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Temperature-Controlled Pathway Complexity in Self-Assembly
of Perylene Diimide-Polydiacetylene Supramolecule

Joonsik Seo, Mohammed Igbal Khazi, Kwangmin Bae, and Jong-Man Kim*

Self-assembly process represents one of the most powerful and efficient
methods for designing functional nanomaterials. For generating optimal func-
tional materials, understanding the pathway complexity during self-assembly
is essential, which involves the aggregation of molecules into thermodynami-
cally or kinetically favored pathways. Herein, a functional perylene diimide
(PDI) derivative by introducing diacetylene (DA) chains (PDI-DA) is designed.
Temperature control pathway complexity with the evolution of distinct
morphology for the kinetic and thermodynamic product of PDI-DA is investi-
gated in detail. A facile strategy of UV-induced polymerization is adopted to
trap and capture metastable kinetic intermediates to understand the self-
assembly mechanism. PDI-DA showed two kinetic intermediates having the
morphology of nanosheets and nanoparticles before transforming into the
thermodynamic product having fibrous morphology. Spectroscopic studies
revealed the existence of distinct H- and J-aggregates for kinetic and thermo-

To arrive at functional materials with
optimal molecular organization, control
over the self-assembly process is a pre-
requisite.’>™) Since the molecular organ-
ization is a direct consequence of the
pathways involved in the supramolecular
assembly process, and often, multiple
pathways are involved that compete for the
same molecular building block, a phenom-
enon termed pathway complexity.18-21
Molecular assembly process is widely
considered to operate under thermody-
namic control and thereby the possibility
of kinetic processes that can also occur
has been relatively less studied. There-
fore, much more effort should be made
to further excavate self-assembly mecha-

dynamic products respectively. The polymerized fibrous PDI-DA displayed

reversible switching between )-aggregate and H-aggregate.

1. Introduction

Supramolecular self-assembly is a powerful tool to design
and construct functional materials with tailored properties
through the hierarchical organization of the molecular building
blocks.-l Supramolecular self-assembly has created an oppor-
tunity to engineer a library of innovative multifunctional per-
formance materials based on predictive molecular interactions,
where various, typically nanometer-sized, objects with precisely
engineered sizes, shapes, compositions, and dimensions can be
constructed.1% Weak directional molecular forces are central
to self-assembly in general, for generating stable supramolec-
ular structures and have been widely explored to develop new
paradigms in material science ranging from optoelectronic
materials to biomaterials.[-14
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nisms for understanding the relationship
between thermodynamics and kinetics in
self-assembly processes. In a key example
of kinetically controlled supramolecular
assembly, Meijer et al reported competing
pathways and the difference between kinetic and thermody-
namic pathways.?>?3l The recent advancement of analytical
tools as well as the development of kinetic models and simula-
tions have led to an increasing interest in understanding the
relationship between thermodynamics and kinetics in self-
assembly processes.[>*28]

m-Conjugated molecular systems have attracted increasing
attention because of their interesting structure, optical and
electronic properties to construct functional materials, and
feasibility for device fabrications.?*-*¥ However, mechanistic
information of the self-assembly of the m-conjugated system
through 7—r stacking interactions is still in a nascent stage.
There are only selected examples of the kinetically controlled
supramolecular assembly process, wherein aggregation pro-
ceeds through the formation of metastable species that are
crucial for transforming into a stable thermodynamic product.
Metastable products are reported to be embedded with more
superior properties, and therefore the preparation protocol
should be optimized to favor the metastable pathway instead of
other competing pathways.

In the investigation described herein, we designed a
m-electron rich molecular system by integrating perylene diimide
(PDI) and diacetylene (DA), PDI-DA. The diacetylene template
with strong 7~ 7 stacking characteristic assembles into a super-
molecular structure which transforms into a highly 7-conjugated
polydiacetylene (PDA) upon UV-induced topochemical polym-
erization.?>>1 Detailed competing pathways for self-assembly
and the influence for distinct morphological evolution has been

