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Energy input plays a crucial role in the assembling of matter. In our present study, we utilize EDC as
a chemical fuel to drive the molecular assembling of POR-COOH. POR-COOH will react with EDC to

generate the intermediate POR-COOQOEDC first, which was well-solvated by solvent molecules. During
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will be formed and thus allowed the self-assembling of POR-COOH into 2D nanosheets. This chemical
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Introduction

During the transition of matter from one state to another through
assembling, energy input is crucial for activating molecules to
overcome the energy barrier during the process (Fig. 1). In
general, importing energy into the system and promoting mole-
cules to the required energy level for assembling could be ach-
ieved in multiple ways, such as heating, solvation with a good
solvent, irradiation with light, excitation under external fields,
tuning the pH value, or a combination of them."

In a chemical reaction, the energy will exchange and redis-
tribute among reactants, products and intermediates (if there are
any) constantly, thus affording the possibility for the molecules
involved in the reaction to assemble. Representative examples
have been reported as ‘reaction-triggered self-assemblings’ in the
past few decades.” During these processes, despite the starting
matter being consumed and converted into different chemical
species, the as-formed products were able to assemble and form
ordered supramolecular structures. Here we report that using the
energy released during a chemical reaction cycle, we are able to
drive molecules to self-assemble and form highly ordered
supramolecular structures without changing the chemical
structure of molecules at the final stage. More importantly, this
chemical energy assisted assembling process could be performed
under mild conditions with high spatial accuracy and selectivity.
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accuracy but also with high selectivity in complex environments.

Results and discussion

We found this chemical energy assisted self-assembling process
during the study of the reaction between carbodiimide and
carboxylic acid derivates. It is well known that during the reaction
between carboxylic acid and carbodiimide (such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, EDC), the corresponding
anhydride will be generated as an intermediate first, and then
hydrolyze into the original carboxylic acid in the presence of
water (Fig. 2a).* With the continuously supported compound
EDC as the chemical fuel, these anhydrides were able to further
assemble into functional transient supramolecular structures, as
demonstrated by Boekhoven, Hartley and other groups.®»*
However, in our present study, we noticed that the reaction
between EDC and a porphyrin-substituted benzoic acid (POR-
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Fig.1 Schematic representation of the chemical energy assisted self-
assembling.
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(a) Formation of a transient anhydride intermediate from carboxylic acid derivates driven by EDC. (b) Molecular structure of POR-COOH.

(c) Photographs of the reaction mixture of the POR-COOH suspension and EDC at different moments. (d) TEM micrograph of an air-dried
dispersion of NSpor-coon- (€) Liquid phase AFM micrograph of NSpor-coon in the presence of solvent. (f) WAXD profile of NSpor-coon and its 2D

WAXD pattern (inset i) and proposed packing model (inset ii).

COOH, Fig. 2b) did not result in the insoluble anhydride inter-
mediate. For instance, we started from a suspension of amor-
phously aggregated POR-COOH (AApogr.coon, 0.066 mg, 1.0 X
10~* mmol POR-COOH in 2.0 mL DMSO-H,0 (6/4, v/v), Fig. 1
and S21). When 1.2 mg EDC (6.0 x 10> mmol, 60 equiv.) was
added into the system, we first found that the brown suspension
(Fig. 2c(i)) turned to a transparent pink solution within 10
minutes (Fig. 2c(ii)), and then gradually turned into a turbid
suspension (Fig. 2c(iii)) and eventually yielded a red precipitate
after 48 h (Fig. 2¢(iv)).

After completely dissolving the red precipitate in DMSO-d,, we
found that its "H NMR spectrum was identical to that of
compound POR-COOH (Fig. S31), which suggested that the red
precipitate has an identical chemical composition to starting
POR-COOH. In the meantime, the transmission electron
microscopy (TEM) images of an air-dried sample allowed for the
visualization of nano-sheets with side lengths up to micrometers
(Fig. 2d). From scanning electron microscopy (SEM), we found
that these nano-sheets stacked together on the substrate during
solvent evaporation (Fig. S4t). Fortunately, liquid-phase atomic
force microscopy (AFM) allowed us to conduct the measurement
without removing the solvent and provided us the opportunity to
observe the morphology of the resulting assemblies in situ. As
shown in Fig. 2e, the AFM micrograph clearly proved the
formation of two-dimensional (2D) nano-sheets with a uniform

