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ABSTRACT: Self-assembled nanostructures obtained from various func-
tional π-conjugated organic molecules have been able to draw substantial
interest due to their inherent optical properties, which are imperative for
developing optoelectronic devices, multiple-color-emitting devices with color-
tunable displays, and optical sensors. These π-conjugated molecules have
proven their potential employment in various organic electronic applications.
Therefore, the stimuli-responsive fabrication of these π-conjugated systems
into a well-ordered assembly is extremely crucial to tuning their inherent
optical properties for improved performance in organic electronic
applications. To this end, herein, we have designed and synthesized a
functional π-conjugated molecule (TP) having phenanthro[9,10-d]imidazole
with terpyridine substitution at the 2 position and its corresponding metal
complexes (TPZn and (TP)2Zn). By varying the polarity of the self-assembly
medium, TP, TPZn, and (TP)2Zn are fabricated into well-ordered
superstructures with morphological individualities. However, this medium polarity-induced self-assembly can tune the inherent
optical properties of TP, TPZn, and (TP)2Zn and generate multiple fluorescence colors. Particularly, this property makes them
useful for organic electronic applications, which require adjustable luminescence output. More importantly, in 10% aqueous-THF
medium, TPZn exhibited H-type aggregation-induced white light emission and behaved as a single-component white light emitter.
The experimentally obtained results of the solvent polarity-induced variation in optical properties as well as self-assembly patterns
were further confirmed by theoretical investigation using density functional theory calculations. Furthermore, we investigated the I−
V characteristics, both vertical and horizontal, using ITO and glass surfaces coated with TP, TPZn, and (TP)2Zn, respectively, and
displayed maximum current density for the TPZn-coated surface with the order of measured current density TPZn > TP >
(TP)2Zn. This observed order of current density measurements was also supported by a direct band gap calculation associated with
the frontier molecular orbitals using the Tauc plot. Hence, solvent polarity-induced self-assembly behavior with adjustable
luminescence output and superior I−V characteristics of TPZn make it an exceptional candidate for organic electronic applications
and electronic device fabrication.

■ INTRODUCTION
The development of functional superstructures with morpho-
logical individualities by means of energy as well as resource-
saving conventional procedures such as molecular self-
assembly is an area of passionate investigation.1−4 In many
cases, the precise application of the self-assembled structures is
solely controlled by the morphological identities.5−8 Therefore,
the fabrication of multiple nanostructures with various
morphologies from a single molecular backbone by tuning
the self-assembly parameters is of prime significance and
extremely desirable.9,10 In this context, building blocks such as
low-molecular-weight organic molecules, dendrimers, π-con-
jugated systems, macromolecules, and organic polymers have
been extensively studied during the past decade. Among them,
π-conjugated systems having a suitable chromogenic moiety,

including conjugated small molecules, polymers, oligomers,
and carbonaceous materials, etc., are considered to be
promising molecular building blocks for developing super-
structures with various morphologies and switchable optical
properties in response to diverse external parameters.11−16

However, very few examples have addressed the suitable
transformation from molecules to devices, and this is believed
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to be one of the most difficult issues. The interchain electronic
coupling of a π-conjugated system will determine the
performance of these π-conjugated system-based electronic
devices.12,17,18 Therefore, for a proper implication of the π-
conjugated system in molecular electronics, a detailed
understanding of the self-assembly and fabrication-induced
optical properties is extremely crucial and becomes one of the
most exciting areas of research.11,19,20 In this context, low-
molecular-weight π-conjugated organic molecules due to their
ease of synthesis, ready obtainability, high purity, and unique
electronic properties can be considered as an ideal component
for device fabrication, for example, light modulators, light-
emitting diodes, and field-effect transistors.13,21−24 The
synthetic flexibility, broad diversity, and functionality with
respect to molecular structure and geometry make them
superior modules compared to inorganic materials. Recently,
our group described the solvent polarity-induced self-assembly
and optical properties of two isomeric functional π-conjugated
molecules. Upon changing the solvent polarity of the self-
assembly medium, both molecules were fabricated into
different supramolecular architectures with various morpholo-
gies and engendered multiple tunable fluorescence colors
(blue−green−yellow−white). More significantly, both of them
displayed aggregation-induced white light emission in a highly
polar 90% aqueous-THF solvent medium.12

Supramolecular π-conjugated (semiconducting) polymers
and biomolecules developed through the well-ordered
organization of π-conjugated molecules in a specific supra-
molecular manner are considered to date the most promising
components used to develop cost-effective and flexible
electronic devices. These supramolecular π-conjugated poly-
mers have been already used for the fabrication of prototype
field-effect transistors (FETs),25 light-emitting diodes
(LEDs),26,27 photovoltaic cells,28 and related devices. On the

other hand, J-aggregated organic dye molecules with superlarge
red-shifted absorption facilitate the construction of supra-
molecular near-infrared (NIR) materials with tuned structures
and improved functionalities, which have been effectively
employed in different areas including biological imaging,
phototherapy, solar cells, and electronic devices.28−31 Fur-
thermore, π-conjugated biomolecules derived from aromatic
amino acids self-assemble into multifunctional biomaterials
with distinct morphology as well as photoactive properties
suitable for potential biomedical applications including drug
delivery and phototherapy.32 Therefore, in terms of sophisti-
cated molecular engineering, a detailed investigation of the
self-assembly properties of these low-molecular-weight π-
conjugated molecules is extremely essential as they provide
admirable optical, electrical, photophysical, and mechanical
characteristics through molecular self-assembly.

On the other hand, metal ion-induced self-assembly of
organic building blocks is a proficient technique to develop
well-defined superstructures.33 Metal−ligand interactions over-
come the limitations set by the already existing noncovalent
intermolecular interactions.34,35 Therefore, suitably designed
π-conjugated low-molecular-weight molecules with effective
coordination sites can bind with different transition metals,
which eventually alters the nature of preexisting supra-
molecular interactions compared to the absence of metal
ions. The nature of aggregation as well as the electronic
properties of the fabricated well-ordered structures originating
from the metal-coordinated π-conjugated system is governed
by the self-assembly properties of the building block as well as
specific metal−ligand interactions.36

It is well-known that different derivates of phenanthro[9,10-
d]imidazole, especially the 2-substituted ones, have been
extensively used as luminescent sensors, photoactive materials,
and OLED components for nonlinear optical applica-

Scheme 1. Schematic Representation of the Synthesis of TP, TPZn, and (TP)2Zn
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tions.12,37−39 On the other hand, terpyridine and its
derivatives, especially the 4-substituted one, are well
recognized in supramolecular chemistry due to their extended
π-conjugation and their ability to coordinate with different
transition metal ions.40−43 The excellent photophysical,
electrochemical, and catalytic properties44−48 of these terpyr-
idine derivatives and their corresponding metal complexes have
led to finding their potential uses in numerous areas such as
sensors, solar cells, energy storage, and molecular electronics.49

Therefore, the design of a small π-conjugated molecular system
having both these phenanthro[9,10-d]imidazole and 4-
substituted terpyridine moieties is extremely desirable from a
supramolecular point of view and expected to exhibit
characteristic tunable self-assembly and optical and electronic
properties, which can make this system a promising module for
device applications.

