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ransient supramolecular polymers
controlled by mass transfer in biphasic systems†

Shilin Zhang, a Yulian Zhang,b Huiting Wu,a Zhihao Li,a Peichen Shi,a Hang Qu,a

Yibin Sun,a Xinchang Wang,c Xiaoyu Cao, a Liulin Yang *a and Zhongqun Tian a

Inspired by life assembly systems, the construction of transient assembly systems with spatiotemporal

control is crucial for developing intelligent materials. A widely adopted strategy is to couple the self-

assembly with chemical reaction networks. However, orchestrating the kinetics of multiple reactions and

assembly/disassembly processes without crosstalk in homogeneous solutions is not an easy task. To

address this challenge, we propose a generic strategy by separating components into different phases,

therefore, the evolution process of the system could be easily regulated by controlling the transport of

components through different phases. Interference of multiple components that are troublesome in

homogeneous systems could be diminished. Meanwhile, limited experimental parameters are involved in

tuning the mass transfer instead of the complex kinetic matching and harsh reaction selectivity

requirements. As a proof of concept, a transient metallo-supramolecular polymer (MSP) with dynamic

luminescent color was constructed in an oil–water biphasic system by controlling the diffusion of the

deactivator (water molecules) from the water phase into the oil phase. The lifetime of transient MSP

could be precisely regulated not only by the content of chemical fuel, but also factors that affect the

efficiency of mass transfer in between phases, such as the volume of the water phase, the stirring rate,

and the temperature. We believe this strategy can be further extended to multi-compartment systems

with passive diffusion or active transport of components, towards life-like complex assembly systems.
Introduction

Living assembly systems featured with spatiotemporal control
over structure and functions (e.g., self-adaptation, self-healing,
self-replication) are normally achieved by maintaining the
system out-of-equilibrium fueled by chemical energy. Inspired by
nature, the study of molecular assembly systems that are out of
equilibrium has aroused wide interest.1–15 One of the widely
adopted strategies to construct out-of-equilibrium assembly
systems is to couple the self-assembly process with chemical
reactions.3,4,16–21 The precursors are converted into building
blocks by chemical-fueled activation reactions, followed by the
self-assembly of activated building blocks. Simultaneously, the
building blocks are continuously deactivated and reverted into
the original precursors, resulting in transient assembly systems.
The assemblies can only bemaintained when the chemical fuel is
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tion (ESI) available. See DOI:

13937
available to the system.1,22–28 An important prerequisite to
obtaining the transient assemblies is that the activation rate
should be faster than the deactivation rate. For the activation
step, chemical fuels29 with varied amounts and feeding manners
(addition in small batches or at once)30–32 are generally employed
to control the activation process. For the deactivation step, the
common strategies are tuning the pH,1,33 temperature,34 the
content of deactivators (i.e. enzyme),22,24,35–37 and so on.

Inspired by living assembly systems with reaction networks
involved, more complex strategies by coupling multiple chem-
ical reactions have been developed to regulate the activation or
deactivation process.24,26,27 For instance, Walther and co-
workers9,38 proposed the concept of ‘‘dormant deactivator’’—
a compound that liberates active deactivator slowly through
a chemical reaction—capable of creating a transient pH prole
to which the assemblies respond accordingly. The lifetime of
the assemblies depends on the generation rate of the active
deactivator. However, coupling chemical reaction networks in
a homogeneous system and making these reactions work in
tandem without crosstalk is not an easy task, because of not
only strict requirements for the specicity of chemical reac-
tions, but also challenges in the kinetics matching between
chemical reaction and assembly/disassembly process.

To address this issue, we propose a generic approach to
constructing transient assembly systems by separating
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of the chemically fueled reaction cycle towards transientMSP by controlling the water diffusion in an oil–water biphasic system.
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components such as chemical fuels, building blocks, and
deactivators in different phases or compartments. Therefore,
the kinetics can be easily regulated by controlling the transport
of components with limited parameters concerned, instead of
falling into the careful selection of multi-step chemical reac-
tions and the coupling of reaction kinetics parameters. As
Fig. 2 The formation of MSP was confirmed by spectroscopies, dynamic
CHCl3 (11 mM) upon titration with Mg(ClO4)2 in THF (1 mM), red line: the o
were added; (inset) normalized absorbance changes of ligand T-3tpy at 34
fluorescence spectra upon the addition of Mg(ClO4)2 under the same co
ligand T-3tpy at 414 nm and 525 nm as a function of themolar ratio of Mg
CIE during titration. The inset shows the visible fluorescence of the solut
365 nm light. (d) Size distribution of MSP determined by DLS (T-3tpy: 11
distribution of the size of MSP. (e) The TEM image and (f) the SEM image