© 2023 Wiley-VCH GmbH

85U8017 SUOWIIOD BAEa.D 8|qed![dde aLy Aq pausenob aJe Ssppie YO ‘8sN JO Sa|nJ Joj A%eiq) 8UlUO A1 LD (SUORIPLOD-PUR-SWUBIAL0D A8 |1 AeIq 1 el |UO//SdnL) SUORIPUOD pue Swe 1 8y} 89S *[£202/60/80] U0 Ariqiauliuo A(1M ‘Ariqi Aisienun BueAueH Aq 821902202 |IWS/200T OT/I0P/WLI00" A3 1M Akeiq 1 jeuluo//:sdiy Wwolj papeojumod ‘0 ‘6289€TIT


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202206428&domain=pdf&date_stamp=2023-02-02

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

discussed. Surprisingly PDI-DA exhibited higher complexity
in competing pathways with two kinetic products. Since the
cross-linking of self-assembled diacetylenes into polymerized
covalently connected PDA can be readily achieved by facile UV-
irradiation, an approach to trap and identify kinetically favored
metastable intermediates was utilized. The fibrous PDI-DA
generated, following the thermodynamic aggregation pathway
was polymerized by UV irradiation to generate purple phase
PDA. More interestingly, polymerized PDI-DA fibers displayed
the reversible thermochromic behavior with the transition
between purple and red phases through a reversible conversion
of J-aggregate and H-aggregate and at the same time, changes
between intermolecular and intramolecular hydrogen bonding.
Considering the above results and among various approaches
and possibilities to understand pathway complexity, the incor-
poration of a polymerizable DA template in a molecular design
served as an efficient tool based on a photopolymerization
strategy for “trapping” metastable intermediates to distinguish
competing pathway complexity in molecular self-assembly. Since
DA monomers can be easily transformed into covalently-linked
robust polymeric structures, the supramolecular intermedi-

www.small-journal.com

ates can be entrapped in different states which enables detec-
tion and studies of individual supramolecular transformation
steps and provides valuable insight into the mechanism of self-
assembly phenomena. Pathway complexity has been shown to
be intimately linked to their morphology, the trap facilitated by
photopolymerization is very useful to isolate stable intermedi-
ates to study structural morphology. Eventually, in the course of
our investigation to demonstrate the potential of polymerizable
DA templates to arrest the self-assembly process at the different
stages, we discovered that it is possible to “catch” the kinetic inter-
mediates, which are too fast to be monitored. The advantages
of incorporating the DA templates are no doubt the important
development that gives a facile and clear insight into sequential
competing pathway complexity during the self-assembly process.

2. Results and Discussion

Amide-functionalized m-electron-rich PDI derivative (PDI-
DA) bearing six photopolymerizable DA templates was
designed and synthesized. As shown in Scheme 1, DA chains

Scheme 1. Schematic illustration of self- assembly and polymerization of PDI-DA. a) Molecular structure of PDI-DA. b) Self-assembly of monomeric
PDI-DA via intermolecular 77 stacking interactions. c) UV-induced topochemically polymerized PDI-DA having conjugated ene-yne bond.
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Figure 1. TEM images of morphological evolution and transformation during self-assembly process of PDI-DA. a) The initially formed nanosheets
at 30 °C b) changes into irregular hole-like clusters on cooling at 20 °C and c) dissociate to form nanoparticles at 10 °C, d) which are transformed to
intermediate and e) at standing time of 5 min and f) 10 min time duration and eventually transform into nanofibers after 150 min maintained at 10 °C.

are symmetrically located in the PDI-DA structure. The w7
stacking characteristic of the DA template and PDI, and com-
plementary hydrogen bonding interactions of the amide linkage
direct the DA chains to self-organize into optimal orientation
for topochemical polymerization to form a robust covalently
connected polymeric PDA structure. It has been reported
by Wiirthner and coworkers that this type of molecule forms
aggregates of various morphologies via intermolecular or intra-
molecular hydrogen bonding interactions.’? For the synthesis
of PDI-DA, a multistep protocol was employed involving imi-
dization of perylene-3,4:9,10-tetracarboxylic acid bisanhydride
with  N-(3-aminopropyl)-3,4,5-tris(pentacosa-10,12-diyn-1-yloxy)
benzamide in imidazole (see Scheme S1). All the synthesized
products were characterized by analytical techniques and
results were found in accordance with the formation of PDI-DA
(see Figure S1-S3, Supporting Information).