Herein, we report the synthesis of a low-molecular-weight π-
conjugated molecule (TP) (phenanthro[9,10-d]imidazole with
terpyridine substitution at the 2 position) and its correspond-
ing 1:1 and 1:2 Zn(II) complexes (TPZn and (TP)2Zn). We
investigated the representative photophysical behavior with
solvent polarity-induced tunable optical and self-assembly
properties of this π-conjugated molecule (TP) and its
corresponding metal complexes (TPZn and (TP)2Zn) and
described the probable mechanistic aspects of the medium
polarity-triggered self-assembly-based morphological trans-
formation associated with tunable optical responses. Our
experimentally investigated results were further validated by
the density functional theory (DFT) studies, which clarify how
the metal coordination to this π-conjugated system (TP)
impacts the energy difference between the donor−acceptor
molecular energy levels, which is responsible for multiple
optical outcomes. Furthermore, the basic behavior of an
electronic device can be appraised by the current and current
density−voltage (I&J−V) characteristics, which reflect the
relationship between the currents through an electronic device
and the applied voltages in an electrical circuit and exploited to
examine the material properties such as conductivity, charge
carrier mobility, and charge injection efficiency.50−53 Herein,
we also investigate the I−V characteristics of TP, TPZn, and

(TP)2Zn to evaluate their possible potential utility in
electronic device fabrication.

■ RESULTS AND DISCUSSION
We synthesized a phenanthro[9,10-d]imidazole and 4-sub-
stituted terpyridine-based π-conjugated molecule 2-(4-
[2,2′:6′,2″]-terpyridine-4′-yl-phenyl)-1H-phenanthro[9,10-d]-
imidazole (TP) and its corresponding monotridentate and
bistridentate Zn(II) complexes, TPZn and (TP)2Zn, respec-
tively. TP was synthesized by refluxing a mixture of 9,10-
phenanthrenequinone with 4′-(p-formyl phenyl)-2,2′:6′,2″-
terpyridine in the presence of excess ammonium acetate in
glacial acetic acid medium. The metal complexes TPZn and
(TP)2Zn were synthesized by reacting an aqueous solution of
ZnCl2 with a methanolic solution of TP having different
concentrations (Scheme 1). In TPZn, two chloride ions
coordinated with the Zn(II) center, and in (TP)2Zn, two
chloride ions presented as counteranions, which were further
supported by elemental analysis. The complete synthetic
procedures of 4′-(p-formyl phenyl)-2,2′:6′,2″-terpyridine, TP,
TPZn, and (TP)2Zn are provided in the experimental section
of the Supporting Information (Schemes S1 and S2) with
appropriate analytical characterization (Figures S1−S7).

It is well established that the polarity of the solvent medium
has a substantial impact on the self-assembly properties of
molecules having hydrogen bonding sites and hydrophobic
groups.54−56,19 Furthermore, it was also observed that the
overall self-assembly direction of the π-conjugated system is
controlled by the polarity of the self-assembly medium.12,55 We
investigated the influence of medium polarity on the self-
assembly and optical properties of this π-conjugated molecule
(TP) and its corresponding monotridentate and bistridentate
Zn(II) complexes (TPZn and (TP)2Zn). Solvent polarity-
induced alternation in the nature of noncovalent forces as well
as the morphological transformation of the self-assembled
states due to the change in the aggregation pattern was
examined by spectroscopic as well as microscopic techniques.
At first, we recorded the absorption spectra of TP in THF and
an aqueous-THF mixture having different polarities.

Figure 1. UV−vis absorbance spectra of TP (A) and TPZn (B) and (TP)2Zn (C) in THF and the THF−aqueous medium. Fluorescence spectra
of TP (D) and TPZn (E) and (TP)2Zn (F) in THF and the THF−aqueous medium (λExt = 368 nm for TP, λExt = 395 nm for TPZn, and λExt =
380 nm for (TP)2Zn).
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The UV−vis absorption spectra of TP (20 μM) in a pure
THF solvent medium showed an absorption band maximum at
368 nm (ε = 3.7 × 104 M−1 cm−1), which can be ascribed to
the spin-allowed intramolecular charge transfer (ICT) band
(Figure 1A). Upon a gradual increase of the medium polarity
by increasing the proportion of water in THF and water
mixtures, there is a steady decrease in the intensity of the
characteristic ICT band (Figure 1A) as the polar solvent
facilitates the self-assembly process of the molecular building
blocks.57 Ultimately, in 90% aqueous-THF medium, the
absorption maxima appeared at 389 nm with a distinctive
redshift of ∼49 nm with another broad shoulder peak in the
visible region at 438 nm (Figure 1A). This type of redshift of
the CT absorption maxima is expected for J-type aggregation.
The absorption spectral behavior of TPZn and (TP)2Zn in
THF-aqueous mixtures with varying polarities was also studied.
For TPZn, in 100% THF medium, the absorption maxima
appeared at 395 nm (ε = 2.2 × 104 M−1 cm−1) (Figure 1B),
and for (TP)2Zn, it appeared at 380 nm (ε = 1.2 × 104 M−1

cm−1) (Figure 1C). Zn(II) coordination with the terpyridine
unit significantly influences the intraligand charge transfer
property because coordinated terpyridine is a better electron
acceptor than the free terpyridine moiety of TP and
experienced a substantial bathochromic shift of the ICT
band. TPZn displayed a noticeable fall in the intensity of the
absorption maxima with increasing medium polarity. Fur-
thermore, with the stepwise increment of water content in the
solvent medium, the CT band exhibited a gradual
hypochromic shift due to the operational molecular association
process in the polar medium. This blueshift was apparent from
10% aqueous-THF medium up to 60% aqueous-THF medium.
This type of blueshift of the CT band was anticipated for H-
type aggregation, a renowned significance of Kasha’s theory
that blue-shifted absorption maxima displayed due to H-
aggregation.58,59 Further, in highly polar 70% (water−THF 7:3
(v/v)) to 90% (water−THF 9:1 (v/v)) aqueous-THF
medium, the CT absorption maxima of TPZn experienced a
noticeable redshift and appeared at 420 nm. The appearance of
red-shifted absorption maxima in a highly polar medium with a
higher percentage of water content is due to the alternation of
the operative intermolecular noncovalent interactions, which
affects the molecular order during the molecular association
process and causes the lowering of HOMO−LUMO-related
energy gap associated with electronically rich and poor
moieties. We also recorded the UV−vis absorption spectra of
(TP)2Zn in an aqueous-THF medium with different
percentages of water. In 100% THF, the CT absorption
maxima appeared at 380 nm (ε = 1.2 × 104 M−1 cm−1). Upon
further increase of the polarity of the medium with a gradual
increase of water percentage, there is a considerable steady
redshift of the CT absorption maxima. In a 9:1 aqueous-THF
medium (water−THF 9:1 (v/v)), this CT absorption maxima
appeared at 411 nm with an eventual redshift of ∼23 nm. In
TPZn (1:1 complex), there are available coordination sites for
Zn(II) (d10 system). Therefore, in a polar medium with a high
content of water, the H2O molecule probably binds with
Zn(II) and drives the molecular association with enhanced
intermolecular hydrogen bonding. Meanwhile, for (TP)2Zn,
this possibility is much less due to the lesser availability of
accessible coordination sites of Zn(II). In the case of TPZn,
two chloride ligands attached with the Zn(II) center in solvent
medium from 10 to 60% aqueous THF and exhibited a gradual
blueshift of absorption maxima associated with H-aggregation.

