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Abstract: Understanding and mimicking the processes of life has been an endeavour for generations of
scientists across all the fields of science and technology. Artificially designing the complexity of living
cells from purely synthetic materials poses a significant challenge due to their complex bottom-up
assembly. We show that a solvothermal reaction of pre-formed sodium coordinated pyrene and porphyrin
based supramolecular structures with azobenzene supramolecules in a one-pot reaction results in an array
of superstructures with controlled morphology, featuring curved surfaces and extrinsic chirality. They
respond as a single unit to external triggers, such as light, exhibiting transformations to macro-scale
extrinsic chirality, as well as bursting and folding behaviours. Finally, we show the growth of two different
types of superstructures in parallel by exploiting liquid-liquid phase separation.

Superstructures (co-assemblies) are complex
architectures formed from individual components
through a hierarchical self-assembly.(/) Each
component added during the formation of
superstructures is a carrier of specific
information. Any change in the chemical’s
properties (also introduced by external stimuli
before and/or after the interaction) will impact the
entire superstructures.(2) There is a need to
develop simple methods, able to expose the effect
of an individual component on the superstructure
formation process, despite the high level of
complexity.(3—5) A model system, which allows
us to trigger the behavior of individual
components in multicomponent mixtures, will
enable us to understand the process of artificial
superstructure formation.(4) Precise control over
superstructure formation is expected to open new
areas of synthetic chemistry, understanding of
prebiotic chemistry, and facilitating the creation
of more sophisticated materials, where the
composition, structure, and functionality can be
designed for a specific application.(3, 6-8)
Finally, synthetic chemistry has long aspired to
perform multicomponent reactions in phase-

separated compartments to form multiple co-
assemblies at the same time that operate
separately but function synergistically. The
precise  spatiotemporal ~ organization  of
superstructures is often manifested by phase
transitions,(9) where reactions occur in parallel
exploiting  information  transfer, while
maintaining high dynamics.(3, 6, 7)

Rationally designed synthetic superstructures can
also provide insight into the progressive
emergence of complex life.(6, 10, 11)
Complexity observed in natural processes
employs phase-separated co-assemblies for
parallel reactions to enhance efficiency,
sophistication and to reduce noise.(6, 12, 13)
Phase separated co-assemblies are membrane-
less assemblies represented as droplets in a
matrix (such as the nucleolus in the
cytoplasm).(14) The membrane-less assemblies
often undergo multiphase structuring depending
upon their relative surface tensions (yi). (16, 17)
Often, multivalent protein-protein (and protein-
RNA) interactions are an important driving force
for multiphase structuring of the droplets.(/8)
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During  physiological  conditions  soluble
molecules form the liquid phase, whereas under
pathological conditions they develop into solid-
like condensed states due to stronger
interactions.(16) Further, droplets’ interfaces
have the potential to speed up protein
aggregation, and the interfacial exchange
dynamics of biomolecular droplets are highly
responsive to interactions with clients.(/9, 20)
The synthetic reconstruction of cellular
architecture is becoming increasingly pertinent,
focusing to date on the crowding effect and phase
separation caused by small molecules.(21-24)
Controlling reaction kinetics within individual
liquid-liquid phase separation (LLPS) layers is
still unexplored for synthetic chemists.(22, 23,
26, 27)

Here, we present a one-pot-reaction method to
form polymorphs of superstructures as model
systems to simulate naturally occurring co-
assembly. We use pyrene-based multidentate
ligands together with supramolecular
photoisomers constituting azobenzene
derivatives in addition to sodium hydroxide [ 1M]
in a one-pot solvothermal reaction. We employ
supramolecules of sodium coordinated 4,4',4",4"'-
(Pyrene-1,3,6,8-tetrayl)tetrabenzoic acid (in the
following Na-PyrTBA) as one of the components
in the synthesis of the superstructures. Pyrene-
based ligands are often used for synthesis of
porous and versatile metal-organic frameworks
(MOFs) and covalent-organic frameworks
(COFs).(28, 29) Very few stable sodium based
MOFs have been reported, showing high porosity
and used for gas storage.(30) As the azobenzene
unit, we chose a pair of positional azobenzenes
and their geometrical counterparts, namely 4-(4-
hydroxyphenylazo)benzoic acid and 2-(4-
hydroxy-phenylazo)-benzoic acid. Azobenzene
moieties and their derivatives are well known for
their ability to isomerize upon exposure to
light.(37) The geometric Z- and E- isomers vary
in shape and polarity.(32) All the derivatives in
the set have carboxylic and hydroxy end groups.
Deprotonation of the carboxylic end group leads
to intermolecular hydrogen bonding and the
formation of supramolecules (in the following
E/Z-4HPBA and E/Z-2HPBA). These
supramolecules have a similar chemical
functionality as that of Na-PyrTBA, thereby

enabling multivalent interactions, leading to the
formation of superstructure polymorphs.