© 2022 The Author(s). Published by the Royal Society of Chemistry
a proof of concept, we demonstrate the construction of tran-
sient metallo-supramolecular polymers (MSP) in an oil–water
biphasic system (Fig. 1). A dendron ligand T-3tpy consisting of
a truxene core carrying three terpyridine branches was dissolved
in chloroform. Upon the addition of chemical fuel (Mg(ClO4)2)
in the oil phase, the fast coordination of Mg2+ ions with
light scattering, and microscopies. (a) The UV-Vis spectra of T-3tpy in
riginal spectrum of T-3tpy; blue line: spectra when 2 eq. of Mg(ClO4)2
6 nm and 400 nm as a function of themolar ratio of Mg(ClO4)2. (b) The
nditions as in UV-Vis titration. (Inset) Normalized intensity changes of
(ClO4)2. (c) Changes in the luminescent color of the solution in the 1931
ion (left: 0 eq. Mg(ClO4)2, right: 2 eq. Mg(ClO4)2) under the exposure of
mM, Mg(ClO4)2: 2 eq.). The blue line refers to the cumulative frequency
of MSP.
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terpyridine groups in T-3tpy led to the formation of MSP.
Meanwhile, water molecules as deactivators slowly diffused into
the oil phase, and gradually decomposed the MSP by competi-
tively hydrating the Mg2+ ions, making MSP transient. By
controlling the water transfer into the oil phase, the lifetime of
this transient MSP could be tuned from minutes to hours.

Results and discussion

The coordination of T-3tpy dendron with Mg2+ was supposed to
result in a hyperbranchedMSP.39,40 T-3tpy in CHCl3 solution has
Fig. 3 The transient behavior of MSP in the oil–water biphasic system.
Mg(ClO4)2. The pink line indicates the formation of MSP. The spectrum r
and decomposition ofMSP were repeated by adding Mg(ClO4)2 in batche
3tpy 11 mM, Mg(ClO4)2 22 mM, H2O 10 mL, stirring rate 300 rpm, 25 °C).

13932 | Chem. Sci., 2022, 13, 13930–13937
a maximum absorbance at 346 nm and a characteristic emis-
sion peak at 414 nm originated from the truxene chromophore
(Fig. 2a, b and S10†). Upon titration of the T-3tpy (11 mM in
CHCl3) with Mg(ClO4)2, the absorption band at 346 nm dimin-
ished accompanied by a new absorption band ca. 400 nm
increased. The UV-Vis spectrum kept the same when the molar
ratio of Mg(ClO4)2 and T-3tpy increased to 1.5 : 1, indicating the
coordination between Mg2+ and terpyridine group in a 1 : 2
stoichiometry.41–43 Furthermore, a broad emission peak at
525 nm rose remarkably accompanied by the decrease of the
(a) The change of UV-Vis spectra of T-3tpy (red) after the addition of
ecovered to the initial state (blue) over 24 min. (b) The polymerization
s. (c) Representative TEM images ofMSP at different time intervals. (T-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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original peak at 414 nm. Accordingly, the uorescent color of
the solution when irradiated by 365 nm light switched from the
initial blue to approximate white, and nally yellow-green
(Fig. 2c). The formation of polymers was further conrmed by
dynamic light scattering (DLS) and microscopies (Fig. 2d–f).
Discrete spherical nanoparticles with diameters around 60 nm
to 80 nm were clearly observed by TEM and SEM, and the
measured size was in good agreement with the data (75 nm)
obtained by DLS analysis. Particles with larger sizes from 75 nm
to 122 nm could be obtained by increasing the equivalents of
Mg(ClO4)2 from 2 to 8 eq. (Fig. S11†).