But upon further increment of water content, the coordinated
chloride ligands are replaced by water molecules, which
provide additional intermolecular H-bonding and stabilize the
electronic excited state relative to the ground state, resulting in
the redshift of the absorption maxima associated with J-
aggregation.

To examine the stability of the self-assembled structures, we
recorded the temperature-dependent UV−vis spectra of TP,
TPZn, and (TP)2Zn in 90% aqueous medium. This result
showed that the self-assembled structures remained almost
unchanged up to 70 °C and revealed the high thermal stability
of the fabricated structures obtained from TP, TPZn, and
(TP)2Zn (Figure S8). Furthermore, thermogravimetric anal-
ysis (TGA) revealed that TP, TPZn, and (TP)2Zn were stable
up to 347, 273, and 255 °C, respectively (Figure S9).

To get a better insight into the molecular association process
and to understand the effects of the aggregation on the
emission properties of TP, TPZn, and (TP)2Zn, we have
performed steady-state fluorescence measurements in aqueous-
THF medium with different percentages of water. In 100%
THF medium, the emission spectra of TP appeared with an
emission maximum at 450 nm (λExt = 368 nm) (Figure 1D). In
90% THF medium (water−THF 1:9 (v/v)), the emission
maxima experienced an appreciable bathochromic shift and
appeared at 458 nm. Upon further increase of medium polarity
by increasing the water percentage, there is a steady decrease in
emission intensity associated with a gradual redshift of
emission maxima. In 90% aqueous-THF medium (water−
THF 9:1 (v/v)), the emission maxima appeared at 512 nm
with an eventual redshift of ∼62 nm. The characteristic
features of the emission spectra of TP in different solvent
media with varying polarities are in good agreement with the
fact that the lowest-energy emission in a less polar medium
(100% THF) is strongly dipole-allowed for J-type aggregation
but prohibited for H-aggregation.59 On the other hand, the
emission spectra of TPZn in a THF−water mixture with
varying proportions exhibited a substantial alternation in the
spectral behavior as well as emission output. In 100% THF
medium, the emission band of TPZn appeared with an
emission maximum at 546 nm (λExt = 395 nm) (Figure 1E). In
a 10% aqueous-THF (water−THF 1:9 (v/v)) medium, the
emission spectra displayed two distinct emission bands. One is
red-shifted and appeared at 578 nm, and another one is blue-
shifted and appeared at 462 nm. In 20% aqueous-THF
(water−THF 2:8 (v/v)), the emission spectra displayed a
single emission maximum at 459 nm. Upon further increase of
medium polarity up to 50% aqueous-THF medium (water−
THF 1:1 (v/v)), we observed a steady decrease of emission
intensity, associated with a steady hypochromic shift. In a 1:1
aqueous-THF medium, the emission band exhibited a blue-
shifted emission maximum at 448 nm. Upon a further
increment of water percentage in the THF−water mixture,
an appreciable redshift of the emission maxima was observed.
Finally, in a 90% aqueous-THF medium (water−THF 9:1 (v/
v)), a weak and broad emission band appeared with an
emission maximum at 608 nm. It was previously discussed that
a minimal association or aggregation between two building
blocks can be described in two possible categories based on
either constructive (J-type aggregation) or destructive (H-type
aggregation) combination of the two molecular transition
moments, resulting in the lower-energy excitonic state.60

Within the limit of strong coupling, the electronic spectra
(both UV−vis and fluorescence) are red-shifted for J-
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aggregation and blue-shifted with comparatively weak emission
for H-aggregation. The spectral consequences of TPZn with
varying medium polarities revealed the molecular association
through H-aggregation. Furthermore, in a highly polar
medium, the red-shifted broad emission band in the visible
region can be predicted for strongly coupled J-aggregation.60 In
principle, both the bathochromic shift and hypochromic shift
could originate from a single-type aggregation (same ground
state) or different types of aggregation due to diverse packing
structures of the monomeric building block.60

Further, we have also recorded the emission spectra of
(TP)2Zn in aqueous-THF medium with varying water
proportions. In 100% THF, (TP)2Zn displayed an emission
band with an emission maximum of 458 nm (Figure 1F).
Upon a gradual increase of medium polarity, there is a steady
fall in emission intensity with a substantial bathochromic shift
of the emission maxima. In a highly polar 9:1 aqueous-THF
medium, a broad emission band appeared having an emission
maximum at 507 nm with an eventual redshift of ∼50 nm. The
solvent polarity-induced spectral patterns suggested that the
lowest-energy emission was promptly dipole-allowed for J-
aggregation but forbidden for H-type aggregation. The spectral
consequences of (TP)2Zn with varying medium polarities
revealed the J-type aggregation during molecular association.

Sometimes, the limited photoluminescence (in vivo) of
currently available optical probes restricts their adaptability and

applicability for determining the imaging contrast effect. This is
mainly due to the uncontrollable aggregation of the
monomeric optical probes that causes emission quenching.
On the other hand, optical probes having extended π-
conjugation composed of donor and/or acceptor couples are
susceptible to exhibiting aggregation-caused quenching
(ACQ). Recently, Yan et al. described the design and synthesis
of self-assembling NIR cyanine-based nanoprobes with an
enhanced TPA (two-photon absorption) fluorescence imaging
property displaying a photo-oxidation-enhanced emission
mechanism.61 In this context, TP, TPZn, and (TP)2Zn with
π-conjugated planar structures are able to display polarity-
induced aggregation with strong as well as tunable emission
properties. This polarity-induced controllable aggregation can
able to restrict the intramolecular motion and avoid the ACQ
effect responsible for strong emission in aggregated states.

