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Macroscopic volume phase transitions
in supramolecular gels directed by covalent

Bart Dietrich and Dave J. Adams 2 *

Reaction-driven modification of the chemical composition of gels is an interesting approach to synthesize
useful materials. Of the different reaction-based systems, crosslinking of the components through the
formation of covalent bonds is used to provide mechanical stability to the materials. Here, we show that

covalent crosslinking in multicomponent gels can be an effective strategy to synthesize new types of

rsc.li/frontiers-materials

Introduction

Gels are ubiquitous in many areas including materials and medi-
cine. Supramolecular gels are formed when small molecules
undergo self-assembly involving various noncovalent interactions
such as m-stacking, hydrogen bonding, ionic and hydrophobic
interactions, resulting in a fibrous network that immobilizes the
solvent."” To explore these materials for task-specific applications,
the responsive behaviour of the gels towards external stimuli such
as UV-light, pH, heat, and chemical analytes has been extensively
studied.*® However, unlike polymeric gels where the molecules are
connected by covalent bonds, one major issue with these supra-
molecular systems is that they often suffer from poor mechanical
stability and tend to break at low strain, limiting many practical
applications.®® For example, exploring gels as drug delivery vehi-
cles demands sufficient stiffness of the materials for a controlled
and sustainable drug release.'® In cell and tissue engineering, the
mechanical properties of the scaffold should mimic the cells’
environment and thereby determine the outcome of cellular
differentiation.”* Similarly, for 3D printable gels, the material
should have sufficient strength to be extruded through a needle
without much deviation from its native properties."

To overcome this, chemical reaction-driven in situ cross-
linking of the gelator molecules through the formation of
covalent bonds is receiving attention to improve the final
material properties. The design of such gels incorporates a
reaction centre on the gelator skeleton where the chemical
reaction proceeds post-gelation. Exposure of these gels to a
stimulus makes the system reactive and instigates the
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functional materials with spatiotemporal dynamic properties.

components to crosslink covalently leading to a permanent change
in the chemical composition of the materials. Several methods
such as photodimerization and photopolymerization,"*'* disulfide
formation,"® amide'® and imine'”'® bond formation have been
used to achieve covalent crosslinking in supramolecular gels.
Typically, such gels are formed by the self-assembly of a
single component. However, multicomponent supramolecular
gels formed by the combination of two or more organic
molecules have potential as soft functional materials with
potential in organic electronics, drug delivery, actuators, and
tissue engineering.>'*?° In synthesizing multicomponent gels,
mixing two organic compounds bearing oppositely pH-
responsive functionalities (for example, carboxylic acid and
amine group) is promising.'>*! Such systems can form hier-
archical structures on perturbation of pH, enabling modifica-
tion of material properties simply by controlling the surface
charge on the fibres through pH change.”*>> While consider-
ing these ionic complementary multicomponent systems,
chemical crosslinking is possible in many ways (Fig. 1). One
possibility is to instigate crosslinking between the two different
components by a covalent bond. Another possibility is to carry
out selective crosslinking with only one of the components.
Here, we explored both possibilities in an ionic-complementary
multicomponent system comprising gelators with carboxylic acid
(1) and an amine group (2). We employed 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as a coupling reagent
to achieve crosslinking through amide bond formation between
components 1 and 2 (Fig. 1). In contrast, glutaraldehyde was
incorporated into the system to accomplish selective crosslinking
between the molecules of 2 involving an imine bond formation
reaction (Fig. 1). Depending on the pH of the medium, the multi-
component system (1 + 2) responds differently towards the cross-
linking reagents. Different types of crosslinking allow controlling
the mechanical properties to different extents with a change in the
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Fig. 1 (a) Chemical structures of compounds 1, 2, and the crosslinking
agents EDC (used as hydrochloride salt) and glutaraldehyde. (b) Concep-
tual cartoon schematic showing different possibilities of covalent cross-
linking between the components bearing a carboxylic acid and amine
functionality in a multicomponent gel system. For ease of visualisation, an
alternating structure is shown but random coassembly is likely to occur.

macroscopic volume of the gels which is uncommon for such
supramolecular systems. To the best of our knowledge, this is the
first report on shrinking/swelling in multicomponent gels tuned by
covalent crosslinking.