The aggregation behavior for the self-assembly process was
investigated in the toluene (Tol)/methylcyclohexane (MCH)
solvent mixture in ratios at 1:3 (v/v). First, PDI-DA in the sol-
vent mixture was heated to clarity and then cooled to 10 °C in
a temperature-controlled cell to form self-assembled aggregates.
This fabrication protocol results in the fast formation of meta-
stable nanosheets, which then transform into nanoparticles and
finally form fibrillar morphology. We first used transmission
electron microscopy (TEM) to investigate the self-assembly pro-
cess of PDI-DA. As shown in Figure 1a, drop cast deposition of
=0.1 mL of PDI-DA in 1 mL MCH/Tol forms a metastable supra-
molecular nanosheet at 30 °C, which shows nanosheets spread
over several micrometers (first kinetic product). The height pro-
file of self-assembled nanosheets is measured by atomic force
microscopy (AFM) analysis. AFM measurements of the heights
of the nanosheets indicated a molecular ordering thickness of
725 nm, typical for flat-lying m-conjugated molecules (Figure S4,
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Supporting Information). Supramolecular self-assembly of irreg-
ular hole-like clusters was triggered by post-cooling the sample to
=20 °C for 10 min, wherein most of the molecules on the surface
rearranged themselves from initial nanosheet morphology and
dissociated into an irregular shape (Figure 1b). After attaining a
further lower temperature of 10 °C, the second kinetic product
of distinct nanoparticle morphology was observed (Figure 1c).
As the self-assembly process proceeds at 10 °C, the kineti-
cally favored nanoparticles gradually transformed into fibrillar
structures, which are expected to be thermodynamically stable
self-assembled structures (Figure 1d-f).

In addition to the interesting temperature-dependent morpho-
logical transformation of self-assembled structures, PDI-DA dis-
played distinct characteristic absorption spectral patterns during
the self-assembly process for the kinetic and thermodynamic
products. The formation of such interchanging aggregates has
important consequences for the energies of the excited states
and stable forms and can strongly modify optical absorption.
This feature was probed by monitoring temperature-dependent
and time-dependent absorption spectroscopy. The formation
of metastable nanosheets and nanoparticles was studied by
monitoring temperature-dependent UV-vis spectra of a solvent
mixture of Tol/MCH (1:3, v/v) at a cooling rate of 5 °C min™.. As
shown in Periodicala, supramolecular polymerization proceeds
as the temperature decreases, and the absorption spectrum
recorded at 10 °C displays the typical spectral feature of H-aggre-
gates. It could be expected that nanosheets and nanoparticles are
H-aggregates. Interestingly, time-dependent absorption spectros-
copy (Figure 2b) shows the transformation of the H-aggregates
(nanoparticles) into the J-aggregates (nanofibril). The TEM
images (Figure 1) and absorption spectra (Figure 2b) clearly
explain that the initially formed nanosheets change into nanopar-
ticles, the second intermediates during the cooling process, and
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Figure 2. a) Temperature-dependent UV-vis absorption spectra (ct = 33 x 10 M) in Tol/MCH (1:3, v/v). b—c) Time-dependent absorption (b) and
emission (c) spectra of spontaneous transformation of the H-aggregate into J-aggregate at 10 °C. Insets (b): Plot of the degree of PDI-DAagg IIl cal-
culated from the apparent absorption coefficients at A = 587 nm observed in the transformation process from PDI-DAagg Il to PDI-DAagg IlI at 10 °C.
In (b) absorption spectrum was recorded at 0 min at 10 °C (red line) and after 150 min maintained at 10 °C (blue line). In (c) at 0 min (red line) and

after 150 min (blue line).

finally transform into thermodynamically stable nanofibers over
time with changes in the intermolecular stacking arrangements.
At a cooling temperature of 10 °C, the nanoparticle-to-nanofibril
conversion process in the aggregates solution was also analyzed
by using a degree of PDI aggregation (tt,qo) calculated from the
apparent absorption coefficients (4 = 587 nm). Surprisingly, it is
a unique case to change into a thermodynamically stable form
after interchanging through two kinetic intermediates. Hence, it
is likely that the early stage is dominated by kinetic aggregation
which transforms into a thermodynamically stable product. The
morphological transition was also confirmed in the emission
spectroscopy. The fluorescence intensity increases as nanoparti-
cles changes to nanofibrils, which is the typical characteristic of
H- and J-aggregates (Figure 2c).