This conclusion is further supported by the fluorescence
lifetime measurement by time-correlated single photon
counting. The fluorescence lifetime measurement was carried
out for TP, TPZn, and (TP)2Zn in 10% aqueous-THF, 50%
aqueous-THF, and 90% aqueous-THF medium at their
respective emission maxima using 380 and 450 nm lasers as
the excitation sources (Figure 2). The decay profile of TP in
10% aqueous-THF medium (λMon = 458 nm) exhibited a
single time constant, τ1 = 2.0 ns (Figure 2A). Upon increasing
the polarity up to 50% aqueous-THF medium, the decay

Figure 2. Time-resolved emission decay profile for (A) TP at λMon = 458 nm, λExt = 369 nm in 10% aqueous-THF; (B) TP at λMon = 484 nm, λExt =
379 nm in 50% aqueous-THF; (C) TP at λMon = 512 nm, λExt = 389 nm in 90% aqueous-THF; (D) TPZn at λMon = 462 nm, λExt = 395 nm in 10%
aqueous-THF; (E) TPZn at λMon = 448 nm, λExt = 382 nm in 50% aqueous-THF; (F) TPZn at λMon = 608 nm, λExt = 420 nm in 90% aqueous-
THF; (G) (TP)2Zn at λMon = 463 nm, λExt = 381 nm in 10% aqueous-THF; (H) (TP)2Zn at λMon = 485 nm, λExt = 393 nm in 50% aqueous-THF;
and (I) (TP)2Zn at λMon = 507 nm, λExt = 411 nm in 90% aqueous-THF. The 450 and 380 nm LEDs are used as excitation sources.
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profile at its respective emission maxima (λMon = 484 nm)
revealed a single-component decay profile with a time constant
value (τ1) of 2.45 ns (Figure 2B). In 90% aqueous-THF
medium at respective emission maxima (λMon = 512 nm), the
TCSPC studied displayed a single-component-based decay
profile with a lower time constant value (τ1) of 1.50 ns (Figure
2C). Similarly, for (TP)2Zn, at a 10% aqueous-THF medium
(λMon = 463 nm), it showed a single-component-based
fluorescence decay profile (τ1 = 2.05 ns) (Figure 2G), and in
a more polar 50% aqueous-THF medium, the time constant
value was slightly increased (τ1 = 2.5 ns) (Figure 2H). These
values of time constants are very similar to the lifetime
components of TP in similar solvent systems at their
corresponding emission maxima. Moreover, upon further
increase of medium polarity, in a 9:1 aqueous-THF medium,
the biexponential decay profile of (TP)2Zn revealed two
different time constants (τ1 = 1.25 ns (56.23%), τ2 = 9.0 ns
(43.77%), χ2 = 1.14) with the longer component as the minor
one and the shorter component as the major one (Figure 2I).
These characteristics of the decay profile revealed that in
highly polar solvents, the lowest-energy strongly dipole
emission maxima preferred the J-type aggregation. On the
other hand, in a less polar 10% aqueous-THF medium, the
decay profile for TPZn (λMon = 462 nm) displayed a single
time constant, τ1 = 3.70 ns, χ2 = 1.28 (Figure 2D). In a 1:1
aqueous-THF medium, the fluorescence decay traces recorded
for TPZn at respective emission maxima (λMon = 448 nm)
showed a single decay constant (τ2 = 2.4 ns, χ2 = 1.04), which
is less than the time constant value at the respective
monitoring wavelength in a less polar 10% aqueous-THF
medium (Figure 2E). In a highly polar medium with 90%
water (water−THF 9:1 (v/v)), the recorded fluorescence
decay traces revealed a biexponential decay profile for TPZn
(τ1 = 2.17 (28%), τ2 = 10.13 ns (72%), χ2 = 1.14) (Figure 2F).
The longer and major component for TPZn can be ascribed to
the ICT state. It is well-known that in the polar medium, the
unusual vibronic patterns exhibited during the aggregation are
intermediate between those of the monomeric units and
aggregated form. In a highly polar medium, with the highest
percentage of water (90% aqueous-THF), for TPZn, the
longer component of the decay constants is the major one,
while for (TP)2Zn, the shorter component of the time
constants is the major one. This result suggests that in a less
polar medium with less percentage of water the inconsistent
vibrionic structure of the aggregates is mainly due to the
coexistence of monomeric and aggregated states. With
increasing the percentage of water, both TPZn and (TP)2Zn
aggerate differently, and this discrepancy is also reflected in
their solvent polarity-induced electronic spectral pattern as well
as in the respective relative percentage of their decay
components. Furthermore, the proposed J-type aggregation
for TP and (TP)2Zn and H-type aggregation for TPZn were
further supported by the photoluminescence quantum yield
measurement. We measured the quantum yields for TP, TPZn,
and (TP)2Zn in THF and 50% aqueous-THF medium. Upon
the medium polarity, there is a noticeable increase in the
emission quantum yield for TP and (TP)2Zn from 28 to 42
and 22 to 39% respectively, which supports the J-type
aggregation.62 On the other hand, a substantial decrease in
the emission quantum yield for TPZn from 20 to 3% upon
increasing the medium polarity supports the H-type
aggregation due to the self-quenching and excitonic

interactions between the TPZn monomers in close prox-
imity.63

We also carefully investigated the visually detectable
emission colors generated by TP, TPZn, and (TP)2Zn in
different THF−water mixed solvent media with varying
proportions of water. It was observed that for TP, there was
a noticeable change in the brightness of the characteristic blue
fluorescence with increasing solvent polarity (Figure 3A).

Initially, in up to 30% aqueous-THF medium, TP displayed a
characteristic blue fluorescence. Upon further increase of water
percentage, it exhibited green fluoresce, and in a highly polar
medium (90% aqueous-THF medium), the fluorescence gets
quenched due to aggregation-induced quenching (AIQ).64,65 A
similar type of emission color output was also observed for
(TP)2Zn (Figure 3C). Most interestingly, in both cases, we
observed a considerable redshift of absorption as well as
emission maxima with increasing medium polarity due to
anticipated J-type aggregation. Meanwhile, for TPZn, there is a
significant change in the emission color from yellow to white
to green with varying the water percentage from 0 to 50%
(Figure 3B). With increasing medium polarity from 100%
THF to 50% aqueous-THF, TPZn exhibited a steady blueshift
of the characteristic absorption and emission maxima due to
predicted H-type aggregation. For TPZn, in 10% aqueous-
THF medium, the fluorescence spectra covered the complete
visible region (∼400 to 700 nm) and were responsible for
white light emission. In a highly polar medium with a higher
percentage of water (90% aqueous-THF medium), the
intensity of the emission color was significantly reduced due
to the AIQ (Figure 3B).

The perceptible changes in the optical property in different
THF−water mixtures with varying polarities are due to the
change in the aggregation pattern of these monomeric building

Figure 3. Photographs showing the change in the fluorescence colors
of (A) TP, (B) TPZn, and (C) (TP)2Zn upon irradiation with 365
nm light at different ratios of the THF/H2O mixture.
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blocks with induced medium polarity. Therefore, morpho-
logical individualities of the self-assembled structures can be
expected from TP, TPZn, and (TP)2Zn in different THF−
water media with varying polarities owing to the alternation in
the composite combination of various noncovalent forces. In
this regard, we have explored the self-assembly property of TP,
TPZn, and (TP)2Zn in THF−water mixtures with varying
percentages of water. In 10% aqueous-THF medium, TP self-
assembled into spiky spherical aggregates (Figure 4A,B). With
a higher proportion of water, in 50% aqueous-THF medium,
TP is fabricated into bent and thinner fibrils and forms a
fibrillar network (Figure 4C,D). Upon further increase of the
polarity of the self-assembly medium, in 90% aqueous-THF
medium, TP self-assembles into nanorods (Figure 4E,F). The
emission spectra of TP in 10, 50, and 90% aqueous-THF
medium showed a significant bathochromic shift of the
emission maxima with increasing polarity of the self-assembly
medium with a substantial change in the emission color
(Figure 4G−I). Figure 4J shows the morphological trans-
formation of the self-assembled structures formed by TP with
increasing polarity of the self-assembly medium.