Results and discussion

In our previous work on crosslinked gels, phenylalanine-
functionalized small molecule gelators were studied.'®'” There
was no change in the volume of the gels after crosslinking.
Generally, the shrinking or swelling behaviour of supramole-
cular gels is linked to the change in hydrophobicity of the
individual molecules in response to an applied stimulus.>*™®
However, this is not always true. There are precedents where
rather than the hydrophobicity of individual molecules, it is the
hydrophobicity of self-assembled fibres that regulates the
macroscopic volume change in gels.>>*°~*? There is possibly a
rearrangement of the three-dimensional self-assembled struc-
tures driven by the change in hydrophobicity of the network
causing macroscopic volume phase transitions in gels.
Keeping this in mind, here we functionalized the phenyla-
lanine residue with a dodecyl chain to synthesize compound 1.
In DMSO/H,O (20/80, v/v), 1 self-assembled into needle-like
fibres leading to a gel with a pH of 3.5 (Fig. 2a-c and Fig. S1,
ESIYT). During self-assembly, while the dodecyl segment exerts
hydrophobic interactions, the amide groups are involved in
intermolecular hydrogen bonding. The hydrogel of 1 is
pH-responsive and formed a free-flowing solution in presence
of base due to deprotonation of the terminal carboxylic acid.
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Fig. 2 (a) Photographs of the phase changes of 1 (i and ii) and 2 (iii and iv)
in the absence (i and iii) and presence (ii and iv) of 1 equiv. of NaOH. (v-vii)
Photographs of the multicomponent gels of (1 + 2) at pH (v) 3.3 (with no
NaOH), (vi) 9.3 (with 1 equiv. of NaOH) and (vii) 10.8 (with 2 equiv. of
NaOH). (b) Bar graph showing the changes in stiffness (G’, calculated at
0.2% strain from strain sweeps) of the hydrogel of (i) 1, (i) 2 with NaOH, and
the multicomponent gels of (1 + 2) at pH (iii) 3.3, (iv) 9.3 and (v) 10.8. (c—f)
Confocal microscopy images of the hydrogel of 1 (c) and the multi-
component gels of (1 + 2) at pH (d) 3.3, (e) 9.3 and (f) 10.8 (scale bars
represent 20 pm). (g) PXRD data and (h) CD spectra for the hydrogels of 1
(black), 2 (purple), and the multicomponent gels of (1 + 2) at pH 3.3 (red),
9.3 (green) and 10.8 (blue). For (h), the magenta data represent the solution
of 2. Inset of (h) represents expanded section of the graph. In all cases,
concentration of 1 is 10 mg mL~* and the molar ratio of 1 and 2 is 1:1.
Solvent is DMSO/H,0 (20/80, v/v).

Compared to 1, the Fmoc-salt 2 exhibits opposite response to
pH perturbation. In this case, deprotonation of the ammonium
group of 2 generates the corresponding amine.** Visually, the
solution of 2 turned into a gel (pH 10.4) upon addition of
equimolar amounts of NaOH (Fig. 2a and Fig. S2, ESIt). The gel
consists of spherulitic domains of fibres as observed in con-
focal and optical microscopy imaging (Fig. S2, ESIT).