In the following, we will show superstructure
formation with varying morphology as a result of
the solvothermal reaction of Na-pyrene-based
supramolecules with azobenzene-based
supramolecules and Zirconium (Zr). By passing
on exact chemical information of a particular
azobenzene derivative, the nature of the
polymorphic superstructure is determined. The
induced photomechanical response of the
azobenzene derivatives 33 upon
photoisomerization evokes coherent
responsiveness of the superstructure with light as
trigger. The exhibited responsiveness elucidates
the guide nature of the azobenzene
supramolecules in the bigger superstructure.
Previous studies of responsiveness at the
molecular level were limited to the controlled
opening and closing of pores, disintegration of a
closed structure upon light response and the
periodic bending motion of the photoactive
framework at a local scale.(34, 35) Here instead
we show transformations that induce chirality, as
well as bursting and folding behaviours. The
resultant supramolecules are formed through
transitions from liquid phase to solid phase,
whilst photoisomeric supramolecules govern the
assembly  process  bringing  forth  the
polymorphism.

In the following, we discuss our results in the
following on two levels differentiated by the type
and quantity of components in the
multicomponent reaction mixture. The initial
level investigates the polymorphism of Na-
pyrene-based MOF superstructures within a
dispersion, prompted by a set of supramolecular
photoisomers resulting in multiphase structuring.
This is followed by examining their coherent
responsiveness to various wavelengths of light.
At the next level, the complexity of the system is
increased by introducing an additional Na-
porphyrin-based supramolecule, leading to phase
separation driven by this added complexity.(36)
The supramolecular photoisomers regulate the
diversity within the different phases, resulting in
two distinctly separate sets of superstructures
forming in each phase, thereby illustrating
parallel reactions.

https://doi.org/10.26434/chemrxiv-2024-rjom2-v2 ORCID: https://orcid.org/0000-0002-6946-0289 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rj0m2-v2
https://orcid.org/0000-0002-6946-0289
https://creativecommons.org/licenses/by-nc-nd/4.0/

A Phoziovisznzers Monomers
4HPBA 2HPBA |
EANIE PyrTBA

Photoisomers + Monomer + ZrOCI, * 8H,0 + NaOH

The Experiments

A Bouquets

C Level 1a

Bouquet
Superstructures

- = Vi3> V12> Vos

« ZrOCl,e
— Photoisomers
PyrTBA

-
‘ Bouquet

8H,0

Fig. 1. Formation of Bouquet Superstructures in dispersion. (A) A set of solvothermal reactions of monomer
PyrTBA directed by a set of supramolecular photoisomer results into bouquet superstructures. (B) SEM images of (i)
& (ii) bouquets (1a), (iii) & (iv) twisted bouquets (1b), v & vi flat bouquets (1c¢), vii stitched bouquets (1d), and rods
(1e). Scale bar = 2 um. (C) Schematic illustration of the set of bouquet superstructures evolved in various conditions.
(D) (i) Illustration of PyrTBA superstructures with E-4HPBA. (ii) The relative surface tensions among the solvent
(DMF), 4HPBA and Na-PyrTBA interfaces (y;) dictate the droplet architecture resulting in multiphase structuring.
(iii) Ilustration of the formation of superstructures elicited by Marangoni effect.

Level 1 Complexity: A set of Bouquet
Superstructures in dispersions.

In Fig. 1A, we show a scheme of the solvothermal
reaction of supramolecular PyrTBA with
supramolecular photoisomers (£E/Z-4HPBA and
E/Z-2HPBA) in the presence of sodium
hydroxide [IM] and Zr salt. Typically, the
monomer of PyrTBA (i.e., 4,4',4",4"-(Pyrene-
1,3,6,8-tetrayl)tetrabenzoic acid) is used as a
ligand together with Zr salt in the presence of
benzoic acid as a modulator to synthesize highly
robust  mesoporous MOFs in  basic
environment.(37) We designed the experiments
to make a MOF with mixed metal clusters and
multiple ligands. We planned to use sodium to

