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Spatiotemporal Control Over Base-Catalyzed Hydrogelation
Using a Bilayer System

Paolo Ravarino, Santanu Panja, and Dave J. Adams*

Controlling the formation and directional growth of hydrogels is a challenge.
In this paper, a new methodology to program the gel formation both over
space and time is proposed, using the diffusion and subsequent hydrolysis of
1,1′-carbonyldiimidazole from an immiscible organic solution to the aqueous
gel media.

1. Introduction

Low-molecular-weight gels are interesting soft materials behav-
ing both as solid and liquid. The solid-like behavior arises from
the presence of fibers inside that form the matrix and entrap the
solvent through surface tension resulting in an increase in vis-
cosity of the materials.[1] The fibers are formed through weak
noncovalent interactions between the molecules.[2] The existing
noncovalent interactions can be easily perturbed by applying an
external stimulus[3] which makes them suitable for many applica-
tions, for example in drug delivery[4] and optoelectronics.[5] Due
to the high tunability of these systems, such materials are often
called “smart” or “intelligent” materials.

Typically, gels are prepared by applying a trigger like tempera-
ture, UV-light, pH, or additional ions that substantially reduces
the solubility of the organic molecules in the solution. For in-
stance, molecules possessing a basic group such as amines are
usually soluble under acidic conditions where these moieties are
protonated and form polar ammonium salts. When the pH in-
creases, the ammonium groups undergo deprotonation, result-
ing in a decrease in polarity and aqueous solubility, enabling the
formation of fibrous structures.[6]
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However, there are some limitations
in the preparation of these materials.
Low-molecular-weight gels are quite weak,
breaking at low strain, and controlling
their gelation can be challenging. Recently,
efforts have been made to pattern such
gels. For example, a photo-responsive gela-
tor can undergo gel-to-sol or sol-to-gel
transition by irradiation with light. It is

possible to photo-pattern these gels either by applying a mask or
by using a light source as a confocal laser.[7] However, photore-
sponsive gelators demand a photo-sensitive unit on the skeleton
for activation. Moreover, use of photoinitiators or the byproducts
generated upon photoirradiation not only influences the material
properties but also limits the application of these gels, particu-
larly in biology.[8]

Controlling the diffusion is another interesting way to achieve
spatial control. In this case, two or more species are initially spa-
tially separated. Their diffusion is accompanied by a reaction that
generates (or triggers) the gelator and consequently, local struc-
tures are formed.[9] This kind of system usually works heteroge-
neously. For example, the diffusion of ammonia vapor into the
gelator medium can be used to prepare gradient gels.[10] Bilayer
systems are often used for controlling the diffusion and the for-
mation of gels, as when the layers are two immiscible solvents
or when they are physically separated.[11] For instance, Nishida et
al. showed in situ synthesis of a dynamic covalent hydrogelator
by exploiting diffusion of an aldehyde from an organic layer into
the aqueous layer containing an amine yielding a gel.[12] These
systems are elegant, as it is possible to obtain a gradient of diffu-
sion and therefore the formation of gradient or multilayer gels.
The use of compartmentalized enzymes is an intriguing recent
method for efficiently achieving spatiotemporal control.[13] For
example, Mai et al. studied the production of a hydrogel coating
by exploiting the reaction-diffusion method. In a solution con-
taining the gelator and urea in an acidic aqueous phase, particles
with the enzyme urease immobilized on them were dispersed.
The production of ammonia on the particles caused an increase
in the pH localized on the surface of the particles, causing the for-
mation of a hydrogel in that region and therefore a gel coating.[9b]