The multicomponent gel (1 + 2) was prepared by mixing
equimolar amounts of 1 and 2 in the absence and presence of
different concentrations of NaOH (Fig. 2a and b). Simple
dilution of the mixture of 1 and 2 in DMSO with water resulted
in a gel (pH 3.3) with a microstructure similar to the hydrogel of
1 alone (Fig. 2d and Fig. S3, ESIt). However, spectroscopic
studies confirmed that the fibres are formed by co-assembly. In
the presence of 2, the amide carbonyl stretches of 1 moved from
1641 cm™ ! and 1697 cm™ ' to 1643 cm™ ' and 1692 cm™?,
respectively (Fig. S4, ESIf). Moreover, the shoulder peak at
1720 cm™ " from the carboxylic carbonyl of 1 shifted to a higher
region by 15 cm™" and appeared at 1735 cm™ ' in the multi-
component gel. Noticeably, the carbamate carbonyl stretching
of 2 at 1715 cm™ " became too broad to distinguish in the
multicomponent gel, signifying the involvement of 2 in self-
assembly which was further verified by fluorescence studies.
The solution of 2 exhibited a sharp emission at 320 nm with a
shoulder band near 365 nm corresponding to the monomer
and excimer emissions of the fluorenyl group, respectively

| Mater. Chem. Front., 2022, 6, 2703-2708 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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(Fig. S5, ESIt).>*** In the gel (1 + 2), the monomer peak was red-
shifted by 3 nm with a significant increase in the relative
intensity of the excimer emission band. These results indicate
coassembly of 1 and 2.** To confirm this, powder X-ray diffrac-
tion (PXRD) study of the wet gels was conducted (Fig. 2g). In
both cases, no sharp diffraction peak was seen, suggesting less
ordered molecular packing in the gels. However, the broad
diffraction peaks at 20 = 24.88° and 9.92° for the hydrogel of 1
were shifted to 20 = 23.46° and 9.43°, respectively in the
multicomponent gel. The differences in the peak positions
corroborate a coassembly-driven change in hydrogen-bonded
structures of 1 in the presence of 2. Again, from circular
dichroism (CD) spectroscopy, while compound 2 is CD inactive
both in the solution and gel state, a 4 nm blue shift of the
intense negative peak for 1 at 234 nm further supports a change
in the H-bonded secondary structure of 1 in the multicompo-
nent system (Fig. 2h). Rheologically, the stiffness (storage
modulus, G') of the hydrogel (1 + 2) was reduced by >50%
compared to the gel of 1 alone (Fig. 2b and Fig. S6, ESIt).

We next increased the pH of the multicomponent system
using NaOH. The large difference between the pK, of 1 and 2
(5.8 and 8.4 respectively) enables control over the degree of
deprotonation of the components (Fig. S7, ESIt). In presence of
1 equivalent of NaOH, the formation of the carboxylate of 1
triggered the salt-bridge formation involving charge-charge
interactions with the ammonium group of 2 resulting in a gel
(pH is 9.3) which shows an unusually high stiffness (G') of >2.5
x 10° Pa (Fig. 2b and Fig. S6, ESIt).>**> Under these conditions,
the pH of the gel was higher than the apparent pK, of 2
suggesting that the gel at pH 9.3 is dominated by the
amine form (>50%) than the ammonium form of 2. Analysis of
the equilibrium position wusing Henderson-Hasselbalch
equation®>° reveals ~80% deprotonation of 2 at pH 9.3. On
further increasing the pH to 10.8 (with 2 equivalents of NaOH),
the stiffness (G) of the material drops dramatically due to the
complete loss of charge on the ammonium group (~100%
deprotonation of 2) and thereby destruction of the salt-bridge
between 1 and 2 (Fig. 2b and Fig. S6, ESIT).>**> However, the
extent of aromatic stacking in the gels increases with the
increase of pH as evident from fluorescence and CD spectro-
scopy. On increasing the pH of the multicomponent gel from
PH 3.3 to 10.8, the monomer emission of 2 at 323 nm gradually
disappeared and the intensity of the excimer emission peaks in
the region 425-500 nm increased considerably (Fig. S8, ESIT).
The negative CD signal at 305 nm derived from the fluorenyl
group®” of 2 was also intensified on increasing the pH to
10.8 suggesting aromatic stacking plays a pivotal role in main-
taining the assembled structures at high pH (Fig. 2h). More-
over, different CD signals in the region 218-284 nm for the
system (1 + 2) at different pH signify a change in the underlying
molecular packing of the gels. In UV-vis, a gradual red shift of
the peak from 299 nm to 303 nm with increasing pH further
supports this proposition (Fig. S8, ESIT). FTIR spectroscopy also
shows a gradual decrease of amide carbonyl stretching of 1
from 1643 cm™ " to 1636 cm™ ' along with simultaneous broad-
ening of the peak near 1735 em ' on changing the pH from
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3.3 to 10.8, validating the existence of different hydrogen-
bonding interactions between the components at different pH
(Fig. S9, ESIt). Both the gels at pH 9.3 and 10.8 showed long
fibres as their microstructures in contrast to needle-shaped
fibres at pH 3.3 (Fig. 2d-f and Fig. S10, ESIY). In this context,
proton NMR of the gels confirms the stability of the compo-
nents at high pH (Fig. S11, ESIt). Taking together the pH data
and the spectroscopic observations, the existence of different
structures of 1 and 2 responsible for gelation for the system
(1+2) at different pH is illustrated in Scheme S2 (ESIt). Inter-
estingly, PXRD data of the multicomponent gel at pH 10.8 was
eclipsed by a broad band centred at 20 = 19.48° along with a
number of sharp peaks (260 = 8.81° 9.43°, 11.13°, 18.14°)
implying that the gel formed at pH 10.8 is more crystalline
(Fig. 2g). These results further suggest that the multicompo-
nent gelation at both pH 9.3 and 10.8 is again driven by
co-assembly.