coordinate with multiple ligands and Zr to offer
rigidity. Generally, during the synthesis of
MOFs, the whole ligand mixture is sonicated, and
a base is added during the sonication process to
fully dissolve in the solvent and then added to
already modulated Zr dispersions.(37, 38) With
the initial intention to coordinate supramolecular
photoisomers and the PyrTBA to both Na and Zr,
we altered the procedure (for details of the
reaction procedure, please see Supplementary
Information).  We  pre-synthesized  the
supramolecular ~ photoisomers and  used
comparatively lesser amount of Zr salt than used
typically for MOF syntheses. For this purpose,
we had chosen similar chemically functionalized
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monomers and photoisomers. We separately
sonicated the monomer of PyrTBA with sodium
hydroxide [1M] to form a supramolecule as a
building block, as well as the azobenzene
derivatives to form supramolecular
photoisomers. The different structures and the
optical ~ properties  obtained from the
supramolecular photoisomers after sonicating
with sodium hydroxide [ 1M] are discussed in Fig.
S1. Supramolecular Na-PyrTBA itself forms
planks, as shown in Fig. S2. Subsequently, the
mixture of the supramolecular photoisomer, i.e.
E/Z-4HPBA or E/Z-2HPBA with the Na-PyrTBA
(at a molar ratio of 4:1PyrTBA to photoisomer)
was then added to the pre-heated Zr dispersion
and put in a reactor for the solvothermal reaction.
The reaction was left to cool slowly for two days
to promote crystallization. SEM analysis of the
crystals reveals that superstructures are formed,
whose morphology is controlled by the respective
supramolecular photoisomers (Fig. 1A). The
SEM images in Fig. 1B and sketches in Fig. 1C
show that bouquet-type structures (la), twisters
(1b), and flat bouquets (lc), are formed
depending on the supramolecular photoisomers
chosen (Fig. 1B(i-vi)). Superstructure 1a, formed
with E-4HPBA as photoisomer, consists of
planks that are protruding and opening from a
common head as shown in Fig. 1B(i-ii). 3D
Electron Diffraction (3DED) analysis reveals that
la crystallizes in the monoclinic crystal system
with a space group of P2,/c (Table S1).(39)

To understand better the assembly process and
the role of each component on the superstructure
formation, we separated each step of the reaction,
starting with the PyrTBA supramolecule
formation by sonication of 4,4'.4".4"-(Pyrene-
1,3,6,8-tetrayl)tetrabenzoic acid) with sodium
hydroxide [IM], followed by addition of
supramolecular E-4HPBA with help of Uv-vis
spectroscopy (Fig S1). The steps are sketched in
Fig. 1Di and Fig. S4. The progressive execution
of the reaction with the stepwise increase of
complexity shows that E-4HPBA plays several
crucial roles in the assembly process. Firstly, it
acts as crowding agent invoking depletion forces
for the stacking of the Na-PyrTBA planks by
forming an outer shell. This facilitates the
formation of uniform rods by promoting
multiphase structuring (illustration of Fig. 1Di
b—>¢).(40) In fact, the multiphase structuring
leads to a droplet architecture,(417) dictated by the

relative surface tensions among the different
possible interfaces (y;) of solvent (DMF), Na-
PyrTBA and E-4HPBA.(/6) The relative surface
tension v of the interfaces decreases by the
formation of the outer shell of £-4HPBA around
Na-PyrTBA, both surrounded by DMF. The shell
formation  further  involves  multivalent
interactions to the similar chemically
functionalized Na-PyrTBA.(42) It minimizes the
free energy of the system as required for
minimizing energetically expensive interfaces as
shown in the illustration of Fig. 1Dii, which
finally determines the multiphase structure. As a
result, the surrounding E-4HPBA facilitates the
growth of thicker rods comprised of a bundle of
thinner rods (illustration of Fig. 1Di ¢—=>d).(40)
Finally, E-4HPBA enables the thinner rods to
split into a bundle of planks and thereby spread
like a hand fan (or the plumes of peacocks) to
form the bouquet-type structure of la. The
spreading of planks is also found in natural
materials, such as in spherulites.(43) This final
step is brought about by the capillary action
because of the Marangoni effect (or
thermocapillary effect) coupled with the
interfacial tension gradient between Na-PyrTBA
and £F-4HPBA as illustrated in Fig. 1Diii.(44) The
Marangoni effect describes the change in surface
tension of a liquid as a function of
temperature.(45) The fluctuation in surface
tension triggers convective movement within the
fluid. The resulting motion subsequently induces
the liquid to flow throughout the bulk towards the
air-liquid interface. The resulting capillary force
between the assembled planks in the thicker rod
structure and the liquid results in their spreading
to form the bouquet-type structures we observe.
These actions collectively indicate a multiphase
structure relationship between la and E-4HPBA.
In fact, besides the bouquets of 1a, the reaction
mixture contains also thinner and thicker rods
(Fig. S4), which are suppressed in the favor of the
bouquet formation of 1a as the reaction proceeds.
As a counter experiment, we implemented
photoisomers without hydroxy end group (i.e., 4-
(phenylazo)benzoic acid) and additionally
performed the reaction in the absence of the
photoisomers. In both cases non-uniform rod-like
structures formed (Fig. 1Bviii and Fig. S9),
highlighting the importance of multivalent
interactions of supramolecular photoisomers and
the resultant difference in surface tensions
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(brought only by interactions at supramolecular
level) in the assembly process of the
superstructures.