Temperature-dependent spectra were monitored at various
concentrations between 8 to 66 UM to determine the thermody-
namic parameters of each aggregate in supramolecular polym-
erization. The temperature-dependent degree of aggregation
(Chgg) of nanoparticles and nanofibers was calculated for the
cooling and heating process (Figure 3). For nanoparticles, the
isodesmic model and cooperative model were applied, which
reveals a nonsigmoidal transition and indicates the cooperative
self-assembly mechanism (Figure 3a). The observed nonsig-
moidal transitions were fitted by using the cooperative model
(Figure S5, Supporting Information). The critical temperatures
(T:) and elongation enthalpy (AH,) values of nanoparticles were
calculated to be 35.1 to 54.4 °C and -51.6 to —56.3 k] mol™!
respectively (Table S1, Supporting Information). On the other

o M
— = 33U
08¢ ——17 uM
—+—8uM
0.6}
o
04}
0.2¢
0.0}

0 10 20 30 40 50 60 70
Temperature (°C)

b) 10

hand, the critical temperatures (T.) and elongation enthalpy
(AH,) values were calculated to be 63.45 to 66.25 °C and -101 to
—126.8 k] mol™! respectively, which confirms that nano fibrillar
morphology is the thermodynamic product (Figure 3b and
Table S2, Supporting Information). These results indicate that
nanoparticles are kinetically favored state and pathway com-
plexity occurs during self-assembly. However, we could not able
to analyze nanosheets because they quickly dissociated within
a short time.

The amide functionality linked to the PDI core is expected
to promote H-bonding driven s-stacking for the self-assembly
of PDI-DA. The effect of hydrogen bonding on the stabiliza-
tion of kinetically trapped states (nanosheets and nanoparticles)
and thermodynamically stable states (nanofibers) was probed
by Fourier transform infrared spectroscopy (FI-IR). The trans-
formation from nanoparticle to nanofiber is accompanied by
hydrogen bonding rearrangement of amide groups and PDI
molecular stacking (Figure S6, Supporting Information). The
broad N-H stretching band =3260-3400 cm™ indicates intra-
molecular hydrogen bonds from amide NH to carbonyl oxygen
in nanoparticles in H-aggregated PDI-DA. A new stretching
band at 3270 cm™ provides unequivocal evidence in support of
intermolecular H-bonding among the amide groups of repeti-
tive stacking units in

J-aggregated PDI-DA. This transformation leads to a further
shift of the N-H stretching band to a lower frequency. Thus
taking into account these observations, it is agreeable that the
type of aggregation during the self-assembly process is directed

—=— 66 uM
—=— 33 uM
e —— 17 uM
an—v—8 uM

0.8}

061
o]

04}
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Figure 3. a,b) Plot of the faction of aggregates () as a function of temperature for H-aggregates (a) and J-aggregates (b) in Tol/MCH (1:3, v/v) at given
concentrations (indicated above the respective curve). The v was calculated from the absorption at 523 nm (a) and at 587 nm (b).
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Figure 4. Schematic representation of aggregation pathway of PDI-DA into three aggregates and control of H- and J-aggregates by thermal treatment
and UV irradiation. Self-assembly of PDI-DA is initiated by the formation of H-aggregate. A kinetically favored metastable PDI-DAagg | is formed in an
initial nucleation step during the cooling process (65 °C to 30 °C). The initially formed nanosheet dissociate to develop into PDI-DAagg Il (nanoparticle)
during the cooling process (30 °C to 10 °C). UV irradiation to kinetic products promotes polymerization and stops further disassembly process. Without
UV irradiation, PDI-DAagg Il is slowly transformed into thermodynamically stable nanofibers. Polymerization of diacetylene units in three different
PDI-DA aggregates affords covalent modification of polymorph nanostructures.

by synergistic H-bonding interactions and the growth happens
in directions by combined H-bonding and 7—r interactions.