To achieve covalent crosslinking in the gels as shown in
Fig. 1, we added aqueous solutions of EDC (1 equivalent as the
hydrochloride salt) or glutaraldehyde (0.5 equivalent) sepa-
rately on top of the gels and allowed the systems to react for
~24 h. To check the EDC-triggered coupling between 1 and 2,
the "H NMR spectra of the EDC-treated gels were compared
with the original gel of (1 + 2) (Fig. S12, ESIt). At pH 3.3, the gels
obtained before and after treatment with EDC exhibited iden-
tical NMR spectra, suggesting no chemical reaction occurred
between 1 and 2 at pH 3.3. However, in the EDC-treated gels at
pH 9.3 and 10.8 (proton NMR was recorded after acidifying the
samples), disappearance of the peak at 8.02 ppm corres-
ponding to the ammonium protons of 2 indicates the cross-
linking between 1 and 2 via amide bond formation in both
cases. Moreover, HRMS analysis of the samples showed the
expected mass for the amide product 3 and confirms the
crosslinking at both pH 9.3 and 10.8 (Fig. S13, ESIT). Interest-
ingly, instead of post assembly functionalization, a direct
addition of EDC to the mixture of 1 and 2 in presence of base
brought about an identical proton NMR, further confirming
that cross-linking between 1 and 2 occurred through amide
bond formation (Fig. S14 and S15, ESIt). Unlike EDC, glutar-
aldehyde triggered the crosslinking between the molecules of 2
through imine bond formation at pH 3.3. This was confirmed
by '"H NMR of the glutaraldehyde-treated gel that shows dis-
appearance of the ammonium protons at 8.02 ppm along with
generation of a broad peak near 7.61 ppm (Fig. S16, ESIf)."”
Moreover, by FTIR, a new band appearing at 1714 cm™ " after
the chemical reaction also supports the crosslinking (Fig. S17,
ESIT). Along the same line, emergence of the stretching band
near 1714 cm™ ! for the gels at pH 9.3 and 10.8 (Fig. S18, ESIt)
further endorses that crosslinking is indeed taking place via
imine bond formation in both cases.

