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ABSTRACT: The liquid—liquid interface offers a fascinating avenue for generating hierarchical compartments. Herein, the dynamic
imine chemistry is employed at the oil—water interface to investigate the effect of dynamic covalent bonds for modulating the
droplet shape. The imine bond formation between oil-soluble aromatic aldehydes and water-soluble polyethyleneimine greatly
stabilized the oil—water interface by substantially lowering the interfacial tension. The successful jamming of imine-mediated
assemblies was observed when a compressive force was applied to the droplet. Thus, the anisotropic compartmentalization of the
liquid—liquid interface was created, and it was later altered by changing the pH of the surrounding environment. Finally, a proof-of-
concept demonstration of a pH-triggered cargo release across the interfacial membrane confirmed the feasibility of stimuli-responsive

behavior of dynamic imine assemblies.

1. INTRODUCTION

The temporal and spatial sculpting of liquids has garnered
interest in designing a nonequilibrium system for possible
applications in catalysis, energy conversion, three-dimensional
(3D) printing, and soft robotics.' > The liquid—liquid
interface offers a fascinating avenue for generating such
architectures that can be reversibly modulated after fabrica-
tion.”” The basis of the liquid—liquid interfacial interaction is
the reaction between individual components of the two
phases.”” Such interactions result in an overall reduction of
interfacial tension between the two liquids due to the
formation of a two-dimensional (2D) network at the interface.
Once the assemblies are formed, the interface can be
transformed into various nonequilibrium structures.'”"
These structured liquids can hold their nonequilibrium shape
indefinitely when the interface is compressed.'” In recent years,
noncovalent supramolecular interactions such as hydrogen
bonding,"* electrostatic,"*'* charge transfer,'® and host—guest
interactions'~ have been utilized to structure the liquid—liquid
interface. The inherent dynamic and reversible nature of
supramolecular interactions allowed the integration of stimuli-
responsive behaviors into the interfacial assemblies. However,
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these assemblies are fragile and susceptible to solvent polarity,
ionic strength, and temperature, thus limiting their applications
for robust usage such as all-liquid 3D printing.

In this context, dynamic covalent chemistry can provide a
complementary approach, which integrates the advantages of
both covalent and noncovalent bonds. The dynamic covalent
bond is robust yet can be reversibly modulated to create
stimuli-responsive assemblies and numerous functional materi-
als.'® One of the most promising reactions under the umbrella
of dynamic covalent bond is imine bond formation between an
aldehyde and an amine. It is a reversible reaction that operates
under thermodynamic control. For this fundamental reason,
the dynamic imine bond has been successfully used for
constructin§ molecular cages,19 emulsions, >’ synthetic
protocells,”” stimuli-responsive polymers,”® functional
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Scheme 1. Chemical Structures and Imine Reaction of PEI and Aldehydes
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Despite the enormous utilization of imine bond chemistry
for the fabrication and modulation of functional assemblies,
there has been limited focus on its application for liquid—liquid
interfacial assemblies. It prompted us to investigate the use of
multifaceted dynamic covalent imine bonds to structure liquids
at the interface.

In this study, oil-soluble aromatic aldehydes and water-
soluble polyethylenimine were used as biphasic components to
construct imine-mediated assemblies at the oil—water inter-
face. The formation of imine bonds markedly reduced the
interfacial tension, and it was further tuned by varying the
degree of aldehyde (mono, di, tri) functionality on the imine
bond formation. The anisotropic compartmentalization of the
liquid droplet was achieved by jamming the imine-mediated
assemblies at the interface, and the dynamic nature of imine
chemistry was utilized to further modulate the jamming to
unjamming transition at the droplet interface. Finally, the
imine bond-mediated assemblies provided a pH-responsive
molecular transport across the droplet membrane.

