
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 2
:3

6:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Controlling hydr
aSchool of Chemistry, University of Glasgow

adams@glasgow.ac.uk
bSchool of Physics, HH Wills Physics Laborat

Bristol, BS8 1TL, UK
cBristol Centre for Functional Nanomaterials

of Bristol, Tyndall Avenue, Bristol, BS8 1TL

† Electronic supplementary informa
10.1039/d1sc02854e

Cite this: Chem. Sci., 2021, 12, 11197

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th May 2021
Accepted 22nd July 2021

DOI: 10.1039/d1sc02854e

rsc.li/chemical-science

© 2021 The Author(s). Published by
ogel properties by tuning non-
covalent interactions in a charge complementary
multicomponent system†

Santanu Panja, a Annela Seddonbc and Dave J. Adams *a

Mixing small molecule gelators is a promising route to prepare useful and exciting materials that cannot be

accessed from any of the individual components. Here, we describe pH-triggered hydrogelation by mixing

of two non-gelling amphiphiles. The intermolecular interactions among the molecules can be tuned either

by controlling the degree of ionization of the components or by a preparative pathway, which enables us to

control material properties such as gel strength, gel stiffness, thermal stability, and an unusual shrinking/

swelling behaviour.
Introduction

Supramolecular gels are useful in many areas including opto-
electronics and biomedical applications.1–3 Such gels result
from the self-assembly of small molecules in solution under the
inuence of various non-covalent interactions such as hydrogen
bonding, p-stacking, hydrophobic interactions and ionic
interactions.4,5 As the intermolecular interactions are individu-
ally weak and reversible, tuning of the gel properties is possible
by altering the nature of the intermolecular forces on applying
stimuli like pH, temperature, UV-light, ionic analytes etc.6–8

Generally, supramolecular gels are obtained from single
components. However, the mixing of two different molecules in
preparing gels is a promising way of accessing useful and
exciting materials that cannot be derived from either of the
individual components.9–12 Adaptation of gel properties is
further possible by selective modulation of the individual
components which extends the number of applications.10,12,13

When two different compounds are mixed, broadly two types of
gels are possible depending on the self-assembly pattern. A self-
sorted gel can be formed where individual bre formation
occurs from each gelator; both types of bres then contribute to
form the matrix.14 Alternatively, the gel bres may be formed
from both the components resulting in cooperative assembly or
co-assembly.14
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A well-known method of synthesizing multicomponent gels
is to mix two organic compounds bearing pH responsive,
oppositely charged functionalities.10,11,15–20 In these gels, the
electrostatic interactions between the positively and negatively
charged groups act as the key driving force to build up the
underlying network.12,20–23 Additionally, tuning of material
properties is possible simply by controlling the surface charge
on the bres through pH change.22 Many natural systems and
processes such as assembly of proteins and silk brils involve
multicomponent ionic interactions.24 Recently, the Stupp group
utilized electrostatic interactions between two pH-responsive
charged peptides to achieve hierarchical assembly formation
of proteins.25 There is a common tendency to prepare multi-
component gels where both or at least one of the components
inherently has the ability to form a gel.11,15,26–31 As one example,
the Smith group used ionic interactions between carboxylic acid
and amine groups to modify hydrogel properties by chiral
selection within gels.23 In comparison, mixing of two non-
gelling compounds resulting in the formation of a gel is
unusual and challenging.11,20,32–35 For instance, in a recent study,
Hu et al. demonstrated two co-assembled peptide systems that
aggregate to form gels involving electrostatic interactions
although none of the components self-assembled into hydro-
gels by themselves.36

