelation process could be adjusted.

The multivalent cations are expected to interact with the
-COO™ groups of CMC and CA, which could considerably
improve the stability of the hydrogel thin films.”*>”” Here we
preferred AI** ions, owing to the ability of Al species to form
coordinated aqua-complexes that can be brought into CMC-CA
gels, enabling ionic cross-linking with the -COO™~ groups of
CMC and CA moieties. In the subsequent stage, we aimed to
obtain a dual-cross-linked CMC-CA-Al hydrogel, following the
same synthesis step shown in Fig. 1b, except that the rehydration
step involved an aqueous solution containing AI** ions. During
this step, both AI*" and their aqua complexes penetrated into the
gel matrix and developed non-covalent interactions between the
—COOH groups of CMC and CA. It is noteworthy that the addition
of AI*" to neither CMC nor CA alone causes stable film formation
(ESL Fig. S9 and S10). Although the CMC-Al combination leads to
the formation of hydrogels, the leaching of AI** ions into water
upon soaking for 2 days leads to dissolution of the gel. This trend
has been observed for similar systems with different metal ions
used as cross-linkers.”*® To this end, covalently and non-
covalently dual-cross-linked CMC-CA-Al hydrogel films exhibit
better stability and flexibility.

Mater. Adv, 2024, 5, 9210-9219 | 9213
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Understanding the gelation mechanism and the local struc-
tures of covalent/non-covalent linkages is paramount for iden-
tifying the stability-property relationships of hydrogel films,
though it represents a characterization challenge. This is due,
in part, to the compositional and structural heterogeneity
associated with dual-cross-linked CMA-CA-Al films, which
limits the use of long-range probes such as microscopy and
X-ray scattering,*"®*? or macroscopic property testing using
rheology. Crystallinity and changes in long-range order upon
gelation can be investigated by examining the X-ray diffraction
patterns of these materials.®*®* Fig. 2 compares the powder
XRD patterns of CA and CMC with CMC-CA cross-linked
hydrogel, where the well-resolved reflections of CA are due to
high crystallinity that can be indexed based on the previously
reported crystal structure.®®®® A broad PXRD feature centered
at 20.4° for neat CMC suggests an amorphous nature, which is
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g \%\N\
E
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2
®
(3]
— CMC-CA
— CMC-CA-Al
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Fig. 2 (a) Powder XRD patterns of CA, CMC, CMC-CA, and CMC-CA-AL
(b) DSC and (c) TGA plots of CMC, CMC-CA and CMC-CA-AL In (c), the
vertical dashed lines depict weight loss.
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further reflected in the much broader PXRD patterns of CMC-
CA and CMC-CA-Al xerogels (in comparison to CMC and CA),
indicating a further reduction in the long-range order upon
cross-linking reactions. Specifically, the absence of CA patterns
in the hydrogel indicates that CA is dispersed into the CMC
matrix at the molecular level due to cross-links and that at the
given concentration CA does not phase separate to form any
crystalline phase, a point that will be discussed again in the
NMR analysis of local structures. These results are further
supported by DSC (Fig. 2b) and TGA (Fig. 2c), which provide
insights into the thermal stability, crystallization and melting
properties. In the DSC plot of CMC (Fig. 2b), an endothermic
peak at ~49-51 °C is expected to occur due to the evaporation
of physically bound water. For CMC-CA, two distinct exother-
mic peaks were observed in the ~49-51 °C and 135-210 °C
regions, which are attributable to the surface adsorbed water
and the water molecules entrapped in the xerogel matrix,
as reported previously.”>®” For CMC-CA-Al the exothermic
peak at 195-260 °C indicates more stable water molecules
entrapped in pores, which are closely associated with AI**
species. In addition, these three compounds exhibit different
melting behavior: CMC shows a relatively narrow feature (250-
300 °C) compared to CMC-CA (250-300 °C) and CMC-CA-Al
(with a low-intensity feature at 372 °C). TGA analysis corrobo-
rates these results, where different weight loss curves are
observed for the xerogels of CMC powder, CMC-CA and
CMC-CA-Al (Fig. 2¢). Examining at ~50% weight loss, a higher
degree of thermal stability was observed for CMC-CA (~ 350 °C)
and CMC-CA-Al (~ 370 °C) compared to neat CMC at ~300 °C.
In addition, a comparison of TGA analysis of CMC and cellulose
is also presented in Fig. S11 (ESIt), in which the difference in
thermal stability is due to the surface modification by carboxy
methyl groups. Overall, these results indicate that the relatively
high degree of thermal stability is due to the cross-linked CMC
polymers.