Here, we describe the controlled formation of a hydrogel from
the Fmoc-functionalized gelator 1 (Figure 1a) over space and time
involving a water/organic bilayer system. Typically, gelators pos-
sessing a hydrophilic head and a hydrophobic tail group often
behave like a surfactant above a critical concentration.[14] The
surfactant-like behavior of gelators in an organic/water bilayer
system has been extensively studied by the Ulijn group. They
exploited the interfacial activity of surfactant-like hydrogelators
to trigger nanofiber formation at the chloroform/water interface
and thereby stabilize the oil-in-water emulsions involving their
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Figure 1. a) pH-responsive changes in the chemical structure of 1. b) Pho-
tographs of the phase changes of the aqueous solution of 1 (left) with time
on addition of NaOH. c) Variation of G′ (black), G″ (red), and pH (blue)
with time for 1 in presence of NaOH. For (b,c) the concentration of 1 is
10 mg mL−1, concentration of NaOH is 1 equimolar with respect to 1.

physical interactions with the solvents.[15] However, here we em-
ployed the water/organic bilayer system with a different goal to
achieve control over the pH of the aqueous layer by performing
a chemical reaction at the organic/water interface. When a hy-
drolyzing reagent is incorporated into the organic layer, hydrol-
ysis of the compound at the water/organic interface drives the
pH change in the aqueous layer and triggers the formation and
growth of the gel from the interface to the bottom of the aqueous
layer. Variation of the concentration of the hydrolyzing reagent in
the organic layer further enables control of the final properties of
the materials.

2. Results and Discussion

Compound 1 undergoes deprotonation on increasing pH and
forms a self-supported gel in H2O very quickly at a concentration
of 10 mg mL−1 (Figure 1b).[6c] In presence of equimolar amounts
of NaOH, the pH of the gel was measured to be 9.8. Time sweep
rheology shows that the initial value of storage modulus (G′) was
significantly greater than the loss modulus (G″), suggesting a
gel was being formed even before the measurement could begin
(Figure 1c). To achieve spatiotemporal control over the gelation of
1, we used 1,1′-carbonyldiimidazole (CDI) as a chemical reagent
to trigger the pH change. CDI reacts with water and produces
carbon dioxide and imidazole resulting in an increase in pH (Fig-
ure 2a).[16] However, the hydrolysis of CDI is vigorous which
makes the process uncontrollable.[16] Therefore, instead of using
CDI directly to trigger the pH change of the solution of 1 (in wa-
ter), we devised a water/organic bilayer system and incorporated
the CDI into the organic layer. We used tert-butyl methyl ether
(TBME) as the organic solvent. This allows for slow diffusion of
CDI from the immiscible TBME layer into the aqueous layer fol-
lowed by hydrolysis and gradual pH increase of the aqueous layer.
Visually, the gel starts forming from the water/organic interface
and propagates to the bottom over time (Figure 2b). Figure 2c
reveals a sigmoidal curve for the pH-time profile of the aqueous
layer with a gradual increase of pH from ≈4 to ≈7.7. In designing
the bilayer system, organic solvents such as DMF, THF, DMSO,
and 1,4-dioxane were discarded because of their high miscibility
with water. In contrast, water-immiscible organic solvents such
as toluene, chloroform, and ethyl acetate were avoided after find-
ing the amine (after freeze-drying the NaOH triggered gel) solu-

Figure 2. a) Reaction showing the hydrolysis of CDI (1,1′-
carbonyldiimidazole) producing imidazole. b) Photographs showing
the phase changes of the aqueous solution of 1 over time in contact with
CDI solution in TBME. c) Variation of pH (blue), G′ (solid symbols),
and G″ (open symbols) with time for 1 with CDI involving the bilayer
system when the shaft is positioned at 6 (black) and 4 mm (red) from
the bottom. d) Strain sweeps of the hydrogels of 1 obtained with 1 equiv.
of NaOH (black) and in contact with the solution of CDI in TBME (red).
Solid symbols represent G′, hollow symbols represent G″. For (b–d) the
initial concentration of CDI is 0.075 m and the volume of TBME is 2 mL.
In all cases, the concentration of 1 is 10 mg mL−1 and the volume of the
aqueous layer is 2 mL.

ble in these solvents. We optimized using TBME as the organic
solvent because of poor solubility of the amine in TBME. Diethyl
ether was also avoided in the study because of its higher volatil-
ity than TBME. The gel obtained using the bilayer approach was
found to be stable over several days in contact with TBME.