In this work, we report an unusual pH responsive multi-
component gel network by varying the preparative pathway. We
describe pH-triggered hydrogelation on mixing of two non-
gelling amphiphiles (compounds 1 and 2) bearing opposite
ionizable functionalities (Fig. 1a). The solubility of the mole-
cules in solution can be controlled by the degree of ionization of
the functional groups. Sequential deprotonation of 1 and 2
using a base enables us to control the intermolecular interac-
tions resulting in different co-assembled gels. We observe that
the intermolecular interactions among the molecules are highly
dependent on the preparative pathway. Pathway dependence is
Chem. Sci., 2021, 12, 11197–11203 | 11197
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Fig. 1 (a) Chemical structures of compounds 1 and 2. (b and c)
Photographs of the hydrogels of (1 + 2) obtained at pH 6.3 and pH 9.9
respectively. (d and e) Variation of pH (blue), G0 (black), G00 (red) and
tan d (green) with time for the mixture of 1 and 2 in presence of
0.005 M (d) and 0.011 M (e) of NaOH. The final pH is 6.3 (d) and 9.9 (e).
(f) Changes in chemical structures of 1 (R1COOH) and 2 (R2NH3

+) on
gradual increase of pH in solution. For (b–e), in all cases, initial
concentrations of 1 and 2 are 2 mg mL�1 (2 mg mL�1 of each in the
multicomponent gel), solvent is DMSO/H2O (20/80, v/v).
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common in supramolecular gels.37,38 The gel properties can vary
depending on the method used to perform the gelation even
though the starting and nal conditions of the materials are the
same. In our study, a kinetic barrier is encountered when
interconversion between different gel states is achieved by
a post-gelation pH change (a post assembly fabrication (PAF))
leading to gels with improved mechanical properties. We also
nd that on successive pH change, the resulting PAF gels
exhibit reversible shrinking/swelling behaviour, which is very
uncommon for such supramolecular gels.
Results and discussion

To form a gel, a balance between the hydrophobicity and
hydrophilicity of the amphiphiles is required that drives the
bre formation and gelation. Dipeptide 1 alone formed
a precipitate with a pH of 4.2 when a DMSO solution is diluted
with water (DMSO/H2O, 20/80, v/v) (Fig. S1†). At a pH higher
than the apparent pKa of 1 (ca.5.4, Fig. S2†), a free-owing
solution was obtained (pH 7.1 with equimolar amounts of
NaOH) (Fig. S1†). The more hydrophilic compound 2 (apparent
pKa is 8.6, Fig. S2†)31 remained in solution both at acidic and
basic pH (pH are 5.3 and 9.6 in absence and presence of equi-
molar amounts of NaOH respectively) (Fig. S1†). Hence, while
present as single components, both 1 and 2 behave as non-
gelling components either at acidic or basic pH in DMSO/H2O
(20/80, v/v). At both sets of conditions, the small angle X-ray
scattering (SAXS) data for 1 and 2 is weak in intensity,
implying a lack of signicant self-assembled structure
(Fig. S3†). Simple mixing of DMSO solution of 1 and aqueous
solution of 2 resulted in precipitation with a pH of 4.0 (Fig. S4†).
11198 | Chem. Sci., 2021, 12, 11197–11203
We then targeted successive deprotonation of 1 and 2 by
adding different concentrations of NaOH so as to control the
degree of ionization of each amphiphile. The amounts of NaOH
required to sequentially deprotonate 1 and 2 were calculated
from the molar concentrations of the individual components.
At a concentration of 0.005 M of NaOH, only the terminal
carboxylic acid of 1 (0.0048 M) undergoes deprotonation while
compound 2 (0.0062 M) exists in its ammonium form.
Increasing the concentration of NaOH to 0.011 M (equal to the
sum of molar concentrations of 1 and 2) resulted in deproto-
nation of both 1 and 2. Interestingly, we obtained a gel under
both conditions with a pH of around 6.3 and 9.9 respectively
(Fig. 1b and c). The gel at pH 9.9 was translucent as compared to
a more turbid gel at pH 6.3. The SAXS data for the two gel states
show that the scattering intensity is higher than for the
precursor solutions (Fig. S3†). However, at the concentrations
used here, the data are difficult to t.