To gain insights into the gelation process and the associated
local chemical environments of CMC, CA and AI**, we used
attenuated total reflection Fourier transform infrared (FTIR)
and ssNMR spectroscopy (Fig. 3). In the FTIR spectrum of CMC
(Fig. 3a), stretching frequencies at ~3490 cm™ " (vo_g), 2913 cm ™"
(vo), 1616 cm ™' (antisymmetric vcop), and 1412 cm™ " (sym-
metric vgoo) were detected. The vibrational frequencies of
primary/secondary alcohol C-OH appear at 1106 cm ',
1047 ecm™ ', 1019 em ™' and 995 cm™ ', and the B-1,4-glycosidic
bonds between the glucose units exhibited a band at 898 cm ™.
For CA, bands at 3279 cm ™! and at 1693 cm ™' are attributed
to vo_g and hydrogen-bonded C—O0O moieties, respectively. For
CMC-CA, a new feature at 1715-1745 cm™ ' suggests the formation
of ester bonds between CMC(OH) and CA(COOH), and vy is at
higher values 3500-3546 cm™ ', which corroborates the formation
of hydrogen bonds facilitating gelation. In CMC-CA-Al, vc—o
has shifted to a higher value, suggesting the formation of ionic/
coordination links between AI** and COO~ groups of CMC moi-
eties. These results are further corroborated by magic-angle spin-
ning (MAS) NMR spectroscopy that provides insights into the local
structures and packing interactions in gels.®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Solid-state FTIR transmittance plots of CMC, CA, CMC~CA and CMC~CA-AL (1:0.5). (b) Solid-state 1D *H MAS NMR spectra of CMC, CA, CMC

+ CA, CMC-CA, and CMC: CA-Al xerogels, and (c) 1D Al NMR spectra of CMC—~CA-Al with different CMC : CA ratio as indicated. (d) Schematic of A+
complexes in close proximity to CMC and CA moieties. (e) Solid-state 2D 27Al-H correlation NMR spectrum plotted along with 27Al and H skyline
projections (inset) and the corresponding 1D spectra on the top and left-hand axes. The spectra presented in (b) were acquired at 21 T (*H = 900 MHz)
with 50 kHz MAS, and in (c) and (e) were acquired at 28.2 T (*H = 1200.5 MHz and ?’Al = 312.9 MHz) with 20 kHz MAS.

In the 1D *H MAS and 2D *H-'H correlation NMR spectra of
CMC (Fig. 3b and Fig. S12, ESIY), a broad feature at 2-5 ppm is
due to overlapping contributions from anomeric protons, CH,
and OH groups. For CA, peaks at 2.4 and 3.0 ppm (CH,), at 5.5
ppm (OH), and at 10, 10.7, and 13.9 ppm (COOH) are identified
(ESL Fig. S13 and S14). In contrast, the "H NMR spectra of
CMC-CA and CMC-CA-Al do not display the signals associated
with ~-COOH groups of CA (10-14 ppm), due to the formation of
covalent ester linkages, except when a high CA concentration of
5 equivalents was used (ESLf Fig. S15). This observation is
rationalized by a cross-linking reaction between COOH(CA) and
the OH(CMC) groups. To test this, we acquired the "H NMR
spectrum of a physical mixture of CMC + CA (1 + 2), in which all
of these peaks are retained, indicating that the cross-linking
reactions between CA and CMC do not occur in the physical
mixture. For CMC-CA and CMC-CA-Al, the absence of signals
(10-14 ppm) could be an indication of the involvement of all
COOH moieties of CA, unlike in the formation of a CA-cyclic
intermediate that still holds a COOH group, which may occur
through different mechanisms (ESI,f Fig. S7b). In the 1D *’Al
NMR spectra of CMC-CA-Al (Fig. 3c and Fig. S16, ESIY),
two distinct hexa-coordinated Al sites are detected: peaks at