A parallel plate geometry was used for rheological time sweeps
to probe the gelation of 1 at different levels of the aqueous layer
with the pH increase (Figure S1, Supporting Information). First,
the shaft of the parallel plate was positioned at a height close to
the water/organic interface (at 6 mm from the bottom) and the
variations of rheological moduli (G′, G″) over time were recorded
(Figure 2c). Initially, the values of storage modulus (G′) were very
close to the corresponding loss modulus (G″) indicating that the
self-assembled structures were weak at the initial stages. Typi-
cally, the gelation begins after ≈8 min which was evident from the
sudden increase of both G′ and G″ values. Over time, both G′ and
G″ increased significantly suggesting that the self-assembled net-
work became stronger over time. Unlike using NaOH, the bilayer
approach allowed the gel to grow from the top to bottom of the
aqueous layer (Figure 2b). To understand the spatial control over
gel formation, a rheological time sweep was conducted under
similar conditions but by placing the shaft at a different height
(4 mm from the bottom of the vial). On moving down from the
water/organic interface, the increase of rheological moduli and
complex viscosity was delayed considerably compared to mea-
surements at the top. These results confirm the formation and
propagation of the gel from the top to the bottom, agreeing with
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Figure 3. Normalized a) emission and b) UV–vis spectra of the solution
of 1 (black), and the gels obtained from 1 with 1 equiv. of NaOH (red)
and with CDI involving the bilayer system (blue). c,d) Confocal microscopy
images (scale bar is 20 μm) of the gels obtained from 1 c) with 1 equiv. of
NaOH and d) with CDI involving the bilayer system. For (d), the sample
was taken from the bottom of the gel. For (a,b,d), the concentration of CDI
is 0.075 m and the volume of TBME is 2 mL. In all cases, the concentration
of the 1 is 10 mg mL−1 and the volume of the aqueous layer is 2 mL.

the visual observations. Slippage during measurement could be
a concern. However, here we have no sign of a sudden drop in
the rheological moduli so we do not believe slip is occurring in
these measurements. Typically, CDI is used in organic synthesis
to obtain amide, urea, and carbamate derivatives from amines.[17]

However, in our case, HRMS analysis revealed the mass value
for the amine form of 1 in the gel state and no mass for the ho-
mourea of 1 was found (Figure S2, Supporting Information). Pro-
ton NMR experiments confirm the stability of the corresponding
amine of 1 in the gel state without any deprotection of the Fmoc
group (Figure S3, Supporting Information). Moreover, the signa-
tures of imidazole protons coexist with compound 1 implying the
hydrolysis of CDI to imidazole (Figure S3, Supporting Informa-
tion). Whilst we cannot rule out a tiny amount of TBME in the
gel phase, its low solubility in water makes this unlikely.

The final pH of the CDI-triggered gel (using the bilayer ap-
proach) was recorded to be 7.7, significantly lower than the NaOH
treated gel (pH 9.8). The apparent pKa of 1 is above 8.0. [6c] This
indicates that the gel was formed at a pH lower than the pKa of
the gelator possibly due to its high concentration or because 1
tends to form aggregates with the imidazolium ions. The lower
pH of the CDI-triggered gel resulted in a reduction in the stiff-
ness (G′) of the gel compared to that obtained using NaOH (Fig-
ure 2d; Figure S4, Supporting Information). A decrease in the fi-
nal pH typically reduces the extent of deprotonation of 1 and sub-
sequently lowers the concentration of the corresponding amine
responsible for gelation. To understand this, fluorescence studies
were conducted with the gels (Figure 3a; Figure S5, Supporting
Information). The solution of 1 exhibited a strong emission at
322 nm and a relatively less intensified peak at 366 nm corre-
sponding to the monomer and excimer emission of the Fmoc-