The non-covalent interactions in the co-assembled gels
signicantly depend on the degree of ionizations of 1 and 2, and
also inuence the gelation kinetics. Initially, time sweep
rheology was conducted to probe the development of the gels.
For the low pH gel (pH 6.3), gelation begins immediately aer
mixing of solutions of 1 and 2 in presence of 0.005 M of NaOH
as observed by rheology with the storage modulus (G0) signi-
cantly greater than the loss modulus (G00) at initial times (Fig. 1d
and S5†). A self-supporting gel was formed which exhibited no
ow on inversion of the vial aer 5 minutes (Fig. S6†). The
rheological moduli evolve with time and reach a plateau aer 3
hours. In comparison, the hydrogelation of 1 and 2 at pH 9.9
showed a different behaviour. Increasing NaOH concentration
to 0.011 M resulted in a considerable delay in the appearance of
gel (Fig. 1e, S5 and S6†). Gelation begins aer 3 minutes with
the appearance of G0 > G00. Over time, both the G0 and G00

increased and the tan d (G00/G0) reached a plateau aer almost 5
hours.

To understand the gelation mechanism, time variable
emission spectra of the mixtures of 1 and 2 were collected. 1 is
weakly emissive while solution of 2 exhibited a strongmonomer
emission at 318 nm (Fig. S7†).31,39 During multicomponent
hydrogelation at pH 6.3, the emission of 2 remained unaffected
and experienced only a 3 nm red shi with time (Fig. 1f, 2a, S7
and S8†). At the higher NaOH concentration, the monomer
emission of 2 at 318 nm progressively decreased in intensity and
red shied to 330 nm with appearance of a new band in the
region 410–525 nm (Fig. 1f, 2b, S7 and S8†).

The spectral changes showed ratiometric response with an
isosemissive point at 402 nm (Fig. 2b). The emergence of the
new peak at 462 nm validates overlapping of the uorenyl
groups at high pH.20,31,39,40 To conrm this, concentration vari-
able emission spectra of the individual components were
recorded. Compound 1 exhibited weak emission in the region
350–500 nm (as broad band) both at acidic and basic pH
(Fig. S9†). Interestingly, the intensity of the band at both acidic
and basic pH decreases with increasing concentration of 1. In
case of compound 2, the emission in the region 410–525 nmwas
observed only at high pH (Fig. S10†). A dilution in the concen-
tration of 2 at high pH resulted in a decrease in the intensity of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Time variable emission spectra for the mixture of 1 and 2 in
presence of 0.005 M (a) and 0.011 M (b) of NaOH. Insets represent
expanded section of the corresponding graph. Time variable data for
the gels were recorded after 1 min, 2 min, 5 min, 10 min, 15 min,
30 min, 1 h, 1.5 h, 2 h and then after each hour onward until 16 h of
addition of the components. The red arrow shows how the spectrum
changes with time. (c and d) Probable modes of interaction between 1
and 2 in the multicomponent gel formed at pH 6.3 (c) and pH 9.9 (d).
For (c and d): R1¼ PhOCH2, R2¼ PhCH2, R3¼Me2CHCH2 and the blob
represents the fluorenyl group. For (a and b), initial concentrations of 1
and 2 are 2 mg mL�1, solvent is DMSO/H2O (20/80, v/v).
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the band at 410–525 nm region and corroborates the excimer
formation due to overlapping of the uorenyl groups
(Fig. S9†).31,39,41 Furthermore, comparison of emission proles
of the mixture of 1 and 2 at different pH revealed that no exci-
mer formation occurred either when both the compounds
present in their original forms (protonated) or when 1
undergoes deprotonation but 2 exists as ammonium cation
(Fig. S8†). The excimer peak due to aromatic stacking between
the Fmoc-moieties appears only when compound 2 undergoes
deprotonation at high pH (Fig. S8†). These results show that,
comparing the multicomponent gels at pH 6.3 and 9.9,
aromatic stacking between the Fmoc-groups exists only at pH
9.9 (Fig. S8†). Moreover, increasing NaOH concentration resul-
ted in a red shi of around 2 nm in the absorption spectra of the
gel (Fig. S11†). From FTIR spectroscopy, the stretching signal
for the carboxylic carbonyl of 1 which appears at 1723 cm�1 in
its amorphous state, disappears in the multicomponent gel.
Instead, a broad signal appears at 1593 cm�1 conrming the
formation of the carboxylate ion (Fig. S12†).31 In the gels, the
carbamate –CO stretching of 2 appeared at 1693 cm�1