2. RESULTS AND DISCUSSION

Water-soluble branched polyethylenimine (PEI) and organic
soluble small molecule aldehydes were used to form imine-
based assemblies at the oil—water interface. A series of
aromatic aldehydes with a varying number of aldehyde groups
were synthesized, namely, 4,4',4"-((1,3,5-triazine-2,4,6-triyl)-
tris(oxy) )tribenzaldehyde, 4,4’-((6-methoxy-1,3,5-triazine-2,4-
diyl)bis(oxy) )dibenzaldehyde, and 4-((4,6-dimethoxy-1,3,5-
triazin-2-yl)oxy)benzaldehyde, following the procedure re-
ported in the literature (see the Supporting Information,
Schemes S1—S3), and were termed as TBZ, DBZ, and SBZ,
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respectively, as shown in Scheme 1. The characterization of
these compounds, such as 'H, *C NMR, and IR, is provided in
the Supporting Information Figures S1—S9. To assess the
interfacial activity of the aldehydes and PE], a stock solution of
1.0 mg/mL aldehydes in 1,2-dichlorobenzene (DCB) and 1%
w/w aqueous solution of PEI were prepared. The dynamic
interfacial tension was measured using a pendant drop
tensiometer where a oil-soluble aldehyde drop was suspended
in an aqueous solution of PEI, and the interfacial tension was
monitored until the equilibrium was achieved.

In the first experiment, the PEI/TBZ pair was used to
monitor the interfacial imine formation. The interfacial tension
of TBZ/DCB was found to be ~34.6 mN/m, which was close
to the interfacial tension of the DCB/water system (37.2 mN/
m). It indicated that TBZ has a minimum effect in stabilizing
the oil—water interface. In the case of PEI/DCB, the
equilibrium interfacial tension was reduced to 22 mN/m,
and the reduction in interfacial tension could possibly be due
to the electrostatic interaction between the positively charged
PEI and the negatively charged oil—water interface.”” The next
measurement was carried out with the PEI/TBZ system, and
the interfacial tension was markedly reduced to 11 mN/m.
This observation clearly hinted toward the formation of stable
conjugates, i.e., imine bond formation at the interface. To
investigate the chemical functionalities presented in the
interfacial film, ATR-IR spectroscopy analysis was performed
by collecting a small fragment of the film on a silicon substrate
(see the Supporting Information, Figure S10).

It revealed that the N—H stretching peaks of the primary
amine in PEI at 3278 and 3340 cm™' and a sharp peak of
aldehyde carbonyl at 1700 cm™" were greatly diminished in the
interfacial film. The appearance of a new carbonyl peak at 1753

cm™! confirmed the formation of an imine bond at the
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Figure 1. (a) Schematic representation of jamming due to imine bond formation at the interface. (b) Snapshots showing droplet morphology
during extraction and reinjection (TBZ = 1.0 mg/mL, PEI 1% w/w). (c) Time evolution of interfacial tension. (d) Equilibrium IFT and surface
coverage with PEI (1% w/w) and a series of aldehydes, TBZ, DBZ, and SBZ (1.0 mg/mL).
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Figure 2. (a) Time evolution of interfacial tension and (b) surface coverage with TBZ (1.0 mg/mL) and varying PEI concentrations. (c) Time
evolution of interfacial tension and (d) surface coverage with PEI (1% w/w) and varying TBZ concentrations.

interface. Later, the nanoscopic structure of the film was packed aggregates with the size ranging from 150 to 200 nm,
investigated by AFM (see the Supporting Information, Figure and the height was 20 nm. After analyzing the assembly of
S11), and the micrograph showed the formation of closely PEI/TBZ at the interface, we were curious to investigate the
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Figure 3. (a) Time evolution of interfacial tension and (b) surface coverage with TBZ (1.0 mg/mL) and varying pH values of PEI (1% w/w).

assembly of two other aldehyde variants, DBZ and SBZ, with
PEL. The equilibrium interfacial tension of the PEI/DBZ
system was very similar to that of the TBZ system, probably
due to the similar crosslinking ability of bi- and trifunctional
aldehyde groups with PEI at the interface. In the presence of
SBZ, the equilibrium interfacial tension was higher (14 mN/
m) compared to the previous analogues because of the
presence of single aldehyde functionality in SBZ.