On the basis of the collective spectroscopic and microscopic
results as well as from our careful observation, we could spec-
ulate the possible reason behind the temperature-dependent
morphological transformation. It is likely due to the rearrange-
ment of the hydrogen bonding interaction pattern during the
cooling process that eventually promotes distinct aggrega-
tion. The overall schematic representation of the aggregation
pathway of PDI-DA is displayed in Figure 4. Interestingly, the
existence of metastable nanosheets and nanoparticles indicates
that the process of self-assembly of PDI-DA involves three
different aggregation pathways that lead to the formation of
kinetically favored nanosheets and nanoparticles, and thermo-
dynamically favored nanofibers (Figures 1,4). The nanosheets
and nanoparticles originated from intramolecular hydrogen-
bonded H-aggregate, whereas the nanofibers originated from
intermolecular hydrogen-bonded J-aggregate. Initially, during
the self-assembly process, the solution of PDI-DA generates
kinetically favored metastable nanosheets via initial nuclea-
tion during cooling. The UV-induced polymerization of the
nanosheets promotes the cross-linking of the diacetylene
template of adjacent DA units and of generates the kinet-
ically-arrested polymeric nanosheet structures, which pre-
vents the kinetically favored intermediates from dissociating
to the original monomeric state. In the absence of trapping,
the metastable nanosheets dissociate into monomers and
form kinetically favored nanoparticles via a second aggrega-
tion pathway. Similar to nanosheets, UV-irradiation generates
photopolymerization to form covalently trapped nanoparticles.
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On the other hand, without UV irradiation, nanoparticles dis-
sociate into monomers as described in Figure 4, and form ther-
modynamically stable nanofibers through a third aggregation
pathway. To assess the photo-simulated trapping potential and
stability of the trapped intermediates, UV light was irradiated
to the PDI-DA solution at various stages of the self-assembly
process. TEM imaging was performed to analyze the mor-
phology of UV-light-induced trapped intermediates (Figure S7,
Supporting Information). TEM images reveal that the
UV-induced crosslinking forming a covalent PDA structure arrests
the nanosheet and nanoparticle morphology corresponding to
kinetic products, serving as a clamp to restrict structural disso-
ciation into the fibrillar structure. Similar to the thermodynamic
morphology of monomeric PDI-DA, the PDA form retains the
fibrillar morphology with a highly robust structure.

The absorption spectra of PDI-DA in the Tol/MCH (1:3, v/v)
solvent mixture were recorded after UV irradiation (Figure 5a,b).
Since nanosheets are formed during the cooling process and
dissociated rapidly, UV light was irradiated in a solution state.
To form a polymerized nanosheet, the solution was placed on
an ice pack and cooled to 10 °C, and later irradiated with UV
light. Time-dependent morphological behavior for kinetic prod-
ucts after UV-induced polymerization was examined by using
TEM spectroscopy. The red and blue lines in Figure 5a,b rep-
resent the absorption spectra of UV-irradiated nanosheet solu-
tion after 1 hour (red line) and 2 days (blue), respectively. As
displayed in Figure 5a, no spectral change was observed for
the heat-treated nanosheet solution to further transforma-
tion into the thermodynamic product and the dissociation of
metastable nanosheets is supposedly stopped and arrested.
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Figure 5. a,b) Absorption spectra (ct =33 x 10°°M) of polymerized nanosheets (a) and nanoparticles (b) in Tol/MCH (1:3, v/v). Black line represent the

absorption spectra obtained before UV irradiation. Red and blue line represent the absorption spectra obtained after UV light irradiation (a, 5 mW cm™2,

2

900 s), (b, 10 mW cm™2, 200 s) followed by standing at 10 °C for 1 h (a, red line) and 24 h (b, blue line). c,d) TEM images obtained after 2 d of the UV-
irradiated (254 nm, 20 mW cm~2, 10 s) of PDI-DA aggregates solution containing nanosheets (c) and nanoparticles (d).