compared to 1687 cm�1 in amorphous state. The sharp signals
for the amide –NHs and carboxylic-OH of 1 merged with the
–NH stretching of 2 and moved to the lower region with
signicant broadening due to intermolecular hydrogen
bonding in the multicomponent gels. In the gels, the stretching
signals near 1674 cm�1 and 1650 cm�1 suggest formation of
antiparallel b-sheet-like structures through intermolecular
hydrogen bonding involving the amide carbonyls of 1.42,43

Interestingly, the stretching frequency of the amide carbonyls of
© 2021 The Author(s). Published by the Royal Society of Chemistry
1 at 1645 cm�1 in the gel at pH 6.3 shied to 1643 cm�1 with
increase in pH indicating existence of stronger hydrogen
bonded network in the gel formed at pH 9.9. We suggest that, at
pH 6.3, the electrostatic interactions between the negatively
charged carboxylate and positively charged ammonium groups
allows faster gelation (Fig. 2c and S6†). Increasing the concen-
tration of NaOH resulted in deprotonation of both 1 and 2 and
thereby diminished the electrostatic interactions due to loss of
charge on amine form of 2. However, formation of hydrophobic
amine of 2 enables maintaining the overall hydrophobic/
hydrophilic balance and so trigger co-assembly involving
other non-covalent interactions like hydrogen bonding, stack-
ing etc (Fig. 2d). The degree of different non-covalent interac-
tions result in different rates of gelation. To get more insight,
gelation studies were conducted by varying the concentrations
of the components. From Fig. S13,† it is evident that salt
formation involving the electrostatic interactions between the
carboxylate and ammonium groups of 1 and 2 respectively,
resulted in gelation in all combinations whereas no gel forma-
tion occurred when both the components underwent deproto-
nation at high pH. The extent of aromatic stacking (i.e., the
intensity of the excimer bands) at high pH decreases either on
reduction of total concentration of 2 or on diminution of rela-
tive concentration of 2 (Fig. S8 and S13†). These results endorse
that while the electrostatic interactions acted as the key driving
force to form a gel at low pH, aromatic stacking was the major
contributor to drive gelation at high pH. Moreover, at a partic-
ular concentration of 1 and 2, the electrostatic interactions were
more effective in bringing gelation than the aromatic stacking
(Fig. S13†).

Interestingly, whilst the SAXS data are weak (Fig. S3†), the
scattering patterns are very similar for both gels. This implies
that the underlying self-assembled structures are similar. There
are differences on longer length scales, i.e., the microstructure
of the gels that can be seen by confocal microscopy (Fig. 3). Note
that drying of such gels usually results in morphological
changes44 and so confocal microscopy was used to allow
imaging in the gel state. Interestingly, while the gel at 6.3 con-
tained more spherulitic domains, the high pH gel exhibited
a higher density of long bres. The differences in the micro-
structures of the gels can be ascribed to the rate of gelation
(Fig. 2d,e and S6†) which inuences the growth of bres as well
as their distribution and crosslinking across a larger length
scale.37 Different microstructures result in variations in the bulk
properties of the materials which was evident from rheological
studies. The low pH gel showed higher stiffness (G0) compared
to the gel at pH 9.9 although no signicant change in gel
strength (the strain at which the gel breaks) was found
(Fig. S14†). In addition, the thermal stability (tgel) of the gels
decreased from 50 �C to 30 �C on increasing the pH from 6.3 to
9.9 (Fig. S14†). While the low pH gel exhibited complete
recovery of both G0 and G00 aer a heat–cool cycle, a signicant
decrease of rheological moduli was found for the high pH gel.
The higher stiffness as well as better thermal stability of the gel
at pH 6.3 was due to the existence of stronger intermolecular
interactions than the gel at pH 9.9 (as evident from Fig. S13†).
Hence, despite similar underlying self-assembled structures,
Chem. Sci., 2021, 12, 11197–11203 | 11199
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Fig. 3 Confocal fluorescence microscopy images (scale bars repre-
sent 20 mm) of the multicomponent gel of 1 and 2 obtained at pH 6.3
(a) and pH 9.9 (b). (c) Shows SAXS data and fits for systems obtained by
PAF. (d) Shows SAXS data and fits for systems obtained after a pH cycle.
For (c) and (d), the black data are for the multicomponent gels at pH
9.9 and the red data for the multicomponent gels at pH 6.3. The open
symbols show the data and the solid lines the fits to the data as dis-
cussed in the text. The error bars for the SAXS data are omitted here for
clarity but are shown in Fig. S3.† In all cases, initial concentrations of 1
and 2 are 2 mg mL�1, solvent is DMSO/H2O (20/80, v/v).