Anisotropic compartmentalization of the liquid—liquid
interface provides ample opportunity to fabricate microbots
and smart-release systems.”>** The isotropic liquid droplet can
be compressed beyond its critical surface coverage, which can
lead to interfacial jamming, i.e., nonejection of assemblies from
the interface. We anticipated that the jamming of imine-based
assemblies at the interface would lock the droplet in a
nonequilibrium shape, paving the way to create an anisotropic
liquid compartment. It was initially demonstrated through PEI
(1% w/w aq. solution) and TBZ (1.0 mg/mL in DCB) using a
pendant drop tensiometer. A TBZ droplet (1.0 mg/mL) was
injected into the cuvette filled with PEI solution and was
allowed to react for 3 min. Upon decreasing the volume of the
oil droplet, wrinkling of the interfacial film was observed, and it
was a clear indication of interfacial jamming of imine-mediated
assembly. As shown in Figure 1la,b, the shape of the droplet
was distorted when extracting the oil volume but recovered to
its original shape upon reinjecting the initial volume (see also
the Supporting Information, SV1). This extraction—reinjection
process can be repeated several times without disrupting the
interfacial film, suggesting the robustness of the interfacial film.
We further examined the time evolution of IFT (Figure Ic)
and packing density of imine assembly at the interface by
decreasing the initial volume V; and comparing this to the
volume measured when wrinkling was first observed, V,,. From
the V,,/V; ratio, the compression ratio to jam the interfacial
assembly can be determined, and the fraction of the interface
occupied by the imine assembly can be estimated. Figure 1d
shows how the ratio of V,,/V; changes as a function of the
aldehyde variants after aging the assembly for only 3 min. TBZ
and DBZ showed similar surface coverage (~80%), whereas
SBZ showed a surface coverage of 56% only. It is evident from
this observation that as the number of aldehyde functionalities
increases, the extended crosslinking between the imine
assemblies is quickly achieved to attain the nonequilibrium
shape via interfacial jamming.

To gain a deeper insight into how the concentration of PEI
and aldehyde affects the interfacial assembly as well as jamming
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at the interface, we studied the PEI/TBZ pair by altering the
concentration of one constituent at a time. At a fixed
concentration of TBZ (1.0 mg/mL), the equilibrium interfacial
tension was 14.2 mN/m with 0.5% w/w PEI and was gradually
reduced to 7.1 mN/m with 2% w/w PEI (Figure 2a). The
expected outcome inferred that with increasing PEI concen-
tration, the population of imine assemblies at the interface
increased, thus lowering the interfacial tension. The effect was
more prominent when the droplet volume was reduced to form
a jammed assembly. The initial V,,/V; was 64% when the
concentration of PEI was 0.5% w/w. As the concentration of
PEI was increased to 2% w/w, the value of V_,/V, was
maximum up to 83%, as shown in Figure 2b. At even higher
concentrations of PE], i.e., with 4 and 8% w/w, the value of
V,/V; was 85 and 86%, respectively. We observed a similar
trend by varying the concentration of TBZ while PEI
concentration was kept constant at 1% w/w. It was found
that the equilibrium interfacial tension decreased from 11 to
4.9 mN/m when the TBZ concentration ranged from 1.0 to
4.0 mg/mL (Figure 2c). We also studied the V,,/V; from the
lowest (0.5 mg/mL) to the highest (8.0 mg/mL) concen-
tration of TBZ, and it was found to increase from 55 to 96%,
respectively. (Figure 2d; see also the Supporting Information,
SV2)

The branched PEI bears a great number of primary amine
groups, and the charge density of this polymer can be
modulated by changing the pH of the solution. In an acidic pH
(<4), the polymer exists in its maximum protonated counter-
part and is thus unable to undergo a nucleophilic reaction with
an aldehyde group. On the other hand, at a basic pH (>9), the
primary amines are mostly in the —NH, form, and they can
form an imine bond by reacting with an aldehyde. The
interfacial assembly of PEI and TBZ was investigated as a
function of the pH value of the aqueous phase, ranging from
pH 2 to 10. It was observed that the equilibrium interfacial
tension increased as the pH of the aqueous PEI solution was
increased. As shown in Figure 3a, the equilibrium interfacial
tension was found to be 32.9 and 31.8 mN/m at pH 2 and pH
4, respectively. At such an acidic pH, when the interfacial area
was reduced, no jamming was observed at the interface, as
shown in the Supporting Video SV3. This suggested that the
imine bond formation between PEI and TBZ at a lower pH
was futile. Contrarily, at a higher pH range, the equilibrium
interfacial tension started to drop, i.e., at pH 6, the interfacial
tension was 30.7 mN/m, and wrinkles appeared with a surface
coverage of 30%, confirming imine formation at the interface.

https://doi.org/10.1021/acs.langmuir.2c00725
Langmuir 2022, 38, 8296—8303


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00725/suppl_file/la2c00725_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00725/suppl_file/la2c00725_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00725/suppl_file/la2c00725_si_004.mp4
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00725?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00725?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00725?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00725?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/Langmuir