The transientMSP system was successfully constructed in an
oil–water biphasic solution. Because Mg(ClO4)2 in chloroform
can be hydrated by water (Fig. S12†), it is possible to take water
as a deactivator to decompose the MSP that formed in the oil
phase. By controlling the diffusion of water into the oil phase,
a transient MSP system could be constructed. Specically, T-
3tpy was dissolved in chloroform (2 mL, 11 mM), and the
biphasic system was prepared by adding a drop of water (10 mL)
on top of the chloroform solution. Upon addition of chemical
fuel Mg(ClO4)2 (22 mM, 2 eq. of T-3tpy) to the chloroform phase,
MSP formed instantly which was evidenced by the same tran-
sition of UV-Vis spectrum as aforementioned (Fig. 3a). Mean-
while, the water molecules slowly diffused into chloroform and
decomposed the MSP, featured by the gradual decrease of the
absorbance at 400 nm and the increase at 346 nm. Aer 24 min,
the UV-Vis spectrum of the system almost recovered to the
initial state, indicating the depolymerization of MSP and the
regeneration of T-3tpy monomers. The polymerization and
depolymerization cycle was repeated at least three times by
adding Mg(ClO4)2 in batches (Fig. 3b). However, as the number
of cycles increased, more Mg(ClO4)2 was required (4–6 eq.),
whichmay owe to the increased water content in the chloroform
Fig. 4 Characterization of transient MSP in the oil–water biphasic system
before (trace a) and after (trace b and c) the addition of Mg(ClO4)2. Mark
solvent; -, –CH2–.

© 2022 The Author(s). Published by the Royal Society of Chemistry
phase over time and the interference from the accumulated
waste products (hydrated Mg(ClO4)2). The transient MSP was
further conrmed by tracking the morphology of polymer
particles. Samples were taken at different time points (2 min,
14 min, 20 min, and 26 min) for transmission electron
microscopy (TEM). As shown in Fig. 3c, spherical particles with
an average size of 60 nm were observed in the sample at 2 min,
which was consistent with the MSP particles at the equilibrium
state. As time went on, the number and size of particles grad-
ually decreased, accompanied by the formation of abundant
tiny particles which might be ascribed to the hydrated
Mg(ClO4)2. For the sample at 26 min, almost no large particles
could be observed, indicating the complete decomposition of
the MSP. A similar process (Fig. S13†) was also observed by
scanning electron microscopy (SEM).

The transient MSP system was further investigated by
nuclear magnetic resonance (NMR) spectroscopy (Fig. 4). Upon
addition of 2 eq. of Mg(ClO4)2 (THF-d8) to the biphasic solution
(4 mM T-3tpy in 0.5 mL CDCl3 and 5 mL H2O), the NMR signal of
T-3tpy monomer disappeared rapidly. Unfortunately, the 1H
NMR signal of MSP could not be detected owing to the large
particle size. The MSP nally decomposed indicated by the
regeneration of T-3tpy signals. Meanwhile, a new signal at ca.
4.80 ppm was observed, which was identied as hydrated Mg2+

by a controlled experiment (Fig. S12†). To further conrmed the
transient behavior in such a metal-coordination system, a one-
armed ligand T-1tpy was taken as a model compound. The
coordination of T-1tpy with Mg2+ results in a soluble dimer,
which could also be transient in the same biphasic system (see
ESI, Fig. S14–S18†). In this case, the transient behavior of the
dimer with a similar transition process of NMR signals was
observed (Fig. S14 and S15†). Therefore, we can conclude that
the transient behavior of MSP should be attributed to the
using NMR. 1H NMR spectra of the solution containing ligand T-3tpy
ed signals are assigned to protons: C, THF; :, CHCl3; +, H2O in the

Chem. Sci., 2022, 13, 13930–13937 | 13933
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competitive coordination of dissolved water with Mg2+ in the oil
phase.

The lifetime of transientMSP could be easily regulated by the
content of chemical fuel, i.e.Mg(ClO4)2, in the oil phase. In this
study, the lifetime of MSP was dened as the period from the
generation to the complete decomposition of MSP, by moni-
toring the absorbance at 400 nm in UV-Vis spectroscopy. As
shown in Fig. 5a, the lifetime increased from 24 to 62 minutes
upon increasing the equivalents of Mg(ClO4)2 from 2 to 8 while
the volume of water phase was xed at 10 mL, showing a linear
proportion to the content of Mg(ClO4)2. Notably, the more
Mg(ClO4)2, the longer plateau in the UV-Vis curve could be
observed, suggesting the formedMSP could be protected by the
excess Mg(ClO4)2 from depolymerization (Fig. S19†).