Fig. 4 (a) Time variable changes in emission of the multicomponent
gel of 1 and 2 at pH 6.3 (a) and pH 9.9 (b) upon addition of 0.006 M of
NaOH and 0.006 M of HCl respectively. Time variable data for the gels
were recorded after 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, 1 h,
1.5 h, 2 h and then after each hour onward until 16 h of addition of the
components. Inset of (a) represents expanded section of the graph.
Inset of (b) represent the emission spectra of the multicomponent gel
of 1 and 2 before (black) and after (red) addition of 0.006 M of HCl at
pH 9.9. The red arrow shows how the spectrum changes with time. (c)
Photographs of the hydrogels of (1+ 2) obtained at pH 9.9 (top) and pH
6.3 (bottom) involving post assembly pH change. (d) Cartoon repre-
senting pathway dependent changes in volume of gels obtained from
the mixtures of 1 and 2 at different pH. (e) Partial FTIR spectra of the
hydrogels of (1+ 2) at different pH prepared by differentmethods. In all
cases, initial concentrations of 1 and 2 are 2 mg mL�1, solvent is
DMSO/H2O (20/80, v/v).
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the differences in the microstructure translate directly into
differences in the mechanical properties of the gels.

We next applied a PAF method to achieve a transition
between these two pH dependent gel states. When 0.006 M of
NaOH was added on the top of the gel at pH 6.3 to target the
nal pH 9.9 (i.e., the total NaOH concentration becomes 0.011
M), slow diffusion of NaOH into the gel resulted in gradual
increase of both G0 and G00 over time (Fig. S15†). A concomitant
reduction in the value of tan d further corroborates an increase
in the solid-like nature of the gel. Following the process using
uorescence spectroscopy revealed that the emission of the gel
at 321 nm gradually red shied by 11 nm (Fig. 4a). The emer-
gence of the excimer peak at 462 nm conrms formation of
a new type of molecular packing with the pH increase. Using
UV-vis spectroscopy, the peak at 300 nm became broad as the
pH increased from 6.3 to 9.9 (Fig. S16†). Interestingly, there is
a signicant change in the SAXS data (Fig. 3 and S3†); the
scattering intensity increases signicantly, and the data can
now be tted to a exible cylinder model with a radius of around
7 nm (Table S1†). There is therefore a change in packing leading
to a change in the self-assembled structures when using a PAF
method as compared to direct formation of the gel at the same
pH. This shows that the structures present are due to the
process by which they are formed as opposed to be down the
absolute pH.