This mechanism of kinetic trapping in self-assembly is further
evidenced by the TEM imaging. As shown in Figure 5c, meta-
stable nanosheets retained their morphology intact even after
standing for two days after UV exposure, suggesting effective
covalent cross-linking induces the trapping of kinetic product.
Similarly, polymerized kinetic controlled nanoparticles pre-
pared by irradiating UV light into the aggregates following the
cooling process at 10 °C do not show any spectral and mor-
phological changes (Figure 5b), strongly suggesting covalently
trapped nanoparticles are stable in aggregates solution for sev-
eral days. Also, the red and blue lines in Figure 5b showed a
nearly perfect overlapping spectral pattern for UV-irradiated
nanoparticles solution after standing for 1 hour (red line) and
2 days (blue line) at 10 °C. Morphological stability of trapped
nanoparticles was confirmed by TEM images (Figure 5d). In
a kinetically favored state, the UV-induced termination of the
self-assembly of PDI-DA is a result of the formation of a con-
jugated ene-yne backbone structure. The covalent bonds linked
between adjacent molecules effectively prevent the dissociation
of metastable self-assembled structures. In particular, UV irra-
diation on nanoparticles prevents the conversion from H-aggre-
gate to J-aggregate. In order to get insight into the formation
of the PDA backbone, Raman spectroscopic analyses were car-
ried out (Figure S8, Supporting Information). Raman spectra of
monomeric PDI-DA fibers of J-aggregate assembly showed the
acetylene band at 2269 cm™. Upon UV-irradiation, the diacety-
lene band corresponding to the monomeric form disappeared
and a characteristic band for the conjugated ene-yne backbone
of PDA appeared at 2098 cm™ and 2269 cm™. Similarly, UV-
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induced polymerization was attempted for nanoparticles of
PDI-DA, which displayed a conjugated ene-yne band appearing
at 2098 cm™! (C=C) and 1467 cm™ (C=C). However, the weak
polymer peaks in nanoparticles indicate the formation of a rela-
tively shorter PDA backbone after UV exposure in kinetically
preferred metastable intermediates. This suggests that PDI-DA
has lower packing and poor spatial arrangement of DA moie-
ties in the H-aggregate state than J-aggregate.

The polymerized fibrous PDI-DA displays phase-dependent
distinctive chromatic and fluorescence behaviors. The trans-
formation of monomeric PDI-DA nanofibers (J-aggregates)
into PDA nanofibers was monitored by UV absorption spec-
troscopy (Figure S9, Supporting Information). As can be seen
in Figure 6a,b, the monomeric PDI-DA fibers appear red
with strong red-phase fluorescent, and the polymerization of
red-phase monomeric PDI-DA fibers proceeded with fluores-
cence quenching to generate a purple-phase PDI-PDA. Since
the polymerized PDI-DA absorbs visible light, fluorescence
quenching behavior is expected due to fluorescence resonance
energy transfer (FRET) between emissive PDI fluorophore
and the conjugated PDA acceptor. The FRET phenomenon is
also confirmed by absorption and emission spectroscopy and a
spectral overlapping pattern is displayed in Figure 6¢. The blue
line in Figure 6¢ represents the absorption spectrum of purple
phase PDA of PDI-DA fibers appearing at 615 nm. This was
obtained by subtracting the absorption spectrum of monomer
fibers from polymer fibers (Figure S9, Supporting Informa-
tion). The monomer PDI-DA shows emission at 620 nm from
the PDI fluorophore when excited at 375 nm (dashed line). It
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Figure 6. a,b) Optical and fluorescence (A = 520-560 nm, inset images) microscope images of PDI-DA fiber on a glass substrate. PDA formed by UV
irradiation (20 mW cm2) of PDI-PDA fiber for 60 s. c) Férster resonance energy transfer (FRET) process. Spectral overlap between UV-vis absorption
of polymerized PDI-PDA nanofibers (blue line) and fluorescence emission of monomer PDI-DA nanofibers (dashed line). Black line represent UV-vis

absorption of monomer PDI-DA nanofiber.

can be seen in Figure 6¢ that the absorption band of the purple
phase PDA overlaps with the emission spectrum of PDI fibers
and the FRET phenomenon occurs.