Twisters, 1b, are formed when Z-4HPBA 1is used
in lieu of E-4HPBA (1b, Fig. 1Biii & iv). Z-
4HPBA is formed by previous isomerization of
E-4HPBA with UV light (A = 254 nm) and its
subsequent addition to the reaction mixture. Here,
Ib is the exclusive product and consists of
branches, which themselves constitute of twisted
rods. These rods themselves consist of uniformly
twisted planks in the form of helices. The average
pitch of these helices is 3.88 um. Each twisted
plank in a branch of 1b has the same handedness,
resulting in overall extrinsic chirality of the
superstructure, whereas among the different
superstructures different handedness is found.
Notably, in this experiment, we have successfully
shown the evolution of global chirality from
achiral monomers. The evolution of global
chirality can be elucidated by multivalent
interactions of Z-4HPBA forming outer shell of
Na-PyrTBA. Twisters inherit the shape of the
preformed helical shaped Z-4HPBA. We
conducted steady-state and time-resolved p-
Photoluminescence (u-PL) studies on la and 1b
to illustrate morphology-dependent emergent
properties (Fig. S11). We find that the p-PL
spectrum of 1b is broadened and red shifted
compared to that of 1a with maximum peaks at
2.81eV and 2.4 eV. The red shift can be
attributed to the twisted and aggregated nature of
1b. The twists scaffold induces the formation of
excited state complexes (heterodimers in excited
state).(46, 47) These complexes show emission in
higher wavelength regions (510-550 nm). The
formation of the complexes in 1b indicate larger
n- © overlap compared to that in la. (47, 48) In
time resolved pu-PL, we observe a faster PL decay
in the 1a structure (t = 1.06 ns) with respect to the
Twisters 1b (t = 1.41 ns). The red shift of the
emission and longer PL decay time of the 1b than
that of 1a ascertain the formation of excited state
complexes upon photoexcitation in 1b, due to its
relative twisted nature. These results highlight the
specific functionality (in the form of the
interaction with light) that has been transmitted to
each  superstructure,  which is  inter-
distinguishable and hence, unique for the specific
structure.

As a final reaction, we implemented £-2HPBA as
supramolecular photoisomer, which forms a

planar supramolecule when assembled with
sodium hydroxide [1M]. The superstructure we
obtained from this reaction displays flat bouquets
(1c, Fig. 1Bv & vi). Such structures are formed
lying beneath an extended planar network of E-
2HPBA, which itself covers the air-liquid
interface (see Fig. S12). E-2HPBA layers enable
the horizontal action of the Marangoni effect at
the surface instead of the vertical action enabled
by E/Z-4HPBA (i.e., superstructures la and 1b).
In fact, the average length of the planks forming
la and 1b are similar and around 25 pm, while the
average size of a plank forming 1c is 5 pm (Fig.
S8). This emphasizes that linear chain
supramolecules (i.e., E-4HPBA and Z-4HPBA)
bring forth uniform and bigger superstructures
formed in vertical direction, whereas the planar
supramolecule (i.e., E-2HPBA) generates smaller
superstructures, which grow parallel to the air-
liquid interface. Thus far, we show
supramolecular  photoisomers control  the
pathway complexity of the solvothermal reaction
of Na-PyrTBA resulting into superstructures la,
Ib and 1c.(49) In this instance, we aimed to
investigate the role of Zr salt in the solvothermal
reaction. We conducted two experiments: first,
using twice the amount of Zr compared to what
was used in 1a, and second, carrying out the same
reaction without any Zr salt. The experiments
result into stitched bouquets (1d, Fig. 1Bvii) and
rods ( Fig. S13), respectively. Stitching of rods in
1d might indicate partial replacement of Na by Zr
at metal-organic bonding sites of the single
planks of the superstructure. The formation of
rods in the absence of Zr salt instead illustrates its
role on the formation of the head of the vertical
bouquets of la and 1b. In fact, we performed
elemental mapping at the base of la (Fig. S10),
however, no trace of Zr was found. Overall, we
conclude that at this concentration, Zr is not
detectable in la, however, its presence at the air-
liquid interface is essential for the formation of
the uniform vertical bouquet superstructures.