On the other hand, TPZn is self-assembled into various
supramolecular structures with different morphologies in an
aqueous-THF medium with varying percentages of water. In
10% aqueous-THF medium, TPZn self-assembled into
elongated nanofibers (Figure 5A,B), which upon further
increment of water percentage (50% aqueous-THF medium)
fabricated into a nanobelt-like morphology (Figure 5C,D). In a
highly polar 90% aqueous-THF medium, TPZn self-assembles

into broken nanorod-like structures (Figure 5E,F). Similarly,
the self-assembled TPZn in 10, 50, and 90% aqueous-THF
medium generated multiple luminescence colors (Figure 5G−
I). Figure 5G represents the fabrication of different self-
assembled structures with various morphologies by TPZn in
different self-assembly media of varying polarities.

We also explored the self-assembly property of (TP)2Zn in
different aqueous-THF media with varying polarities. In a less
polar 10% aqueous-THF medium, (TP)2Zn fabricated into a
spiky spherical assembly (Figure 6A,B), which upon increase of
water percentage (1:1 aqueous-THF medium) generated a
fibrillar network consisting of thicker fibrils (Figure 6C,D).
Upon further increase of medium polarity (90% aqueous-THF
medium), (TP)2Zn self-assembled into a distorted nanorod-
like morphology (Figure 6E,F). Fabricated (TP)2Zn displayed
different emission outputs upon varying the polarity of the self-
assembly medium (Figure 6G−I). Figure 6J represents the
fabrication of (TP)2Zn into different superstructures upon
varying the polarity of the self-assembly medium. This
morphological variation originated from the different aggrega-
tion patterns in solvent medium with varying polarities due to
the alternation in the operative noncovalent interactions.

This microscopy study (HR-SEM analysis) helps us to
predict the mechanism behind the self-assembly process of TP,
TPZn, and (TP)2Zn in different solvent systems having
varying polarities. It was proposed that the monomeric unit of
TP be fabricated into a spiky spherical assembly mainly
through aromatic π-stacking and an intermolecular H-bonding
interaction. Upon increasing the polarity of the self-assembly

Figure 4. HR-SEM micrographs of the self-assembled structures formed by TP in 10% aqueous-THF (A, B), 50% aqueous-THF (C, D), and 90%
aqueous-THF (E, F). Emission spectra and luminescence colors of self-assembled TP were obtained in 10% aqueous-THF (G), 50% aqueous-THF
(H), and 90% aqueous-THF (I). (J) Pictorial representation of the various self-assembled structures with different morphologies formed by
building block TP in THF−water mixed solvents of varying polarities; formation of various superstructures formed due to different organizations of
the monomeric building blocks.
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medium, the presence of π-conjugated systems promoted the
molecular aggregation process due to the greater hydrophobic
forces. The increment of water percentage in the self-assembly
medium promotes the self-aggregation process to minimize the
water-induced hydrophobic interactions as well as surface
energy of the fabricated assembly, which triggers the
morphological transformation from a spiky sphere to a thin
fibril to a nanorod with increasing medium polarity.66 Proper
tuning of degree of desolvation at different stages of self-
assembly can effectively control the self-assembly pathways and
polymorphisms. Recently, Yan and his co-workers showed that
multistep desolvation should be considered an effective
parameter to trigger the LLPS (liquid−liquid phase separa-
tion)-mediated self-assembly of the peptide-based monomer,
which is different from the classical one-step peptide-based
self-assembly.67 This clearly displayed the role of the solvent in
controlling the overall self-assembly process. In another work,
they described the formation of amorphous biomolecular
glasses with appreciable biodegradability, biorecyclability, and
excellent optical characteristics from chemically modified
amino acids and peptides using a classic heating-quenching
procedure. This result clearly revealed that the absolute change
in thermodynamic and kinetic parameters effectively controlled
the self-assembly process with morphological transition.68

Scheme 2 shows the stepwise fabrication of TP, TPZn, and
(TP)2Zn into different self-assembled structures with
morphological individualities in 90% aqueous-THF medium
of varying polarities.19,54,69

The modes of the molecular aggregation of TP, TPZn, and
(TP)2Zn in a highly polar 90% aqueous-THF medium were

further confirmed from PXRD analysis of the dried mass of
these compounds obtained from a 9:1 aqueous-THF medium.
The diffraction peaks at 23.4, 24.5, 25.4, and 26.8° (with
respective d-spacing values of 3.8, 3.5, 3.4, and 3.3 Å) for TP
(Figure 7A); 20.5, 21.6, and 26.9° (with respective d-spacing
values of 4.3, 4.1, and 3.3 Å) for TPZn (Figure 7B); and 23.3
and 26.0° (with respective d-spacing values of 3.8 and 3.4 Å)
for (TP)2Zn (Figure 7C) suggest the existence of an
operational π−π stacking interaction and intermolecular H-
bonding among the monomeric units in the self-assembly state.

More importantly, as shown in Figure 7A, the diffraction
peaks obtained for the nanorod assembly fabricated from TP at
8.1° followed by other peaks in the wide-angle region in a
periodical order at 16.4, 24.5, and 29.9° with corresponding d-
spacing values of 10.2, 5.3, 3.6, and 2.9 Å, respectively. The
periodic ratios of 1/2, 1/3, and 1/4 are consistent with the
lamellar arrangement of TP during self-assembly, indicating
the fabrication of nanorods through the layered array of TP.
Therefore, the polarity-induced morphological transformation
of TP can be elucidated by the following probable mechanism
(Scheme 2). In a THF medium, in the absence of hydrophobic
interactions, TP self-assembles into a spiky sphere-like
assembly. Upon a gradual increase of water content in the
self-assembly medium, the hydrophobic aromatic rings and
highly polar imine bond of TP were exposed to the water
molecule and attained a highly ordered multilayer molecular
arrangement, which is stabilized by operational hydrophobic
π−π interactions and intermolecular hydrogen bonding. This
precise combination of these noncovalent forces generated
thinner fibrils in 50% aqueous-THF medium followed by

Figure 5. HR-SEM micrographs of the self-assembled structures formed by TPZn in 10% aqueous-THF (A, B), in 50% aqueous-THF (C, D), and
in 90% aqueous-THF (E, F). Emission spectra and luminescence colors of self-assembled TPZn were in 10% aqueous-THF (G), 50% aqueous-
THF (H), and 90% aqueous-THF (I). (J) Pictorial representation of the various self-assembled structures with different morphologies formed by
building block TPZn in THF−water mixed solvents of varying polarities; formation of various superstructures formed due to different organizations
of the monomeric building blocks.
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Figure 6. HR-SEM micrographs of the self-assembled structures formed by (TP)2Zn in 10% aqueous-THF (A, B), 50% aqueous-THF (C, D), and
90% aqueous-THF (E, F). Emission spectra and luminescence colors of self-assembled (TP)2Zn in 10% aqueous-THF (G), 50% aqueous-THF
(H), and 90% aqueous-THF (I). (J) Pictorial representation of the various self-assembled structures with different morphologies formed by
building block (TP)2Zn in THF−water mixed solvents of varying polarities; formation of various superstructures formed due to different
organizations of the monomeric building blocks.