Langmuir
(a)
100
80— B i B i B a
e 2 e
o
_ 0 F 3 3
S
S 4
o ° S
=
3 % % 3
20
o @ ! v v
T T T
1 2 3
Cycle

Compress

Addition of excess | Refill
Propylamine

Compress

TBZ

e

]
— Propylamine HN__~_

PEI

Figure 4. Representation of (a) pH-dependent reversible assembly and disassembly of a droplet by adding an acid/base. Surface coverage was
noted after aging the droplet for 200 s. (b) Imine exchange at the PEI/TBZ cross-linked interface with a primary amine, propylamine
(concentrations were 1% w/w for PEI, 1.0 mg/mL for TBZ, 5% w/w for propylamine).

}4 Aldehyde

g Polyethylenimine

Pendant Droplet

©  Rhodamine 6G

pH responsive cargo transport

(b)
1004 F 350s
- B 711005
F 52005
80 Unlocked  Locked
2
2 g0
&
2
5 40
&
S
20 T
s
0- e |
2 4 6 8 10

pH of 1% wiw PEI

Figure 5. (a) Schematic representation of the PEI/TBZ assembly for cargo transport (PEIL 1% w/w; TBZ, 1.0 mg/mL). (b) Relative release of
Rh6G at different pH values of PEI for 50, 100, and 200 s, taken at 530 nm. The inset picture shows the unlocked and locked states of the droplet.

At pH 8, the equilibrium interfacial tension was found to be
20.1 mN/m with a surface coverage of 58% (Figure 3b).
Finally, at pH 10, the equilibrium IFT was the lowest, i.e., 11.1
mN/m, indicating maximum interfacial activity with a surface
coverage of 81% (Supplementary Video SV4). We also
performed control experiments with DCB and PEI (1% w/
w) solutions at a pH range of 2—10 and confirmed that only
PEI could not contribute to the interfacial jamming. (See
Supporting Information Figure S12 for IFT data.)

After studying the pH-dependent interfacial activity of the
TBZ and PEI pair, we explored the reversible and dynamic
nature of imine bond formation that would pave the way for
numerous stimuli-responsive systems. For this study, the pH of
the system was switched from acidic (pH 1) to basic (pH 10),
and the resultant interfacial jamming to unjamming transition
was noted. Initially, the experiment was conducted at an acidic
pH, and once the equilibrium interfacial tension was attained,
the volume of the droplet was reduced to examine the wrinkle
formation. As previously observed, at an acidic pH, the imine
bond formation did not occur, and no wrinkles were observed.
Next, the pH of the aqueous solution was adjusted to pH 10 by
adding NaOH to the solution. The interfacial jamming was
observed, and the surface coverage was 81% as observed
earlier. When HCI was added to alter the pH of the system to
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pH 1, the preformed wrinkles disappeared. Even after
compressing the droplet to its minimum volume, there was
no evidence of wrinkle formation. This cycle was repeated
multiple times to corroborate the reversible and robust nature
of the interfacial film, as shown in Figure 4a.

The dynamic nature of the imine bond formation was
verified by introducing a competing primary amine that went
through an amine exchange process at the interface. For this
study, the PEI and TBZ pair was used to form an imine-
mediated crosslinking at the interface. The wrinkle was
observed upon compressing the droplet volume, confirming
the imine bond formation as seen in earlier experiments. At
this point, an excess amount of propylamine, a monofunctional
amine, was added to the aqueous solution of the droplet. We
anticipated that the amine exchange would lead to the
formation of a new imine bond with TBZ, and it would
replace the existing PEI-based assemblies. As a result, the
polyamine-based crosslinking at the interface will disappear.
After S min of aging the droplet with propylamine, the wrinkles
disappeared, suggesting the formation of a new imine bond at
the interface, as shown in Figure 4b (see also the Supporting
Information, SVS). To confirm the same, we performed a
control experiment where the TBZ/propylamine pair was used
to form the imine bond at the interface. There was no
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interfacial crosslinking in this case (see the Supporting
Information, SV6). It was further confirmed by measuring
the interfacial tension of the TBZ/propylamine pair. The
equilibrium interfacial tension value was 17.3 mN/m, which
indicated that the pair was not interfacially active as compared
to TBZ/PEI (see the Supporting Information, Figure S13).