3364 | Chem. Sci,, 2023, 14, 3363-3369

thickness of 3.0 nm. Considering the reported packing model of
porphyrin derivatives,® we presume that the 2D nano-sheets of
POR-COOH (NSpor-coon) are constructed from J-aggregated POR-
COOH molecules (Fig. 2f and S57), and the simulated wide-angle
X-ray diffraction (WAXD) profile of this proposed stacking model
is consistent with the experimental measurement (Fig. S67).
These results indicate that the resulting red precipitate is
compound POR-COOH in the form of NSpor-coou With a high
degree of crystallinity.

Utilizing ultraviolet-visible (UV-vis) absorption and dynamic
light scattering (DLS) spectroscopy, we are able to monitor the
entire process. The UV-vis absorption spectrum of AApogr.coon
suspension (0.50 x 10~* M in DMSO-H,O (6/4, v/v)) showed
a maximum absorption peak at 417 nm along with a shoulder
peak at 437 nm (Fig. 3a, green curve), characteristic of the J-
aggregated POR-COOH.® After adding EDC (60 equiv.) into the
AApor.coon suspension, the shoulder peak at 437 nm dis-
appeared, while the intensity of the peak at 417 nm increased
within 10 minutes (Fig. 3a), which suggested that the aggregated
POR-COOH was converted into a solvated intermediate.* After 10
minutes, the peak at 417 nm gradually decreased, with the
intensity increase of the shoulder peak at 437 nm, indicating that
the solvated intermediate turned into j-aggregated POR-COOH
again (Fig. 3b). When we plot the absorption intensity at 417 nm
versus time, a maximum absorption was found at 10 minutes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) Time-dependent absorption spectra of AApor-coon after the addition of EDC. (c) Time-dependent absorption intensity at

417 nm. (d and e) Time-dependent size distribution of AApor-coon Monitored by DLS after the addition of EDC. (f) Plot of the particle size versus
time, monitored by DLS. (g) MALDI-TOF mass spectra of AApor-coon (green curve), AApor-coon reacts with EDC for several minutes (red curve),
and NSpor-coon (blue curve). (h) Schematic representation of the reaction cycle between POR-COOH and EDC. (i) FT-IR spectra of AApor-cooH
(green curve), POR-COOEDC (red curve), and NSpor-coon (blue curve). (j) Schematic illustration of the mechanism of the chemical energy
assisted self-assembling process in this study.
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after adding EDC (Fig. 3c). From the DLS profiles, we found
objects with sizes up to several hundreds of nanometers in the
AApor-coon suspension, and they decrease to less than 1 nano-
meter in 10 minutes after adding EDC (Fig. 3d), followed by
gradually increasing to several hundreds of nanometers again in
360 minutes (Fig. 3e). The observed time-dependent size varia-
tion pattern (Fig. 3f) matched with time-dependent absorption
spectra very well. Later we are able to identify the intermediate
utilizing matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass and Fourier transform infrared (FT-IR)
spectroscopy. As expected, the MALDI-TOF mass spectra of
AApor-coon and NSpor-coon displayed a major peak at m/z =
658.20 and 658.50, respectively (Fig. 3g, green and blue curves),
which matched with the molecular weight of POR-COOH (calcd
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m/z = 658.24), since they have identical chemical composition.
However, the MALDI-TOF mass spectrum of the soluble inter-
mediate showed the presence of a fraction with a different
molecular weight at m/z = 813.38 (Fig. 3g, red curve), and no
other chemical composition, such as anhydride, was detected.
This value (m/z = 813.38) equals the sum of the molecular weight
of POR-COOH and EDC. Considering the reported reaction
mechanism between EDC and carboxylic acid derivatives,*” we
suspected that an EDC-ester POR-COOEDC was formed as an
intermediate first, and then hydrolyzed into POR-COOH, due to
its high chemical activity (Fig. 3h). To examine our assumption,
we used FT-IR spectroscopy to trace the reaction process. We
found that AApor-coon and NSpor-coon Showed almost identical
IR spectra, with the stretch vibration peak of the C=0 bond in
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(a) The schematic illustration of the experimental setup for spatial controlled chemical energy-assisted assembling of the AApor-cooH