Scheme 2. Schematic Illustration of the Formation of Different Self-Assembled Structures by the Self-Assembly of TP, TPZn,
and (TP)2Zn in 90% Aqueous-THF Medium through an Intermediate Lamellar Molecular Arrangement, Followed by a Layer
Closure or Scroll-up Process
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entangling with each other to produce a fibrillar network. In a
highly polar 90% aqueous-THF medium, this lamellar
arrangement becomes energetically unstable as well as
unfavorable. To achieve an energetically favorable and stable
arrangement, this lamellar molecular arrangement underwent a
scroll-up process and fabricated nanorods. On the other hand,
for TPZn with metal−ligand interactions, it also exhibited
different diffraction peaks in a periodical order. The PXRD
pattern of the dried mass of TPZn obtained from 90%
aqueous-THF medium exhibited several intense peaks at 9.8,
18.7, and 26.9° with the corresponding d-spacing values of 9.0,
4.7, and 3.3 Å, respectively, and the respective periodic ratios
of 1/2, 1/3, and 1/4 are in good agreement with the predicted

lamellar association. It can be presumed that in a highly polar
medium with a higher percentage of water, TPZn can
coordinate with water molecules through the Zn(II) (d10)
center and makes the aggregated lamellar arrangement
energetically unstable and unfavorable. The scroll-up process
will protect the metal-coordinated π-conjugated system from
hydrophobic interactions and minimize the surface energy of
the fabricated assembly. Possibly, this energy minimization
process broke the nanorods obtained through the scroll-up
process into small pieces and became shorter in length in a
highly polar 90% aqueous-THF medium. The PXRD analysis
of the dried mass obtained from the self-assembled (TP)2Zn in
90% aqueous-THF medium exhibited diffraction peaks at 8.2,

Figure 7. PXRD patterns of the dried masses of (A) TP, (B) TPZn, and (C) (TP)2Zn obtained from 90% aqueous-THF medium. FT-IR spectra
of the dried mass of (D, E) TP, (F, G) TPZn, and (H, I) (TP)2Zn obtained from a THF/water mixed solvent having a 10% water content (black),
a THF/water mixed solvent having a 50% water content (blue), and a THF/water mixed solvent having a 90% water content (red).
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9.3, 10.3, 15.3, 23.3, and 26.0° with the corresponding d-
spacing values of 10.6, 9.4, 7.5, 5.7, 3.8, and 3.4 Å, respectively,
without any periodical order. The peaks at wide-angle regions
at 23.4 and 26.0° indicate the existence of π−π stacking and
intermolecular H-bonding interactions during molecular
aggregation. Therefore, it can be presumed that for
(TP)2Zn, to get an energetically stable molecular assembly,
the initially formed energetically unstable lamellar arrangement
endured an inappropriate scroll-up process and generated
distorted nanorods like superstructures. This improper scroll-
up process minimizes the surface energy of the fabricated
superstructures by providing apposite protection of the
aromatic ring from the hydrophobic interaction in a highly
polar medium with a higher percentage of water.54,70−72

The above experimental results suggested that the medium
polarity-induced morphological transformation of TP, TPZn,
and (TP)2Zn was achieved through an initially formed lamellar
molecular arrangement. Such a lamellar arrangement is
stabilized by hydrophobic interactions and π−π stacking
interactions of the π-conjugated system along with the
intermolecular H-bonding. Upon increasing medium polarity
(with a higher percentage of water), these lamellar arrange-
ments undergo the scroll-up process to minimize the surface
energy of the fabricated assembly and decide the final
morphology of the energetically favorable superstructures.

Upon varying the medium polarity, the imidazole and
terpyridine moiety of TP, TPZn, and (TP)2Zn achieved a
preferable conformation to attain a delicate balance of all the
probable noncovalent interactions during the self-assembly
process and this elusive balance between the molecular
flexibility and geometrically restricted orientation of the
building blocks tuning the direction of the overall self-assembly
process. Still, it is really hard to expose the actual mode of
assembly without an X-ray structure. Inopportunely, we failed
to provide this due to some solubility problems in the specific
solvent systems.

Hereafter, we are interested to investigate the alternation in
intermolecular noncovalent interactions associated with differ-
ent molecular aggregation patterns of TP, TPZn, and (TP)2Zn
in different solvent media with varying polarities. In this regard,
we recorded the Fourier transform infrared spectroscopy (FT-
IR) spectra for the dried solid mass of TP, TPZn, and
(TP)2Zn obtained from 10% aqueous-THF, 50% aqueous-
THF, and 90% aqueous-THF medium. The FT-IR spectra of
TP (solid mass) isolated from 10% aqueous-THF medium
exhibited several characteristic peaks at 1392 cm−1

(νC−N,aromatic), 1467 cm−1 (νC=C,aromatic), 1585 cm−1

(νC=N,aromatic), 2920 cm−1 (νC−H,aromatic), and 3291 cm−1

(νN−H,imidazole). We have also recorded the FT-IR spectra of
the dried mass of TP obtained from 50 and 90% aqueous-THF
medium, respectively. We observed a noticeable change in the
peak intensity of the characteristic peaks corresponding to
υC−N(aromatic), υC=N(aromatic), and υC=C(aromatic) and peak intensity
as well as peak position of the characteristic peak
corresponding to υNH,imidazole with increasing polarity of the
self-assembly medium (Figure 7D,E). Similar changes in the
FT-IR spectral pattern were also observed for both TPZn and
(TP)2Zn (Figure 7F−I). These significant changes in peak
intensity for the characteristic peaks corresponding to
υC−N(aromatic), υC=N(aromatic), and υC=C(aromatic) evidently con-
firmed the alternation of the π−π stacking interaction during
the self-aggregation of these functional π-conjugated molecules
with increasing polarity of the self-assembly medium. On the

other hand, the momentous change in the peak intensity as
well as peak position of the νN−H,imidazole-based characteristic
peak indicates the more involvement of the N−H imidazole
moiety through intermolecular H-bonding during self-assembly
with increasing medium polarity.73,74

DFT calculations were carried out to understand the
geometric and electronic properties of TP, TPZn, and
(TP)2Zn. The optimized geometries are shown in Figure 8.