© 2024 The Author(s). Published by the Royal Society of Chemistry

0.5-2 ppm are attributed to a hexa-aqua [Al(H,0)s]** complex,”
where displacement and broadening of the *’Al peak is
observed upon increasing the concentration of CA. An addi-
tional peak centered at 7 ppm, whose intensity increased as the
concentration of CA cross-linker increased, is expected to
originate from the secondary hexa-coordinated Al site binding,
at least in part, to both CA and CMC moieties (Fig. 3d).
Comparison of the 1D *’Al MAS NMR spectra of the xerogels
and hydrogels (Fig. S17, ESIt) confirmed identical *’Al local
coordination environments in both materials, as revealed by
identical chemical shifts and peak intensities. Hence, for con-
venience we used xerogels for ssSNMR spectroscopy analysis,
including hydrogels prepared by the sequential and simulta-
neous addition of gelator and cross-linkers (Fig. S18, ESIT).
Specifically, analysis of the 2D *’Al-'H correlation spectra
(Fig. 3e and Fig. S19, ESIf) shed light on the local structures
and through-space Al-H proximities in these species. While
the 2D peak between *’Al (1.5 ppm) and 'H (4.7 ppm) is
consistent with the incorporation of Al by means of
[Al(H,0)¢]*" species, low-intensity peaks in *’Al (7.2-5.5 ppm)
and "H (3.8 ppm) confirm the spatial proximity between Al and
the protons within the CMC-CA network (denoted by the

Mater. Adv,, 2024, 5, 9210-9219 | 9215
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Fig. 4 Photographs of (a) CMC—CA (CMC:CA = 1:1) and (b) CMC—-CA-Al (CMC: CA = 1:1 soaked in 0.1 M A®* solution) dual-cross-linked hydrogel
films taken before and after immersion in agueous solutions of pH = 4, 7 and 10 for up to 30 days. Solid-state attenuated FTIR transmittance plots of (c)
CMC-CA and (d) CMC-CA-Al hydrogels acquired before and after exposure to pH 4, 7 and 10 for 90 days.

doubled-headed arrows in Fig. 3d and red-shaded region in
Fig. 3e).

A stability test of gels at different pH values is often required
to assess their suitability for specific applications.”»*> The pH
compatibility of CMC-CA and CMC-CA-Al was assessed by
immersing them in buffer solutions (pH 4, 7, and 10) over a
month (Fig. 4a and b). For both mono- and dual-cross-linked
hydrogels, enhanced stability is observed at an acidic/neutral
pH of 4-7. However, exposure to basic conditions (pH = 10)
leads to swelling and partial distortion of the films. Overall, the
CMC-CA-Al hydrogel films exhibited outstanding stability of
over 150 days (ESL Fig. S20), in contrast to CMC-CA, owing to
the ionic cross-linking through AI** ions. Yet long-term expo-
sure to basic conditions may cause instability and the loss of
structural integrity. Analysis of the FTIR spectra of gels before
and after exposure to aqueous solutions with different pH
values (Fig. 4c and d) corroborates these results, by means of
changes in the vibrational bands associated with the carboxyl

a Li*-adsorption
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groups (vertical grey bands) and hydrogen-bonded protons
(3000-3400 cm ™). At an acidic pH of 4, the IR peaks are nearly
intact even after 90 days, suggesting the high stability of the
films under acidic conditions. As the pH increases to 7, the
broadening of the carboxylic stretching peaks is specifically
observed, which could be attributed to weakening of ester
linkages and enhanced swelling. At a basic pH of 10, the spectra
are dominated by water peaks, suggesting dissolution of the gel
matrix into the solution, owing to the loss of cross-links
between polymer chains.