Post Synthetic Response of Bouquet
Superstructures in dispersions

In this section, we demonstrate the response of
the superstructures to external stimuli, such as
varying wavelengths of light. The superstructures
of 1a are exposed to UV light (A =254 nm), as E-
4HPBA forming the outer shell around la is
supposed to transform to its Z-form (and take a
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Fig. 2. Coherent Responsiveness of Bouquet Superstructures. (A) SEM images (i), (ii) and (iii) show coherent
twists & localized chirality appearing to 1a after UV light exposure; (B) SEM images (i), (ii) and (iii) show structure
like 1a, folds and mesh, respectively appearing to 1b after exposure to green laser. (C) SEM images (i), (ii), (iii) show
folds and closure, bursts, and no twisting to 1c, 1d, le, respectively. (D) SEM image i. shows twists appearing in la.
SEM images (ii) and (iii) depict folds when 1a is sequentially exposed to UV light and followed with green laser.

planks of 1b, suggesting that the initial

helical shape) upon exposure to UV light. As a
result of the exposure to UV light, we observe the
introduction of global chirality into the bouquet-
superstructure induced by the collective twisting
action of E-4HPBA to transform into Z- 4HPBA.
The individual planks of la exhibit
photomechanical response by aggregating into
branches and the appearance of coherent twists.
Each plank of la in a branch has the same
handedness, i.e., induced chirality, displaying the
formation of chirality from achiral monomers.
The overall handedness in 1a is mixed (Fig. 2Aii).
We do not detect fracture of individual planks
with this prolonged exposure to UV light (A =254
nm). The average pitch of helices formed in each
plank of twisted lais 4.27 pm. This average pitch
is like the one

found in the

supramolecular photoisomers, i.e., E-4HPBA is
the same for both cases.

Opposite to the superstructures of 1la, the
superstructures of 1b are exposed to a green laser
(A =532 nm), as Z-4HPBA present as guest in 1b
is supposed to transform back to its £-form upon
exposure to visible light. After photoexciting 1b,
we observe three types of distinct populations. In
the first population, the twisted planks have
transformed into linear planks, as shown in Fig.
2Bi. In the second and third population, the
planks have folded up and formed a mesh,
respectively. Most probably due to the long
exposure to the laser beam, the folded-up nature
of the individual planks appears. This suggests
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that the single chain polymers (Z-4HPBA) have
detached from the architecture, while the mesh is
formed possibly due to overexposure to the laser.
As a control experiment, we left superstructures
la and 1b undisturbed under ambient conditions
in dispersion for 2 months, stored in the dark (Fig.
S16a and Fig. S16b, respectively). The planks of
la become hollow tubes whereas the Twisters of
1b straighten out over time. Interestingly, the
intermediate rods transform into bisymmetrical
flower morphology after two weeks (S16¢). The
combination of the three observations shows the
kinetic product over time has changed due to the
ongoing Marangoni effect and perhaps removal
of the outer shell of the supramolecular
photoisomers. The superstructures of lc are
exposed to UV light (A = 254 nm), as the E-
2HPBA is supposed to transform to its Z-form
upon exposure to UV light. The photomechanical
response after exposure to UV light results in the
folding up of the individual planks of 1lc, as
shown in Fig. 2Ci. The folding action of
individual planks can be understood as the planar
E-2HPBA drastically aggregates when Z-2HPBA
is formed (Fig. Slii). The aggregated Z-2HPBA
relinquishes to act as the external support to Ic
with the consequence of folding of planks present
in lc. In another experiment, photoexciting the
stitched bouquets of 1d, their bursting is observed
(Fig. 2Cii). The photoexcitation induces the
isomerization of FE-4HPBA to Z-4HPBA
embedding 1d. The stitched nature of 1d prevents
E-4AHPBA from twisting. However, the
isomerization induces strong photomechanical
response causing the entire superstructure to
rupture. This action supports the guest nature of
E-AHPBA inside the superstructure of 1d. Very
interestingly, the coherent responsiveness of lc
and 1d mimic natural phenomena, such as the
folding of the leaves of mimosa pudica and the
bursting of seedpods, respectively.(50, 51)
Finally, Fig. 2Ciii depicts that le formed by
photoisomer without the hydroxy group cannot
twist the rods even after long exposure to UV
light. These results illustrate the importance of
the head of the bouquet-type structures of 1a and
1b, formed at the presence of Zr salt, in exhibiting
the observed global chirality, where the collective
twisting action of outer shell £-~4HPBA dictates
the handedness of each individual plank in a
branch. In the final step, the 1a superstructure is
sequentially exposed to UV light (A = 254 nm)

and a green laser (A = 532 nm). This experiment
is performed to understand the nature of
successive responsiveness. The planks of la get
twisted (Fig. 2Di) after UV exposure, as already
illustrated above. Thereafter, these twisted planks
get coherently folded up after exposure to green
laser (Fig. 2Dii and Fig. 2Diii). Overall, the
folding-up action as photo-mechanical response
is observed in the following events: i) green laser
exposure to 1b; ii) UV light exposure to lc, and
iii) sequential exposure of UV light and green
laser to la. Thereby we can deduce that the
folding-up action resulted due to removal of outer
shell photoisomers around superstructures.