group, respectively.[18] The excimer peak at 366 nm appeared due
to the parallel overlapping of the fluorenyl groups.[14c] In the
CDI-triggered gel at pH 7.7, the monomer emission of 1 red-
shifted to 338 nm along with a simultaneous emergence of a
new peak at 460 nm derived from the antiparallel overlapping
of the fluorenyl groups. [18] Interestingly, the monomer emis-
sion of 1 was almost fully quenched in the NaOH triggered gel at
pH 9.8 and the excimer emission (antiparallel fashion) was pre-
dominant at 490 nm. These results indicate that the degree of
deprotonation of 1 is higher at pH 9.8, enabling the amine to
contribute more to self-assembly involving aromatic stacking. In
contrast, the existence of the nongelling ammonium form of 1
in the CDI-triggered gel corroborates the lower stiffness of the
material. To further understand this, UV–vis and FTIR studies
were performed (Figure 3b; Figure S6, Supporting Information).
The absorbance of the solution of 1 at 296 nm was red shifted in
both the gels (Figure 3b). However, the red shift is more promi-
nent for the gel formed using NaOH. By FTIR spectroscopy, the
carbamate carbonyl stretching of 1 at 1714 cm−1 moved to the
lower values of 1688 and 1683 cm−1 in the gel with CDI and
NaOH, respectively (Figure S6, Supporting Information). These
results agree with the higher extent of deprotonation of 1 in the
presence of NaOH leading to the formation of a stronger hydro-
gel network involving the amine. There was also a difference in
the microstructures of the gels noticed under the confocal mi-
croscope. Note that the drying of gels often results in changes
in the self-assembled structures and so confocal microscopy was
used for imaging the gels under wet conditions (without drying
or freezing).[19] Although in both cases spherulitic domains of
fibers are formed, the spherulites are larger in size for the NaOH
triggered gel (Figure 3c,d; Figure S7, Supporting Information).
No significant change in the fibrous structure was noticed along
the diffusion direction of imidazole, as such it is difficult to con-
clude if the fibers are aligned along the diffusion direction of the
base.

To better understand the temporal aspect of gelation, similar
experiments were carried out with the aqueous solution of 1 by
manipulating either the concentration of CDI or the volume of
the CDI solution added (Figure 4; Figure S8, Supporting Infor-
mation). The rate of pH change for the aqueous layer was influ-
enced considerably by the variation of the total amount of CDI
present in the organic layer (Figure S9, Supporting Information).
The pH versus time curve was no longer sigmoidal on increas-
ing the volume of the CDI solution (0.075 m) from 2 mL (total
amount of CDI is 0.150 mmol, Figure 2c) to 3 mL (total amount
of CDI is 0.225 mmol, Figure 4a), and a rapid increase in pH
with time was observed. In contrast, sigmoidal pH-time profiles
with a significant delay in the lag phase (i.e., the time before
the pH jump) were observed either on decreasing the concen-
tration of CDI solution (2 mL of 0.050 m, total amount of CDI is
0.100 mmol, Figure 4b) or by increasing the volume of the CDI
solution keeping the total amount of CDI unchanged (3 mL of
0.050 m, total amount of CDI is 0.150 mmol, Figure 4c). Notice-
ably, the rate of gelation depends upon the initial reaction condi-
tions. Time sweep rheology shows that the time required for gela-
tion follows similar trends as that of pH which was more promi-
nent in the cases where the pH change was slow. As observed, the
increase of G′ and G″ was delayed significantly with the decrease
in the rate of pH change. However, the final pH of the gels was
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Figure 4. Spatiotemporal programming: a–c) Changes in rheological moduli (red data) on the variation of pH (green) with time for the hydrogel of 1
with CDI involving bilayer systems under different conditions: a) [CDI] = 0.075 m, volume of CDI solution = 3 mL; b) [CDI] = 0.050 m, volume of CDI
solution = 2 mL; c) [CDI] = 0.050 m, volume of CDI solution = 3 mL. For (a–c), the blue and black data represent the variation of pH and rheological
moduli, respectively, for 1 involving the bilayer system under conditions: [CDI] = 0.075 m, volume of CDI solution = 2 mL. The blue and black data are
overlayed to compare the variations of pH and rheological moduli, respectively, on changing the reaction conditions. For black and red rata, the solid
symbols represent G′, the open ones G″. For all the time sweeps, the shaft is positioned at 6 mm from the bottom. d) Bar graph comparing the stiffness
(at 𝛾 = 0.05%) of the gels obtained from 1 with CDI involving the bilayer system under different conditions: i) [CDI] = 0.075 m, volume of CDI solution
= 2 mL; ii) [CDI] = 0.075 m, volume of CDI solution = 3 mL; iii) [CDI] = 0.050 m, volume of CDI solution = 2 mL; and iv) [CDI] = 0.050 m, volume of
CDI solution = 3 mL. For (a–d) the concentration of 1 is 10 mg mL−1 and the volume of the aqueous layer is 2 mL.