Mimicking the selective permeability of cell membranes has
always been a challenge.” Thus, the imitation of selective
transport across the membrane has attracted immense interest
in recent days. Herein, we intend to investigate the molecular
transport across the interfacially structured PEI/TBZ mem-
brane. For this study, we used Rhodamine 6G (Rh6G) as a
tracer dye owing to its ease of partitioning and detection. The
Rh6G dye was initially dissolved in DCB along with TBZ,
keeping the concentration at 1.0 mg/mL. The oil drop was
then suspended in the aqueous solution of PEI. The schematic
of the process is shown in Figure Sa. This study was carried out
over a wide range of pH values as described earlier. The dye
slowly diffused into the water phase, and the amount of Rh6G
released was quantified by measuring the absorbance at 530
nm with UV—vis spectrometry. We performed this experiment
at a time point of 200 s, where we collected the solutions and
measured UV absorbance. It was observed that the diffusion of
Rh6G decreased with an increase in the pH. This observation
corroborated the pH-responsive wrinkling and surface cover-
age of the PEI/TBZ interfacial assembly. At pH 10, the
maximum crosslinking through the imine bond occurred at the
interface. Thus the diffusion of dye molecules through this
interfacial membrane was difficult (locked state, 3% release).
The opposite scenario was observed at pH 2 (unlocked state,
100% release), where interfacial crosslinking was negligible,
and the dye release was maximum. We also measured the
release of dye at various pH values, which were found to be
87% at pH 4, 71% at pH 6, and 40% at pH 8. We also studied
the release at different time points of 50 and 100 s,
respectively. We observed that the release increased linearly
from 50 to 200 s and decreased from pH 2 to pH 10, as shown
in Figure Sb. It is quite evident from the observation that the
imine-based interfacial assemblies provided a selective, stimuli-
responsive transport across the boundary.

3. CONCLUSIONS

In this work, we demonstrated the formation of a dynamic
covalent imine bond at the oil-water interface, and a
nonequilibrium shape of the oil-in-water droplet was created
via interfacial jamming. We described the varied nature of
interfacial assembly depending on the concentration of the
reactants, degree of crosslinking, and pH of the surrounding
environment. We made judicious use of the pH dependency of
the Schiff base reaction to shift the equilibrium, which resulted
in reversible toggling of jamming to unjamming interfacial
assembly. We further demonstrated triggered cargo release by
changing the pH of the system. Overall, our results offer great
applications in the field of dynamic covalent assemblies at the
interface, structuring liquid droplets and smart membranes.

4. EXPERIMENTAL SECTION

4.1. Materials. Polyethylenimine (PEI), branched with an average
M, of 25,000, 2,4,6-trichloro-1,3,5-triazine, 4-hydroxy benzaldehyde,
and tetrabutylammonium bromide were purchased from Sigma-
Aldrich. Dichloromethane and methanol were purchased from Merck.
1,2-Dichlorobenzene was purchased from TCL 4-((4,6-Dimethoxy-
1,3,5-triazin-2-yl)oxy)benzaldehyde, 4,4'-((6-methoxy-1,3,5-triazine-

2,4-diyl)bis(oxy))dibenzaldehyde, and 4,4',4"-((1,3,5-triazine-2,4,6-
triyl)tris(oxy) )tribenzaldehyde were synthesized as per the literature.
Millipore water (18.2 MQ-cm at 25 °C) was used in all interfacial
tension measurements.

4.2. Characterization. The dynamic interfacial tension (y) was
analyzed with a tensiometer (DSA25 Drop Shape Analyzer, KRUSS
GmbH) using a pendant-drop method, where the evolution of y with
time was recorded after the oil phase (1,2-dichlorobenzene) was
slowly injected into the aqueous phase. The deformation and
wrinkling behavior were recorded as images or videos with a digital
camera. Confirmation of imine bond formation was carried out using
the Thermo Scientific Nicolet iS20 FTIR instrument. The surface
morphology of the interfacial film was studied by atomic force
microscopy (Bruker Multimode 8 system). UV absorption spectra
were measured on a SHIMADZU UV-2600 spectrophotometer.
NMR spectra were recorded on a Bruker Avance 400 MHz NMR
spectrometer.
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