Besides the content of fuel in the oil phase, the mass
transfer44 in between phases plays a key role in tuning the
lifetime of MSP. Factors that may affect the efficiency of mass
transfer such as the volume of water phase, the stirring rate, and
the temperature were evaluated while the content of Mg(ClO4)2
remained constant. It was found that the lifetime of MSP was
highly sensitive to the volume of water and the stirring rate, but
less affected by temperature. A dramatic decrease in lifetime
from ∼51 min to ∼5 min was observed when increasing the
volume of water from 5 mL to 40 mL (Fig. 5b), owing to the
accelerated diffusion of water molecules into the oil phase
Fig. 5 The lifetime of MSP was regulated by: (a) different equivalents o
Mg(ClO4)2, 300 rpm, 25 °C), (c) stirring rate (2 eq. Mg(ClO4)2, water 10 m

13934 | Chem. Sci., 2022, 13, 13930–13937
(Fig. S20†). However, when the volume of water was over 40 mL,
the lifetime tended to be constant, suggesting the transfer of
water molecules ceased to be the rate-determining step. The
stirring rate of the magnet rotor determined the speed of
convection, and therefore the efficiency of mass transfer in this
system (Fig. 5c and S21†). As shown in Fig. 5c, the lifetime was
∼39 min under a relatively low stirring rate (50 rpm). Increasing
the stirring rate to 150 rpm resulted in a signicant decline of
the lifetime (∼26 min), suggesting a fast mass transfer under
this condition. The results indicated that the mass transfer was
dominated by molecular diffusion under a low stirring rate,
while controlled by convection under a high stirring rate. The
relatively low efficiency of molecular diffusion leads to a long
lifetime of MSP. In an extreme case without stirring, the oil
phase even turned to be inhomogeneous. Only theMSP near the
oil–water interface could be decomposed while the MSP in oil
bulk remained stable (Fig. S22†). Although the convection
signicantly shortened the lifetime of MSP, further increasing
the stirring rate only resulted in a slight loss of the lifetime,
similar to the case when tuning the volume of water. Consid-
ering that mass transfer can be regulated by the thermal motion
of molecules, the lifetime of MSP was also investigated under
different temperatures. The lifetime declined from ∼27 min to
∼19min when the temperature was elevated from 20 °C to 35 °C
f Mg(ClO4)2 (water 10 mL, 300 rpm, 25 °C), (b) volume of water (2 eq.
L, 25 °C), and (d) temperature (2 eq. Mg(ClO4)2, water 10 mL, 300 rpm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The dynamics of supramolecular polymers in different solvent systems

Solutions CHCl3/mL THF/mL H2O
a/mL Water contentb/mg mL−1 Lifetime of MSP

Oil–water system 2 40 10 1274 Within 24 min
Oil–air system 2 40 0 656.8 Partial degradation over 2 h
Sealed oil solution 2 40 0 265.3 Long live

a The content of added water. b Water content in the oil phase measured 30 min aer solution preparation.
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(Fig. 5d), indicating amild effect of temperature in this biphasic
system.

The essential role of mass transfer was further conrmed by
studying the dynamics of MSP in different solvent systems,
including an oil–water biphasic system, an oil–air biphasic
system, and a sealed oil solution. In the oil–water biphasic
system, the water content in the oil phase increased gradually
and reached a constant value of ∼1274 mg mL−1 aer 30 min
(Table 1). The cycle of polymerization–depolymerization was
completed within 24 min in this system. Whereas in the oil–air
biphasic system, the maximum water content in the oil phase
was only 656.8 mg mL−1, and the MSPs were only partially
degraded even aer 2 h (Fig. S23†). Moreover, the volatilization
of organic solvent during such a long-time exposure resulted in
the precipitates of MSP, which further retarded their degrada-
tion. Furthermore, in the sealed oil phase, the water content
was maintained at 265.3 mg mL−1, and the MSP could be
maintained for a long time (Fig. S24†). However, if the initial
water content in the sealed oil phase was too high, e.g. 1278 mg
Fig. 6 The transition process of luminescence of the transient MSP syste
Time-dependent relative fluorescence intensity. (c and f) Time-depend
emission color (conditions: (a–c) T-3tpy 11 mM, Mg(ClO4)2 22 mM, H2O 1
experiments, the stirring rate was 300 rpm, and the temperature was 25

© 2022 The Author(s). Published by the Royal Society of Chemistry
mL−1, there was no evidence for the formation of MSP aer
adding 2 eq. of Mg(ClO4)2 into the solution (Fig. S25†). All the
results conrmed that the dynamics of MSP are indeed
controlled by the transfer of water into the oil phase.