Level 2: Formation of Flower Superstructures
in Droplets and Bouquet Superstructures of
Matrices

In the following, we will display the execution of
parallel reactions, which lead to two different
well-distinguishable superstructures obtained
from a one-pot reaction by exploiting LLPS and
relative interfacial tension gradient. We
succeeded in this endeavor by enhancing the
complexity of our reaction mixture, with the
purpose of inducing LLPS (similar to droplets of
oil in water).(36) We added porphyrin (i.e.,
4,4'4" 4"'-(Porphine-5,10,15,20-
tetrayl)tetrakis(benzoic  acid, PorTBA) in
addition to PyrTBA (3:1 PyrTBA:PorTBA, molar
ratio). Porphyrin based MOFs and COFs have
been studied extensively in the past for their
biomedical and catalysis applications.(52, 53)
Hence, the new solvothermal reaction contains a
mixture of Na-PyrTBA and Na-PorTBA in the
presence of the supramolecular photoisomers as
well as Zr salt as depicted in Fig. 3A and the
progress of the reaction is illustrated in Fig S17.
Both PyrTBA and PorTBA have the same
denticity, however they are compositionally and
conformationally different. They do not react
with each other. The diluted solution of Na-
PorTBA with the concentrated and less miscible
dispersion of Na-PyrTBA leads to LLPS,(36)
where PyrTBA layers form the droplet phase and
Na-PorTBA form the matrix phase (Fig. 3Di).
LLPS formation is a result of increased
homotypic interaction and subsequent decreased
heterotypic  interactions at this molar
concentration of Na-PyrTBA to Na-PorTBA
upon prolonged sonication.(54) However, due to
similar chemical functionalities, Na-PorTBA
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Fig. 3. Formation of Flower Superstructures in the Droplets. (A) Illustration of the solvothermal reaction of
PyrTBA and PorTBA together with various photoisomers, resulting into a set of flower and bouquet superstructures
concomitantly. (B) (i-vi) SEM images of a set of flower superstructures under various conditions. Scale bar = 1 pm.
(C) Schematic illustration of the flower superstructures in (B) into different stages of a flower. (D) (i) Illustration
depicting simultaneous reactions in droplets and in matrix. The flower superstructures are formed in droplets whereas
bouquet superstructures are formed in the matrix in a segregated manner. SEM image (ii) and (iii) captures Marangoni
effect at liquid-liquid interface of a droplet and the matrix.

Marangoni: "

(like  Na-PyrTBA) can interact with embedded in E-4HPBA in the matrix phase. This

photoisomeric supramolecules. Once the FE-
4HPBA is introduced (after the formation of
droplets in matrix), i t forms the outer shell not
only over the droplets to minimize the surface
tension, but also induces the formation of rods

formation of outer shell can be explained by the
relative surface tension between the solvent
(DMF), E-AHPBA and PorTBA. These two types
of coated-droplets of Na-PyrTBA and Na-
PorTBA avoid contact as the relative surface
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tension between the two droplets is costly (high
v3s, Fig. S17).(16) Thus, upon solvothermal
reactions, two different sets of superstructures are
formed concomitantly in the droplet and matrix
phase, resembling flower- and bouquet-type
superstructures, respectively (depicted in Fig. 3
and Fig. 4). The flower superstructures of Fig. 3
are bisymmetrical and, depending on the
photoisomer and the specific concentrations used,
result into a set of superstructures, which we
rearranged in Fig. 3B (SEM) and Fig. 3C (sketch)
to resemble the stages of a flower: the bud (3a),
the early flower (2b), the mid-flower (2d), the
fully bloomed flower (2a), the late flower (2¢),
and the wilted flower (3b). There is a distinct
difference between the use of E- and Z- based
supramolecular  photoisomers. The flower
superstructures  originated from £E- based
photoisomers have similar lengths (i.e., 2a and
2b) and form linear petals (i.e., 2a, 2d, 3a), while
Z- based photoisomers bring forth curved petals
(i.e., 2b, 2¢, 3b) with lengths in the same range
(Fig. S18). Upon analysis of the SEM images of
2b and 2c (Fig 3Biv and Fig. 3Bv), we notice that
the central angles (marked in the figures) of the
curved petal superstructures are at approximately
right angles and acute angles, respectively.
Hence, we deduce that upon doubling the amount
of Z-4HPBA in the reaction mixture we can
enclose almost twofold the curved petals.
Interestingly, the net pattern for 2c is lemniscate,
a curve shape like a figure eight or symbol of
infinity.(55) The crystal structure of 2a and 2b
confirms that both are composed of MOF of Na-
PyrTBA (Fig. S3), belonging to the same crystal
system as that of 1a.