film. (b) Polarized light microscopy images of the AApor-coon film covered by PET stamps shaped into “SCUT" letters. (c—f) Polarized light
microscopy images of (c) the AApor-coon film, (d) covered with the PET stamp on the right side for 48 h, (e) erasing the alignment of molecules by
heating and rapid cooling, and (f) covered with the PET stamp on the right side for 48 h again. (g) Experimental setup of the chemical energy
assisted self-assembling process for the spin-coated AApor-cooHsror-coome film. (h—k) Polarized light microscopy images of AApor-cooHgPOR-
coome films covered with the PET stamp containing EDC for 48 h. Molar contents of POR-COOH in the mixture were (h) 20%, (i) 40%, (j) 60%, and
(k) 80%, respectively. The white crossed arrows indicate the direction of the polarizer and the analyzer.
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the carboxylic group at 1690 cm ™ (Fig. 3i, green and blue cutves).
However, after adding EDC, the intermediate separated from the
pink solution displayed two new peaks at 1740 cm ' and
1650 cm " (Fig. 3i, red curve), which could be assigned to the
C=O0 bond in ester groups and the C=N bond on the side chain,
respectively.”*® Alternatively, using water-free conditions, we are
able to isolate this intermediate POR-COOEDC and identified its
chemical structure by "H NMR spectroscopy (Fig. S71) clearly.

Taking into account all above results, we are able to conclude
the mechanism of this chemical energy assisted assembling
process (Fig. 3j). The starting material POR-COOH has low
solubility in certain solvents, such as DMSO-H,O (6/4, v/v).
Without a proper self-assembling process, POR-COOH tends
to aggregate randomly and forms an amorphous aggregated
structure (Fig. S1T). Once EDC was added into the system, POR-
COOH will be converted into intermediate product POR-
COOEDC at the early stage of the reaction. POR-COOEDC has
higher solubility and will be solvated by water molecules and
form a pink transparent solution. Later, when POR-COOH was
re-generated from the hydrolysis of solvated POR-COOEDC, the
insoluble POR-COOH molecules were still surrounded by
solvent molecules temporarily and thus existed as an over-
saturated high energy state, which allowed them to self-
assemble into 2D nano-sheets. In this reaction cycle, the net
reaction is the high-energy chemical species EDC was converted
into the low-energy chemical species EDU, and in the mean-
time, the chemical energy released during the reaction was
transferred to AApogr.coon and promoted POR-COOH molecules
to a high energy state, followed by self-assembling into 2D nano-
sheets.

This chemical energy assisted self-assembling process could
be performed under conditions close to solvent-free environ-
ments. As shown in Fig. S87, a thin film of AApor.coon (see the
ESIT for fabrication details) shows no birefringence in polarized
light microscopy (POM) under crossed polarizers, due to the
random alignment of POR-COOH molecules. In contrast, the
assembled crystalline NSpogr.coon shows birefringence due to
the highly ordered molecular alignment in the 2D nano-sheet
assembly (Fig. S91). When a thin film composed of AApor.coon
was covered by PET stamps (shaped to letters “S”, “C”, “U”, and
“T”) soaked with the EDC solution (0.1 M in DMSO-H,0 (6/4, v/
v)) for 48 h (Fig. 4a), a bright “SCUT” pattern was observed
under the crossed polarizers, after removing the chemical
energy stamps (Fig. 4b). That means that amorphously aggre-
gated AApor-coon located in the area covered by PET stamps
were assembled into NSpor-coon With high spatial accuracy. We
further confirmed that this chemical energy-assisted assem-
bling process could be repeated many times. Starting from
a thin film of AApor-coon as shown in Fig. 4c, we could first
promote the molecules on the right side to self-assemble by
using a PET stamp soaked with EDC solution (Fig. 4d), erasing
the alignment of molecules to amorphous states by heating and
rapid cooling (Fig. 4e), and then drive them to assemble into
NSpor-coou by using the PET stamp again (Fig. 4f).