Different types of crosslinking at different pH perturb the
systems to different extents. Rheological experiments were
carried out to monitor the effects of covalent crosslinking in
the gels. Time sweep rheology at pH 3.3 indicated that diffusion
of glutaraldehyde into the gel resulted in an increase of both
storage (G') and loss modulus (G”) over time (Fig. S19, ESIT).
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We propose that glutaraldehyde interacts with the molecules of
2 leading to alteration of the primary assembled structures in
the network yielding a gel with improved mechanical properties
(Fig. S19, ESI¥). A considerable decrease in monomer emission
accompanied by the simultaneous increase in relative intensity
of excimer emission of the fluorenyl group was recorded in the
crosslinked gel (Fig. S20, ESIt), indicating that reaction with
glutaraldehyde brought about a change in the intermolecular
interactions between the molecules which was also evident
from the disappearance of the negative CD signal at 284 nm
in the crosslinked gel (Fig. S21, ESIt). Microscopically, the
crosslinked gel exhibited needle-like fibres similar to the
original gel (1 + 2), however, the density of the fibres increased
considerably after crosslinking (Fig. S22, ESI{). Importantly, the
emergence of sharp peaks at 26 = 19.78° to 24.97° in PXRD
experiments implies a change in the distribution of the fibres at
longer length scale, yielding a gel with higher crystallinity upon
crosslinking (Fig. S21, ESIf). Visually, the colour of the gel

Initial
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turned slight yellow with apparently no change in volume
(Fig. 519, ESI%).

As mentioned earlier, at pH 9.3, electrostatic interactions
between the carboxylate of 1 and the ammonium group of 2
play a crucial role in maintaining the gel structure. Cross-
linking using either EDC or glutaraldehyde (through amide
and imine bond formation, respectively) destroys the salt
bridge between the gelators. Despite this, there were no sig-
nificant changes in the mechanical properties of the gels after
crosslinking in both cases (Fig. 3a, b and Fig. S23, S24, ESI¥).
This is highly suggestive of inter-fibre crosslinking that enables
the systems to retain their mechanical properties after cross-
linking. The negative CD signal at 305 nm as well as the broad
positive peak centred at 266 nm in the hydrogel remain
unaltered after the crosslinking, further agreeing with the
inter-fibre coupling of molecules (Fig. 3e). Microscopic studies
revealed a dramatic change in the microstructures of the gels
upon crosslinking. The resulting crosslinked gels exhibited
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(a) Photographs showing the changes in gel volume of the multicomponent gels of (1 + 2) after treatment with EDC and glutaraldehyde at pH 9.3

(left vial) and 10.8 (right vial). (b—c) Bar graph showing the changes in (b) stiffness and (c) final volume of the multicomponent gel (1 + 2) (orange) after
treatment with EDC (green) and glutaraldehyde (purple) at pH 9.3 and 10.8. (d) Time variable change in the volume of the multicomponent gels of (1 + 2)
in presence of EDC (black, blue) and glutaraldehyde (red, green) at pH 9.3 (black, red) and 10.8 (blue, green). (e and f) CD spectra and (g and h) PXRD data
for the multicomponent gels of (1 + 2) (black), and the hydrogels obtained after treatment with EDC (red) and glutaraldehyde (green) at pH 9.3 (e and g)
and 10.8 (f and h). Inset of (f) represents expanded section of the graph. (i and j) Variation of G’ (black) and G” (red) with time for the hydrogels of (1 + 2) at
pH 10.8 upon addition of EDC (i) and glutaraldehyde (j). (k—n) Confocal (top, scale bars are 20 pm) and optical (bottom, scale bars are 100 um) microscopy
images of the crosslinked gels obtained by treatment with EDC (k and m) and glutaraldehyde (L and n) at pH 9.3 (k and |) and 10.8 (m and n). In all cases,
initial concentration of 1 is 10 mg mL™* and the molar ratios of 1, 2, EDC and glutaraldehyde are 1:1:1:0.5. Solvent is DMSO/H,O (20/80, v/v).
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fibres which are more intertwined than the pristine gel, validat-
ing the lateral association of the fibres in presence of both EDC
and glutaraldehyde (Fig. 3k and 1). Surprisingly, the resulting
crosslinked gels exhibited slight increase in gel volume
(Fig. 3c and d). The volume of the gel increased by ~4% after
treatment with EDC. When glutaraldehyde was used as a cross-
linking agent, the resulting gel showed ~6% swelling com-
pared to the pristine gel. Here the swelling can be ascribed to
the crosslinking-driven change in hydrophobicity of the
co-assembled fibres that enables a rearrangement of the self-
assembled structures and causes water molecules to enter into
the hydrogel network resulting in swelling.**~> By PXRD, the
broad peak at 20 = 8.81° in the original gel became prominent
and shifted to around 26 = 9.69° upon crosslinking (Fig. 3g).
Moreover, shifting of the broad peak centred at 20 = 19.69° to
20 = 24.21° and 20 = 20.85° after crosslinking using EDC and
glutaraldehyde, respectively, suggests a change in the three-
dimensional network structure in the resulting crosslinked
gels. Interestingly, unlike in the EDC-coupling, a reddish-
brown colouration appeared in the glutaraldehyde treated gel
which was supported from the shoulder band near 350 nm in
the UV-vis (Fig. 3a and Fig. S25, ESIf). However, both
the crosslinked gels exhibited similar emission profiles
(Fig. S25, ESIt). A comparison of normalized emission spectra
of the gels revealed a decrease in relative intensity of monomer
emission of 2 at 323 nm after crosslinking.