Similarly, addition of 0.006 M of HCl onto a preformed gel at
pH 9.9 caused gradual decrease of pH to 6.3 (total NaOH
concentration becomes 0.005 M) (Fig. S15†). Again, the gel
11200 | Chem. Sci., 2021, 12, 11197–11203
evolved to a stiffer material (higher G0) compared to the initial
gel. UV-vis studies showed that there was an increase in inten-
sity at the region 270–280 nm (Fig. S16†). Again, there are
differences in the SAXS for the gels formed by PAF and those
formed directly at pH 6.3 (Fig. 3 and S3†), implying that there is
again a change in the structures when PAF is used to bring
about a pH decrease. Whilst the data are weak for the directly
prepared gel, the scattering is stronger for the gel formed by PAF
and can again now be best t to a exible cylinder model with
a radius of 5.2 nm. In the absorption spectrum, the peak at
302 nmwas also blue shied slightly to 300 nm. Surprisingly, by
uorescence, the emission of the gel at 330 nm further red
shied to 335 nmwith reduced intensity (Fig. 4b). Unlike the gel
obtained directly at pH 6.3, the gel prepared by PAF at same pH
exhibited uorenyl excimer emission at 462 nm indicating that
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Strain sweep experiments of the hydrogels of (1 + 2) at pH 6.3
(a) and pH 9.9 (b) prepared directly (black) or by PAF method (red). The
closed symbols represent G0, the open symbols G00. The dotted vertical
lines represent the maximum strain bearing capacity of the corre-
sponding hydrogels. (c and d) Photographs showing the changes in gel
volume on successive pH change starting from a directly prepared gel
at pH 6.3 (c) and 9.9 (d). (e) and (f) are the bar graphs representing the
final volume of the respective gels obtained from (c) and (d) respec-
tively. In all cases, initial concentrations of 1 and 2 are 2 mg mL�1,
solvent is DMSO/H2O (20/80, v/v).
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aromatic stacking acts as an additional driving force in main-
taining the hydrogel network (Fig. S17†). Compared to the
directly-prepared gels at both pH 6.3 and pH 9.9, PAF method
leads to better overlapping of the aromatic Fmoc groups with an
increase in intensity of the excimer band at 462 nm (Fig. S17†).
These results demonstrate a kinetic barrier that does not simply
allow reversible modication of the intermolecular interactions,
but drives the systems to another state where aromatic stacking
plays an decisive role in maintaining the co-assembled network
with other non-covalent forces. The results again reveal that at
a particular pH, the intermolecular interactions among the
molecules depend on preparative pathway.

The gels obtained through post assembly pH change exhibit
unusual shrinking in gel volume (Fig. 4c and d). The volume of
the gel reduced by �30% on increasing pH from 6.3 to 9.9.
When HCl was used to reduce the pH from 9.9 to 6.3, the
resulting low pH gel showed approximately �21% contraction
in volume compared to the initial high pH gel. Shrinkage, or
syneresis, of supramolecular gels is unusual.45–47 Normally, such
syneresis is limited to cross-linked polymer gels. Here, the
syneresis can be ascribed to the pH induced change in molec-
ular packing (as observed from UV-vis and uorescence) that
allows the molecules to stack effectively (Fig. S17†) and estab-
lish stronger intermolecular interactions (Fig. S18†).47 From
FTIR spectroscopy, 3–5 cm�1 decrease of the amide stretches of
1 show formation of a stronger hydrogen bonded network and
support our proposition (Fig. 4e). Consequently, structural
changes were observed in the gel network upon syneresis. An
evolution to a more densely packed network of long bres
occurred in both cases (Fig. S19†).

The rheological data shows that, at a particular pH, the gels
obtained through PAF exhibited $5 times increase in robust-
ness of the materials as compared to those formed directly at
the same pH (Fig. 5a, b and S20†). The stiffer gels showed lower
strain bearing capacity. The thermal stability of the gels was
also improved by 8–10 �C (Fig. S12 and S21†). However, irre-
spective of method of preparation, the low pH gels exhibited
complete recovery of both G0 and G00 aer a heat–cool cycle
whilst the high pH gels did not.