Due to the selectivity of chemical reactions, our chemical
energy assisted assembling process could also be performed
selectively under complex environments, such as in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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presence of porphyrin derivatives with a similar chemical
structure (POR-COOMe, Fig. 4g). To demonstrate it, we
prepared thin films composed of amorphous aggregates of
a mixture of POR-COOH and POR-COOMe (AApor.cooHzpoR-
coome, the molar contents of POR-COOH in the mixture were
20%, 40%, 60%, and 80%, respectively) on silicon substrates
accordingly (see the ESIT for fabrication details). After covering
the right side of these thin films with PET stamps soaked with
EDC solution for 48 h, birefringence was detected on the area
covered by EDC. More importantly, we found that the intensity
of the birefringence was amplified with the increasing amount
of POR-COOH in the mixture (Fig. 4h-k). These observations
clearly suggested that, despite the structural similarity between
POR-COOH and POR-COOMe, only compound POR-COOH was
activated by the energy released during this chemical reaction
cycle, and assembled into nano-sheets.

Finally, taking advantage of the high selectivity and spatial
accuracy of this chemical energy assisted assembling process,
we are able to transfer energy to POR-COOH molecules in
a mixture selectively and drive POR-COOH molecules to self-
assemble in a separated domain. The experiment was carried
out on a hydrogel with an inert polyacrylamide framework

a — ———
i
AS & B |
-7 5mm
— e | S
“ a0
b  POR Derivate EDC Solution
EDC

d Loaded with AApor.coon

€ Loaded with AApor.coomapor-coome

Fig. 5 (a) Experimental setup for chemical energy assisted assembling
in a hydrogel with inert frameworks. (b) Schematic drawing of the
experimental setup. (c—e) CLSM micrographs of samples when (c)

AApor-coome (d) AApor-coon: and (€) AApor-cooHePOR-coome WeEre
loaded in zone A, respectively.

Chem. Sci., 2023, 14, 3363-3369 | 3367


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06621a

Open Access Article. Published on 28 February 2023. Downloaded on 11/7/2025 7:34:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

(Fig. 5a), with the ability to prevent the Brownian motion of the
aggregated objects. As shown in Fig. 5b, zone B was always filled
with EDC solution (50 mM in 3.0 pL DMSO-H,O (6/4, v/v)).
When zone A was loaded with AApogr.coome SUspension
(0.50 mM in 5.0 pL DMSO-H,O0 (6/4, v/v)), we found that all POR-
COOMe still remained in zone A after 48 h (Fig. 5¢), since AApog.
coome Was too large to move inside the inert hydrogel frame-
work. In contrast, when zone A was loaded with AApogr.coou
suspension (0.50 mM in 5.0 uL DMSO-H,O (6/4, v/v)) instead,
we found that almost all POR-COOH was moved out from zone
A and distributed in the region in-between zones A and B
(Fig. 5d), possibly due to the diffusion of the soluble interme-
diate POR-COOEDC. When amorphous aggregates composed of
a POR-COOH (0.50 mM) and POR-COOMe (0.50 mM) mixture
were used in zone A, after 24 h, we found that the starting
mixture of porphyrin derivatives was separated into two frac-
tions in different domains (Fig. 5e). Combining the results from
Fig. 5, we could conclude that the compound POR-COOMe from
the mixture remained in zone A (possibly in an amorphously
aggregated states), while compound POR-COOH self-assembled
into NSpor-coon in the presence of EDC fuel and re-located to
the region in-between zones A and B. In another word, in the
presence of the EDC gradient, despite the structural similarity
between POR-COOH and POR-COOMe, POR-COOH molecules
were selectively driven into a separated domain during the
chemical energy assisted assembling process.

Conclusions

In conclusion, we have successfully demonstrated that the energy
released during the hydrolysis of EDC to EDU could be utilized to
selectively drive a porphyrin-substituted benzoic acid to self-
assemble into highly ordered supramolecular structures.
Considering that this chemical energy assisted assembling
process could be performed not only under mild conditions with
high spatial accuracy but also with high selectivity in complex
environments, we believe that our strategy will provide a big
innovation in both nanofabrication and supramolecular
chemistry.
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