not influenced by the rate of pH change. It rather depends on
the total CDI content. The pH of the gels changes proportionally
as with the increase or decrease of the total CDI amount (Table
S1, Supporting Information). As a consequence, the stiffness of
the final gels varies accordingly to the final pH (Figure 4d; Figure
S10, Supporting Information). As such, we are able to not only
program the hydrogel temporally but also control the final ma-
terial properties of the gels simply by varying the initial reaction
conditions and so by controlling the final pH.

Finally, to investigate if the bilayer approach is suitable in gen-
eral to prepare base-triggered hydrogels, we applied the same
methodology to compound 2 (Figure 5), sharing a similar struc-
ture. Like, 1, the hydrogel formed by 2 appeared in a spatiotem-
poral manner. However, the pH-time profile and the time sweep
rheology for system 2 showed significant differences compared
to 1 with a decrease in the rate of pH change and a delay in the ap-
pearance of the gel, respectively. The hydrogel of 2 exhibited long
fibers under confocal microscope. These results confirm that our
bilayer approach using CDI can be applied in general to prepare
base-triggered hydrogels.

3. Conclusion

To summarize, we have devised a new reaction-diffusion method-
ology for programming the hydrogel formation over space and
time using CDI and a bilayer system of two immiscible solvents.

Figure 5. a) Chemical structure of the compound 2. b) Photographs show-
ing the phase changes of the aqueous solution of 2 over time in contact
with CDI solution in TBME. c) variation of pH (blue), G′ (black), and G″

(red) over time for 2 in presence of CDI involving the bilayer system. d)
Confocal microscopy image (scale bar is 20 μm) of the gel of 2 obtained
from CDI involving the bilayer system. For (b–d) the concentration of 2 is
10 mg mL−1, the volume of the aqueous layer is 2 mL, the concentration
of CDI is 0.075 m, and the volume of TBME is 2 mL.

Tuning the reaction-diffusion is simple and the rate of gel for-
mation can be controlled in many ways. Variation of the total
CDI concentration in the organic phase modulates the rate of
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gel formation in the aqueous layer, whilst the final properties
of the gels are dependent on the total amount of CDI and not
related to the gelation rate. A literature survey reveals a large
number of gelators contain pH-responsive amine-groups. How-
ever, there are limited methodologies available for increasing the
pH and thereby synthesizing base-triggered gels.[20] In this con-
text, CDI-triggered control over the pH increase is new. We en-
visage that our method can be extended to other hydrogelators
with an amine functionality and could be useful in more com-
plex systems such as multicomponent materials. Spatiotemporal
programming of gels is widely used to create micro and nano
structured architectures in artificial life-like systems, [12,21] allow-
ing access to materials with a gradient in properties which are po-
tentially applicable in tissue engineering, cell culture, etc. [21b,22]

We anticipate that our concept could be extended further to con-
trol diffusion gradients across gels for reaction-based systems,
for example, reaction in localized sites followed by diffusion of
the products across the gels controlled by the pH.

4. Experimental Section
Full experimental details, further rheology, time sweep data, and confo-

cal microscopy. The Supporting Information is available free of charge on
the Wiley website as a PDF document.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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