In addition to the flowers, bouquet-type
superstructures are formed in parallel as a result
of the same solvothermal reaction (Fig. 4A). Each
level of bouquet superstructures (Fig. 4A, 2a-d,
3a-b) is the result of a parallel processed reaction
corresponding to the same flower superstructures
(2a-d and 3a-b) shown in Fig. 3A. All bouquet
superstructures have rods as base units unlike
planks in Level 1. A few bouquet superstructures
in 2a contain solid rods (shown by dotted arrows
in Fig. 4Ai1), whereas the rods of 2b are hollow
(indicated by dotted arrows in Fig. 4Aii). Here,
the constituent rods are not twisted unlike the
planks in 1b. Moreover, the reaction performed
with increased amount of photoisomers (E-
4HBPA) does not result in bouquet formation
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(Fig. 4Aiii), which shows that the increased
amount of photoisomers (E£-4HBPA) in the
solvothermal reaction inhibits the formation of
superstructures by saturating the bonds.

Two Marangoni effects coupled with interfacial
tension gradients are controlling two reactions
concomitantly, one at the air-liquid interface and
another at the liquid-liquid interface (between the
matrix and the droplets) facilitate the occurrence
of parallel reactions. Na-PyrTBA based motifs,
i.e., flower superstructures and the Na-PorTBA
based motifs, i.e., bouquet superstructures are
formed in segregation in the droplet and the
matrix phase, respectively. In Fig. 3Dii, we
present a snapshot of part of the droplet
displaying the Marangoni effect at the interface
between the droplet and the matrix with Na-
PyrTBA assemblies accumulated along the edge
of the droplet. This snapshot was obtained by
rapidly cooling the reaction mixture after the
solvothermal reaction.

The concurrent formation of various pairs of
flower and bouquet superstructures suggests that
the supramolecular photoisomers collectively
play a synergistic and cooperative role in
generating a diverse array of morphologies. The
photoisomers are present in the matrix phase
rather than in the droplet phase because of the
high concentration of Na-PyrTBA and relative
surface tension(y;) of solvent (DMF), Na-
PyrTBA and E-4HBPA, which inhibits its
penetration.(41, 56) In fact, the length of
curvature in the curved flower superstructures
(2b, 2c, 3b in Fig. 3B) is smaller than a pitch of
the twisted bouquets (Fig. 1Ciii and Fig. 2Aii).
This indicates that the photoisomers (i.e., the Z-
isomers) are present at the liquid-liquid
interphase but can only partially penetrate the
droplets. In this way, the photoisomers coordinate
the internal droplet organization as well as the
matrix organization. These photoisomers enable
formation of kinetically trapped states of
monomer mixtures, as discussed above, by
influencing the interplay of homotypic
interactions (i.e., within one phase) vs.
heterotypic interactions (i.e., at the droplet-matrix
interface). Revisiting the formation of flower
superstructures observed by reducing cooling
time of the reaction by half, we show an
intermediary state where the petals of the flower
are being carved out (Fig. 4Bi).
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Intermediate
“Flower
Marangoi

Effect 5\ \\' ™
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Fig. 4. Evolution of Bouquet Superstructures in the Matrices. (A) (i-vi) SEM images of set of bouquet

superstructures formed in the matrix under various conditions. Scale bar = 10 um. (B) (i) SEM image capturing the
capillary action brought by supramolecular photoisomers, which facilitates the Marangoni effect; (ii) SEM image
depicting the effect of UV light exposure to the superstructure 2a; (iii) SEM image illustrating the effect of UV light

exposure to the rods in 2a. Scale bar =2 um.

Finally, the phase separated ensemble of flower
and bouquet superstructures (2a) are exposed to
UV light to extract information to their
responsiveness. As shown in Fig 4Bii, the flower
superstructure (2a, Fig. 3Bi) does not twist, which
ascertains that £~4HBPA forming an outer layer
surrounding droplets and not individual
superstructures in the formation the flower
superstructures. The bouquet superstructure (2a
Fig. 4Ai) becomes hollow after UV exposure (as
shown by dotted line in Fig. 4Biii). UV exposure
isomerises E-4HBPA, which in turn bursts the
inner core of the bouquet making the rods, which
form the superstructure hollow. This confirms
that individual bouquet superstructure is
embedded within £-4HBPA. The entire system
operates akin to an adaptive system with the
capability to capture global-level dynamics.(57)