Beneting from the luminescent property of the truxene
moiety, the transient MSP presented a dynamic luminescence
over time. Typically, the emission of initial ligand T-3tpy at
414 nm was quenched upon the addition of Mg(ClO4)2 (2 eq.),
instead, a new emission band at ca. 525 nm appeared (Fig. 6a).
Subsequently, the emission at 525 nm gradually decreased,
accompanied by the reappearance of the emission at 414 nm
within 20 min. This transient process can be traced in more
detail by the ratio of uorescence intensities I525nm/I414nm
(Fig. 6b). Aer adding Mg(ClO4)2, the ratio rapidly increased to
the maximum due to the fast coordination of the metal ion and
the T-3tpy ligand. In the following 4 minutes, the ratio declined
slightly, then fell sharply during the 4–10 min, and nally
approached zero during 10–20 min. The transition process of
the luminescent color (Movie S1†) is presented in the CIE
m over time. (a and d) Time-dependent fluorescence spectra. (b and e)
ent CIE coordinate diagram showing the change trajectories of the
0 mL; (d–f) T-3tpy 10−4 M, H2O 10 mL, Mg(ClO4)2 2 × 10−4 M). In both
°C.

Chem. Sci., 2022, 13, 13930–13937 | 13935
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chromaticity coordinate (Fig. 6c). Right aer the addition of
fuel, the luminescent color jumped from blue (0.16, 0.04) to
yellow-green (0.32, 0.56), then ultimately reverted to the initial
blue (0.16, 0.04). The curve of ratio metric uorescence over
time shows a plateau in the rst 4 min, indicating a steady state
of the MSP in this period. This might be ascribed to the
protection by the slight excess of Mg(ClO4)2 from depolymer-
ization. Increasing the concentration of ligand T-3tpy (10−4 M)
and Mg(ClO4)2 (2 × 10−4 M) prolonged the lifetime of MSP to
27 min (Fig. 6e), and resulted in a more complex transition
process of luminescence (Fig. 6d). A bimodal emission with
continuous changes of wavelength was observed during the
recovery process, resulting in a different color transition process
in the order of blue–yellow green–white–blue (Movie S2†), as
shown in the CIE chromaticity coordinate (Fig. 6f). These results
may owe to the aggregation of MSP under high concentration,
evidenced by increased particle size (∼130 nm) (Fig. S26†).

Conclusions

In conclusion, we propose a facile and generic strategy for
constructing transient assembly systems by coupling self-
assembly, chemical reactions, and molecular diffusion in
multiple phases. As a proof of concept, we have demonstrated
the construction of transient MSP in an oil–water biphasic
system. By controlling the water diffusion from the water phase
into the oil phase, the kinetics of MSP depolymerization was
facilely regulated, resulting in the transient MSP. Distinct from
the strategies that regulate all the kinetic processes in a homo-
geneous system,24,26,27,38 this strategy introduces a new regula-
tion dimension, i.e. the mass transfer of components through
different phases, to regulate either the activation process or
deactivation process. By separating components such as
chemical fuels, building blocks, and deactivators in different
phases, interference from the unexpected crosstalk of different
components that usually troubles the homogeneous system
could be effectively diminished. Meanwhile, limited experi-
mental parameters are involved in tuning the diffusion instead
of the complex kinetic matching and harsh reaction selectivity
requirements in homogeneous systems. This strategy can be
further extended to multi-compartment systems45,46 and liquid–
liquid phase separation systems.47–50 Passive diffusion and
active transport can be developed in controlling the transport of
chemical fuels or deactivators between compartments.
Learning more from the characteristics of out-of-equilibrium
assembly in life would pave the way to move articial molec-
ular assembly toward life-like intelligent assembly systems.
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