In exploring the suitability of CMC-CA-Al gels as mem-
branes for ion-exchange and environmental remediation appli-
cations, we examined the uptake of mono and divalent metals
from aqueous solutions. Desalination involving hydrogels
requires processing, such as extrusion, membrane formation
and coating on the sorbate.’® % Here we used dip-coated CMC-
CA-Al on glass substrates, and the dried films were used to
adsorb Li*, Cs*, Sr** and Pb>" ions from aqueous solutions with
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Fig. 5 (a) 1D ’Li MAS NMR spectra of Li* adsorbed on hydrogel thin films together with the spectrum of Li»COs3, and (b) the normalized ’Li peak integral
plotted as a function of concentration of Li,COs in water. (c) 1D *3Cs MAS NMR spectra of CsCl and Cs*-adsorbed Al-CA-CMC, and (d) photographs of
Al-CA-CMC coated on glass substrates before and after Cs* adsorption, and the ***Cs peak integral plotted as a function of concentration of CsCl in
water. All spectra were acquired at 18.8 T (Li = 311.0 MHz, and **3Cs = 104.9 MHz) with 50 kHz MAS and at room temperature.
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variable concentrations of metal ions. The resulting materials
are studied by analyzing the FTIR spectra before and after ion
exchange (ESI,t Fig. $21) as well as the “Li and "**Cs MAS NMR
spectra (Fig. 5). The FTIR transmittance plots of ion-adsorbed
hydrogel films (Fig. S21, ESIt) exhibited changes in the 1750-
1600 cm ™' range (-C=O0 stretching region), indicating interac-
tions between carbonyl moieties and ions.

Fig. 5a presents the ‘Li NMR spectra, in which the peaks in
the vicinity of ~0 ppm are characteristic of ionic Li" species.
The Li" adsorption capacity of CMC-CA films (Fig. 5b) was
estimated by analyzing the “Li NMR peak integral with respect
to a standard external calibration sample (powdered Li,CO3, in
which Li = 18.8 at%). The mass of Li" ions in Li,CO; was used
as a reference in order to estimate the amount of Li'
ions adsorbed on the hydrogel films, which was found to be
~50 mg g~ of sorbent.”®'°° An identical protocol was used to
study the Cs* adsorption studies (Fig. 5¢ and d) using '**Cs
NMR spectroscopy. When [Cs'] solution of less than 1 wt% was
used, the Cs" ions are entrapped in the CMC-CA-Al sorbent,
which produces *?Cs NMR peaks in the 0-100 ppm range.
Upon increasing the concentration of Cs' ions in water, addi-
tional narrow features appeared in the 260-330 ppm range
corresponding to phase-separated Cs' ions resembling CsCl
salt (photographs depicting the precipitate are shown in
Fig. 5¢). The concentration of Cs" ions entrapped in the gel
matrix was determined to be in the range 3-12.2 mg g~ ' of
sorbent, showing excellent efficiency (ESI,T Section $23).'%"1?
In an identical manner, the adsorption characteristics of Pb**
ions by CMC-CA-Al gels were studied. **’Pb NMR peak at
~3473 ppm (ESI,T Fig. $22) indicates the presence of Pb>" or
Pb(NO3), species. However, the poor sensitivity and resolution
associated with ®Sr and *°’Pb NMR and relatively longer
acquisition times limit the study of adsorption isotherms.
Nonetheless, "H and *’Al ssNMR at 28.2 T is particularly
suitable to characterize these xerogels.'**1%

Conclusions

In summary, covalent and non-covalent interactions facilitate
a stable gelation of CMC, CA and Al species, which can be
processed into hydrogel thin films using a dip-coater. The
resultant hydrogel films exhibit better thermal stability than
CMC powder, indicating the covalent cross-linking of CMC
polymers. The entanglement of CMC biopolymers by CA and
AI** jons imparts distinct properties to the resulting hydrogel
films, with greater flexibility, ion exchange and pH-responsive
behavior. In doing so, we studied the gelation mechanism and
local structures by FTIR and ssNMR spectroscopy. Hydrogel
films exhibited excellent absorption/exchange properties with
Li*, Na¥, Cs*, Pb*>" and AI*". These findings contribute valuable
insights to hydrogel development, with implications for stimuli
responsivity and processability. These gels are expected to open
up opportunities for a number of unexplored applications.
Among various applications, thin films dip coated on glass
substrates are examined here for desalination processes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Further studies can be envisaged, such as the incorporation
of dyes or drug molecules for biomedical applications, lumi-
nescent soft materials, environmental remediation, supercapa-
citors, 3D printing or additive manufacturing of hydrogels.
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