An interesting result was observed that the polymer-
ized PDI-DA fibers exhibited reversible thermochromism
(Figure 7a,b). The purple phase polymeric PDI-PDA fibers
turn red color upon heating to 70 °C and the purple phase
PDA was recovered completely during the reversible cooling
cycle. In the experiment, the heating-cooling process was per-
formed while polymer fibers were dispersed in the solvent
mixture. Interestingly, the heat-treated red phase PDA fibers
displayed fluorescent character (image inset in Figure 7a,b).
However, the absorption spectrum of red phase PDA (red
line) and the emission spectrum of PDI-DA (dashed line) did
not overlap (Figure 7c), which indicates the FRET phenomena

did not occur during the heating cycle and the PDA fibers
have low fluorescence intensity compared to initial unpolym-
erized fibers. The reversible transformation between purple-
phase PDA and red-phase PDA was also observed in the
UV-vis absorption spectrum (Figure 7d). UV-vis spectra also
assist in the assignment of transformation of J-aggregate into
H-aggregate in the transient absorption spectra. (Figure 7d).
As J-aggregate transformed to H-aggregates, the characteristic
absorption band of J-aggregates disappears. Since H-aggre-
gates have a relatively large overlap between PDI molecules,
the heat-treated polymer fibers have low fluorescence inten-
sity. This observation shows that strong m-7 stacking and
hydrogen bonding not only generate reversible thermo-
chromism of PDA but also cause the reversible conversion of
J- and H-aggregate.

a) b)
heating
cooling
c) d)
0.9+ 15+ 10°% —
—_ Red Brl]ue 1600 12 . 70 °c PDA (red phase) PDA (blue phase)
S 06 phase phase 12009 T 3 Haggregate  Jaggregate
O —
3 900 83 g
§ 8% ¢
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Figure 7. a,b) Optical and fluorescence microscope images (4,=520-560 nm) of PDI-PDA fiber on a glass substrate during heating-cooling cycles.
c) Temperature-dependent absorption spectral changes of polymerized H-aggregates (red line) and J-aggregates (black, purple line) in Tol/MCH
(1:3, v/v). (c) overlap between UV-vis absorption of polymerized purple phase PDI-PDA nanofibers (blue line) and fluorescence emission of monomer
PDI-DA nanofibers (dashed line). Red line represents UV-vis absorption of heat-treated red phase PDI-PDA nanofiber.
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3. Conclusion

In conclusion, the findings from the described experiments
provide detailed insight into the mechanism of the self-assembly
process and pathway complexity in melectron-rich supramol-
ecule. A novel 7-electron-rich PDI-DA/PDA having symmetrical
DA chains to the PDI is described. The PDI-DA displayed a
temperature-dependent self-assembly behavior and distinct
morphology corresponding to the kinetic and thermodynamic
self-assembly pathway. To understand the self-assembly path-
ways, a strategy of UV-induced polymerization was adopted to
trap and capture metastable kinetic intermediates to understand
the self-assembly. Morphological investigation using transmis-
sion electron microscopy revealed the existence of two kinetic
products at varying temperatures with nanosheet and nanopar-
ticle morphology. The morphological transformation during the
self-assembly process is arrested by an effective exposure to the
UV light, which triggers the topochemical polymerization of
stacking DA units forming a covalently connected PDA back-
bone. The robust PDA backbone ensures a clamping force to
preserve the morphology of the kinetic product. On the other
hand, the thermodynamic pathway generated fibrous mor-
phology for the self-assembled PDI-DA. UV-vis spectroscopic
experiments revealed that revealed the existence of distinct
H- and J-aggregates for kinetic and thermodynamic products
respectively. In addition, the polymerized PDI-DA fibers dis-
played a reversible thermochromic behavior during an alternate
heating-cooling cycle with the chromatic transition between the
purple (cooling) and red (heat) phase. The chromatic revers-
ibility is accompanied by switching between J-aggregate and
H-aggregate, and alternate fluorescence switching features.

The study of these insights is necessary to understand the
mechanistic pathway, particularly the strategy of UV-induced
polymerization to trap and preserve the intermediate products
gives information on the kinetic pathway involved in the ulti-
mate construction of optimized functional materials.
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