In TP and TPZn, the terpyridine unit is out of plane from the
remainder of the molecule at a dihedral angle of 143.0° with
the benzene linker. In TPZn, the Cl−Zn−Cl angle was
observed to be 126.7°, while the Zn−Cl bond lengths were
averaged to be 2.253 Å. The Zn is coordinated to the three
nitrogen atoms of the terpyridine unit at an average Zn−N
bond length of 2.251 Å. In the (TP)2Zn complex, the 2 TP
units coordinate to the Zn at perpendicular planes through the
three nitrogen atoms of the terpyridines with an average Zn−N
bond length of 2.19 Å. The six Zn−N coordinations in the
(TP)2Zn complex are shorter compared to those observed in
TPZn, owing to the presence of Cl atoms that would
contribute to steric repulsion in the terpyridine cavity. The
frontier molecular orbitals of TP, TPZn, and (TP)2Zn are
shown in Figure 9. The contour plots of the HOMO and
LUMO of TP, TPZn, and (TP)2Zn in 100% THF solvent
show that the charge density shifts indistinctly from the
phenanthrene end to the terpyridine end (toward the Zn, in
the case of TPZn and (TP)2Zn). TP exhibits the highest
energy gap (ΔE) of 3.621 eV, while TPZn has a slightly lower
ΔE of 3.061 eV; this is due to the charge separation observed
in their respective HOMO and LUMO. In the (TP)2Zn
complex, the ΔE is the least at 2.663 eV and a clear charge
transfer state is observed as the electron density is localized on
the Zn metal and the terpyridine units in the LUMO. It is
evident that the charge of +2 on the (TP)2Zn complex
contributes to its lower HOMO−LUMO gap than those
observed in the neutral TP and TPZn. This charge effect might
influence the trend in the properties observed in the ligand and
its Zn(II) complexes. Table S1 shows the HOMO, LUMO,

Figure 8. Geometries of TP, TPZn, and (TP)2Zn in the gas phase
optimized at the B3LYP/genECP (6-31g* for C, H, N, and Cl; SDD
for Zn) level of theory using Gaussian 16 (gray, carbon; white,
hydrogen; blue, nitrogen; light green, chlorine; dark green, zinc).
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and HOMO−LUMO gap values calculated in different ratios
of THF (i.e., 100% THF, 40% THF-aqueous, and 30% THF-
aqueous). In TP and (TP)2Zn, the ΔE value decreases with a
decrease in the concentration of THF solvent in the THF-
aqueous solvent mixture, with the stabilization of LUMO
indicating a bathochromic shift. In TPZn, a minor increase (of
0.005 eV) in ΔE shows that from the 100% THF to 40% THF-
aqueous concentration, there is a hypsochromic shift, while in
30% THF-aqueous, it shows a slight decrease (of 0.001 eV) in
ΔE values, suggesting a bathochromic shift in lower
concentrations of THF solvent in the THF-aqueous solvent
mixture. The observed ΔE values correspond to the spectral
shifts reported in Figure 1A−C. Other electronic properties are
listed in Table 1. (TP)2Zn has the highest IE, EA, and χ of

5.577, 2.914, and 4.246 eV due to its positive charge on the Zn
atom. The μ of (TP)2Zn is least given the symmetric nature of
the complex, while TPZn has the maximum μ owing to its high
polarity, caused by the charge separation between TP and Cl
coordination of Zn. The (TP)2Zn complex has the least η
given the low stability of the complex owing to its +2 charge,
while in the solution, the charge is balanced by counter-
chloride ions.

The time-dependent density functional theory (TD-DFT)
results are tabulated in Table S2 along with experimental
values for absorption. The TD-DFT for TP was carried out in
100% THF, where the absorption corresponding to the 368
nm of experimental observation was confirmed to be primarily
a HOMO → LUMO transition. At a lower THF concentration
of 10% in the THF-aqueous solvent mixture, the absorption at
higher wavelengths of 389 and 438 nm was observed to be
HOMO → LUMO and HOMO → LUMO+1 excitations,
shifting to the visible region from the UV region. TD-DFT
calculations were carried out for the TPZn complex in 100%
THF where absorption was experimentally observed at 395
nm. The absorption around this range was due to the indistinct
charge separation between the HOMO and LUMO. Further,
from 90 to 40% THF-aqueous medium, a hypsochromic shift
was confirmed and the absorption was characterized by
delocalized charges across the whole complex, which also
supported the possibility of H-type aggregation. At 30% THF-
aqueous and lower concentrations of THF in THF-aqueous
medium, a bathochromic shift into the visible region was
observed where the charge density shifts from TP to ZnCl2,
which supports the possibility of J-type aggregation. In the
(TP)2Zn complex, at 100% THF, the absorption was
experimentally observed at 380 nm and the transitions during
absorption were mostly associated with ligand-to-metal charge
transfers. Further, at decreasing THF concentrations, there is a
bathochromic shift, where until 40% THF-aqueous, the
absorption lies within the UV range, while 30% THF-aqueous
and below, the absorption occurs in the visible region. The low
ΔE in (TP)2Zn causes the transitions to be characterized with
significant ligand-to-metal charge transfers along with locally
excited states and intraligand charge transfer. Further, to
understand the photophysical property more explicitly in terms
of the bulk environment, we studied the TPZn monomer in its
dimer form, i.e., (TPZn)2, in different ratios of THF-aqueous
solvent. The optimized geometry of (TPZn)2 is shown in
Figure S11, and the TD-DFT results are shown in Table S3.
From Figure S11, it can be seen that the two TPZn units are in
a staggered head-to-tail configuration. The TD-DFT results

Figure 9. Molecular orbitals and their energy gaps in TP, TPZn, and (TP)2Zn computed in 100% THF solvent (isosurface value: 0.025).

Table 1. Computed Orbital Energies (eV), Ionization
Energies (IE, in eV), Electron Affinities (EA, in eV), Dipole
Moments (μ, in debye), Electronegativity (χ, in eV), and
Global Hardness (η, in eV) of TP, TPZn, and (TP)2Zn

parameters TP TPZn (TP)2Zn

HOMO −5.418 −5.492 −5.577
LUMO −1.797 −2.431 −2.914
ΔE 3.621 3.061 2.663
IE 5.418 5.492 5.577
EA 1.797 2.431 2.914
μ 3.263 13.249 1.586
χ 3.608 3.962 4.246
η 1.811 1.531 1.331
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showed a slight bathochromic shift on going from a single
molecule, TPZn, to dimer, (TPZn)2, in the corresponding
solvent polarities (i.e., 100% THF, 40% THF, and 30%
THF).75−77

It can be expected that there should be a difference in the
electronic transport efficiency across thin films of TP and its
corresponding metal complexes (TPZn and (TP)2Zn) due to
the difference in the energy gap originating from the frontier
molecular orbitals and the associated electronic transitions. We
explored the variation in electronic transport efficiency by
measuring both the vertical and horizontal current−voltage
correlations across thin films of TP and its corresponding
metal complexes (TPZn and (TP)2Zn) of similar thickness. In
horizontal measurements, we used metal electrodes on glass
with a separation of 10−20 μm, and drop-casted films were
prepared on it. For vertical transport, we spin-coated the films
on a cleaning ITO substrate, and after solvent evaporation, we
deposited Al-metal as top electrodes.