Discussion
We have developed a new synthesis approach in
dispersions to form superstructures of extended
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molecular frameworks of sodium coordinated
organic molecules able to exhibit polymorphism
as shown in Level 1. Supramolecular
photoisomers dictate the reaction dynamics of the
superstructures  formed by a  bigger
supramolecular monomer (i.e., Na-PyrTBA) and
generate kinetically trapped species with
different morphologies. The involved
supramolecules are formed through transitions
from liquid phase to solid phase. The overall
morphological development can be assigned to a
combination of different physical forces working
in tandem. First, the chemical mixture undergoes
multiphase structuring to minimize the free
energy of energetically expensive interfaces
dictated by the relative surface tensions among
the participating interfaces (y;) of solvent,
supramolecular monomer and supramolecular
photoisomer. The participation of the
supramolecular photoisomers further involves
multivalent interactions to the similar chemically
functionalized Na-PyrTBA. Finally, the capillary
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action of the Marangoni effect (or
thermocapillary effect) coupled with the
interfacial tension gradient between Na-PyrTBA
and the photoisomers results in their further

morphological development. These actions
collectively result in the formation of
superstructures, while the photoisomeric

supramolecules bring forth the polymorphism,
featuring curved surfaces and extrinsic chirality.
Coherent responsiveness of the superstructures
with light as trigger was obtained by exploiting
the photomechanical response of the azobenzene
based photoisomeric superstructures. As a result
of the multiphase structuring, transformations
ranging from induced chirality to bursting and
folding behaviors were observed. Notably,
chirality has also been obtained from achiral
superstructures upon exposure to light. While
chirality is naturally inherent, synthetic chemistry
frequently necessitates the utilization of chiral
subunits to achieve chiral structures.(58) Here,
we have successfully shown that macroscale
chirality from achiral monomers can be achieved
at the global level. It will be interesting to use
these chiral environments to synthesize chiral
molecules at the absence of any chiral
subunit.(59) Time-dependent processes inducing
rotational (torsional) forces are another exciting
direction to target for regulated motion of these
superstructures. In fact, we also demonstrate
folding and bursting action induced by a simple
trigger with light. These functional structure
designs can further be utilized in the fields of soft
robotics and drug delivery by enabling
adaptability and sensibility to the
environment.(60) Thus, we demonstrate that
utilizing supramolecular photoisomers instead of
individual photoisomers offers the advantage of
transferring  the  functionality = of  the
supramolecular photoisomer to the entire scaffold
of superstructures.

At Level 2, we capitalized on the LLPS resulting
from the de-mixing of two distinct multidentate
monomers in a dispersion. These monomers
possess identical charge and denticity, yet they
differ in conformation and composition. It is also
associated with their varying concentrations and
compatibility with the solvent. Therefore, we
have found a straightforward approach to induce
LLPS by combining two small molecules. This
method can serve as a model for understanding
the universal, complex nature of LLPS at the
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cellular level. The presence of supramolecular
photoisomers drives assembly of structures far
richer when the complexity or crowding is
enhanced. Crystalline assemblies such, as flower
and bouquet structures are formed within droplets
and matrix environments independently and in
parallel, each exhibiting polymorphism as a result
of the chosen supramolecular photoisomer. The
reactions are confined within droplets, allowing
the formation of intricate yet controlled curved
superstructures. We comprehend the
establishment of order of the flower
superstructures at the droplet-matrix interface
primarily because of the collective effort of
chemical information, thermal energy, and
mechanical energy. The provision of chemical
information through photoisomers, which govern
the physical properties of interfaces, is likely to
play a role in shaping the dynamic
superstructures through channelling capillary
forces. Thermal energy facilitates the formation
of superstructures within droplets by melting
PyrTBA initially and the thermal gradient also
originates the Marangoni effect. The mechanical
energy is generated at the liquid-liquid interphase
due an interfacial tension gradient.(44) Overall,
these forces bring forth order in an unprecedented
manner at the expense of exothermic heat similar
to the generation of order in life. Further
investigation is needed to decipher the directing
mechanisms by which supramolecules (with or
without metal salts) mimic molecular phase
behaviour, achieve homochirality coordinate the
assembly of structures resembling various
physiological forms, and model pathological
transformations. This brings us closer to the
development of a synthetic model for
intracellular phase transitions, which could serve
as a foundation for the spatiotemporal
organization of mimicking cellular
architecture.(/7/) Complexity in Level 2 is
designed to function like an adaptive system,
possessing the ability to capture dynamics at the
global level. Treating these results as a
foundation, we are designing experiments that
use light as trigger to form structures that are even
more complex with multifunctional properties
envisioned for far-from-equilibria regimes.
Finally, we have demonstrated that controlled
interactions among small molecules, defined by
synthetic superstructures, can serve as a tool for
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investigating complex issues pertaining to the
origin of life.
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