We further adjusted the pH by adding 0.006 M of NaOH and
HCl (as suitable depending on the system) to investigate if the
PAF gels exhibit swelling (Fig. 4d, 5c and d). A further change in
pH of the PAF gel from pH 9.9 to 6.3 resulted in �11% increase
in gel volume (Fig. 5c). Changing the pH from 6.3 to 9.9 caused
further �12% shrinking of the PAF gel (Fig. 5d). The SAXS data
show that the structures present are similar to those formed by
the rst PAF. In both cases, a exible cylinder model best ts
the data. At pH 6.3, the model implies that the structures have
a radius of around 6.1 nm, similar to that formed initially on
PAF at pH 9.9 (Table S1†). For the cycle nishing at pH 9.9, the
radius is around 4.8 nm, close to that initially formed by the
PAF at 6.3. Hence, it appears that the further pH cycle results in
little change in the underlying structures formed during the
PAF (Fig. 3 and S3†), implying that these volume changes must
be driven by changes in microstructure rather than changes in
the primary self-assembled structures. Initial observation of
the Kuhn length of each sample shows that the PAF prepared at
© 2021 The Author(s). Published by the Royal Society of Chemistry
pH 6.3 has a longer Kuhn length (and thus less exible gel
bres) than the other samples. On cycling this sample to pH
9.9, the Kuhn length drops signicantly. This may be due to
subtle changes in the bre structure due to the bres become
more hydrophobic at higher pH, leading to increased exi-
bility, however care should be taken in interpreting this data
due to the relatively large errors on the t of the Kuhn length.
Interestingly, at a particular pH, the nal volume of the
resulting gels (aer a pH cycle) was almost equal to the volume
of the gels obtained by PAF method described in Fig. 4 (Fig. 5c–
f). Moreover, at a particular pH, the gels also exhibit similar
rheological properties (Fig. S22†) and a similar microstructure
(Fig. S19 and S23†). Surprisingly, unlike the directly prepared
gels, the gels obtained by PAF at both pH 6.3 and 9.9 exhibit
reversible swelling/deswelling on successive pH change
(Fig. 5c–f) presumably driven by a change in hydrophobicity of
the bres.46 We suggest that formation of the amine in the gel
matrix at pH 9.9 resulted in increase in hydrophobicity of the
bres which instigate expelling water from the hydrogel
network and the gel shrunk.46 Changing pH to 6.3 enables
regeneration of hydrophilic ammonium cation and so the
water molecules enters into the brous network allowing gel
swelling.46 Hence, we were not only able to control the
mechanical properties but also the volume of gels by varying
the pH and preparative pathway.
Chem. Sci., 2021, 12, 11197–11203 | 11201
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Conclusions

In conclusion, we have demonstrated pH-triggered multicom-
ponent hydrogelation involving two non-gelling components
bearing opposite ionizable functionalities. Sequential deproto-
nation of the compounds using a base led to different co-
assembled gels where either the electrostatic interactions or
the aromatic stacking prevailed predominantly and stabilized
the hydrogen bonded network. The intermolecular interactions
can also be tuned by varying the preparative pathway. Our
system encountered a kinetic barrier that imposes syneresis
when interconversion between the gel states was carried out by
post assembly pH change (PAF). The syneresis occurred due to
rearrangement inmolecular packing that enables the molecules
to stack effectively and establish stronger intermolecular
interactions. The shrunken gels exhibit higher rigidity
compared to the gels prepared directly. Interestingly, the gels
obtained by PAF (i.e., the shrunken gels) exhibits reversible
swelling/deswelling behaviour on successive pH change due to
the alteration of hydrophobicity of the bres.

pH driven shrinking/swelling of charge complementary
multicomponent gels are rare.46 Generally, the directly prepared
gels exhibit reversible swelling/shrinking behaviour.45–49 One
potential advantage of our designed system is that the directly
prepared gel rst allow accessing a second gel state with
improved rigidity upon pH change (Fig. 4d). This modied gel
then exhibits reversible swelling/deswelling on further alter-
ation of pH (Fig. 4d). Hence, we were not only able to control the
mechanical properties but also the spatial programming of gels
(volume of gels) by varying the pH and preparative pathway.
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