On further increasing the pH to 10.8, the multicomponent
gel of (1 + 2) responds differently to the crosslinking agents.
While reaction with EDC resulted in a gradual increase of both
the rheological moduli (G’ and G”) of the gel over time
accompanied by a ~21% expansion in gel volume, crosslinking
by glutaraldehyde caused a substantial reduction in stiffness of
the material along with a ~7% contraction in volume (Fig. 3a-j
and Fig. S26, ESIT). The crosslinked gels are more reproducible
as noted from small error bars in the rheological data (Fig. 3b).
Both the EDC and glutaraldehyde-treated gels exhibit long
fibres as their microstructures (Fig. 3m and n). The CD spectra
of the resulting crosslinked gels showed a decrease in peak
intensity at 218 nm and 261 nm signifying a change in the
hydrogen-bonded secondary structure in the gel network driven
by the chemical reactions (Fig. 3f). Moreover, a decrease in
intensity of the negative peak at 305 nm suggests a modulation
of aromatic stacking involving the fluorenyl groups after
crosslinking.®” By fluorescence, a decrease in intensity of the
fluorenyl excimer peaks in the region of 425-500 nm further
agrees with the CD data (Fig. S27, ESIt). From PXRD, the broad
peak centred at 20 = 19.48° (before crosslinking) almost dis-
appeared after EDC coupling and a broad band near 26 = 9.93°
became predominant (Fig. 3h). In contrast, the glutaraldehyde
treated gel exhibited sharp peaks at 20 = 9.18° and 11.51°. An
illustration of the PXRD patterns of the crosslinked gels implies
that the multicomponent system evolved differently in the
presence of EDC and glutaraldehyde leading to different pack-
ing of the supramolecular assemblies. Such a change in the
underlying network structures is responsible for the opposite
phase behaviour (shrinking/swelling) of the gels.>***
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Conclusions

In conclusion, we have explored the possibilities of different
types of covalent crosslinking in a multicomponent system
consisting of components bearing a carboxylic acid and amine
group where we are able to crosslink either both components or
selectively one of the components to target materials with
different final properties. Depending on the pH of the medium,
the system reacts to the crosslinking reagents to different
extents enabling us not only to control the mechanical proper-
ties but also the macroscopic volume of the resulting gels. Such
control over these systems is unprecedented and results in
materials with unusual properties, for instance rare examples
of such gels that can swell. Considering the growing interests in
adaptive functional materials,>*” we envisage that the
insights provided here would be effective in designing gel-
based actuators, conducting materials, and drug delivery
systems.
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