The result of area normalized I−V characteristics or current
density measurement analysis (both vertical and horizontal)
displayed that the measured current density was higher on
TPZn-coated surfaces, followed by TP and (TP)2Zn (Figure
10A,B). Our result suggested that the measured current density
was ascribed to the electron migration phenomenon, which
was more pronounced on the TPZn-coated surface. To gain
insight into the measured difference in current density for TP-,
TPZn-, and (TP)2Zn-coated surfaces, we recorded the UV−
vis absorption spectra of TP-, TPZn-, and (TP)2Zn-coated
glass surfaces. There is a prominent redshift of the absorption
maxima for all three compound-coated surfaces compared with
the absorption spectra of TP, TPZn, and (TP)2Zn in the
solution phase (in THF medium) due to molecular
aggregation. Utilizing the Tauc plot method,78−80 we obtained
direct band gap energies (energy difference between frontier
molecular orbitals) of 3.5901 eV for TP, 3.3687 eV for TPZn,
and 3.6525 eV for (TP)2Zn.

As shown in Figure S10, using the calculations, this lowest
HOMO−LUMO gap in TPZn facilitates easier electron
transport and enhances electron migration on the TPZn-
coated glass and ITO surface. Consequently, the lowest direct
band gap energy of TPZn, as determined by the Tauc plot
method using the UV−vis absorption spectra, is attributed to
the higher current and current density observed on the TPZn-
coated glass and ITO surface, respectively, due to enhanced as
well as easier electron transport. Therefore, we have improved
electron migration by tuning the HOMO−LUMO gap,81

leading to the observed order of measured current and current
density, TPZn > TP > (TP)2Zn.

■ CONCLUSIONS
In summary, we have described the synthesis, characterization,
and solvent polarity-induced optical and self-assembly proper-
ties of a functional π-conjugated molecule (TP) and its
corresponding metal complexes (TPZn and (TP)2Zn). Upon
changing the medium polarity, TP, TPZn, and (TP)2Zn self-
assembled into various superstructures with morphological
variation and displayed aggregation-induced tunable lumines-
cence properties. This benefits them in finding potential
employment in organic electronic applications with the
requirement of adjustable fluorescence output. More impor-
tantly, TPZn in 10% aqueous-THF medium behaves as a
single-component white light emitter. DFT calculations were
performed to corroborate the experimentally obtained results
on the solvent polarity-induced tunable optical properties. The
mechanism responsible for the morphological variation of the
self-assembled structures was investigated by using various
microscopic and spectroscopic techniques. Related photo-
physical studies and PXRD analyses suggested that the
attainment of J/H-type aggregation promoted the lamellar
molecular arrangement of these molecular building blocks.
Furthermore, the I−V characteristics of these compounds were
also investigated. The electron density measurement indicated
that TPZn demonstrated superior performance compared to
TP and (TP)2Zn. This suggests that TPZn possesses better
electrical conductivity or charge transport properties, which are
essential for organic electronic applications. Overall, our work
highlights the potential utility of phenanthro[9,10-d]imidazole
and terpyridine-based π-conjugated probe and its correspond-
ing Zn(II) complexes for the fabrication of diverse super-
structures with tunable optical properties, which emphasizes
their potential in organic electronic applications. The tunable
luminescent outputs, adjustable self-assembling behavior, and
superior I−V characteristics of TPZn make this a promising
material for various organic electronic applications. However,
the I−V characteristics of TP, TPZn, and (TP)2Zn can help to
exploit them for possible potential employment for organic
field-effect transistors (OFETs) and OLED device fabrication
in the future.

Figure 10. (A) Current density vs voltage graph (vertical measurement) for TP, TPZn, and (TP)2Zn fabricated on ITO-coated glass surfaces and
(B) current vs voltage graph (horizontal measurement) for TP, TPZn, and (TP)2Zn fabricated on the glass substrate.
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■ MATERIALS AND METHODS
Materials. All chemicals and solvents are commercially

available and were used as received without further
purification. 2-Acetylpyridine, N-bromosuccinimide, p-tolual-
dehyde, benzoyl peroxide, 9,10-phenanthrenequinone, potas-
sium hydroxide, calcium carbonate, EDTA, ammonium
acetate, and zinc chloride were purchased from AVRA.
Ammonium hydroxide was purchased from Siscon Research
Laboratories (SRL) Pvt. Ltd., India. Dichloromethane, CCl4,
1,4-dioxane, and conc. HCl was obtained from Sigma-Aldrich.
Glacial acetic acid and methanol were purchased from Finar
Ltd. Other regular laboratory chemicals were purchased from
Siscon Research Laboratories and Loba Chemicals (Mumbai,
MH, India).

Synthesis of TP, TPZn, and (TP)2Zn. The detailed
procedure utilized to synthesize TP, TPZn, and (TP)2Zn is
available in the Supporting Information (Schemes S1 and S2
and Figures S1−S7).

FT-IR Spectroscopy. The FT-IR spectra were recorded
using an IRTracer-100 FT-IR spectrometer (Shimadzu) with a
deuterated lanthanum α-alanine-doped triglycine sulfate
(DLaTGS) detector. FT-IR for these synthesized TP, TPZn,
and (TP)2Zn were carried out in a powder form. The
measurements were taken using 4 cm−1 resolutions and an
average of 1000 scans. The transmittance minimal values were
determined using the Lab Solutions IR analysis program (IR
Tracer).

Self-Assembly of TP, TPZn, and (TP)2Zn. A fresh stock
solution of the building blocks TP, TPZn, and (TP)2Zn was
prepared by dissolving these complexes in THF to a
concentration of 50 mg mL−1. Then, we blended these
solutions in several different solvents and diluted them to get
the desired concentrations of these building blocks for self-
assembly. The polarized solvent allowed the molecules to self-
assemble.

High-Resolution Scanning Electron Microscopy (HR-
SEM). A 10 μL drop of a self-assembled solution of TP, TPZn,
and (TP)2Zn in different solvent media was placed on a glass
coverslip and allowed to dry at RT. SEM analysis was
performed using a high-resolution scanning electron micro-
scope (HR-SEM, Thermo Scientific Apreo S) operating at 18
kV.

Microanalysis. (C, H, and N) analysis was carried out by
using a Vario Micro Cube (Elementar) instrument for TP,
TPZn, and (TP)2Zn.

TGA. Thermal analysis of TP, TPZn, and (TP)2Zn was
carried out using a NETZSCH NJA-STA 2500 Regulus,
software Proteus, TGA thermal analyzer with a heating rate of
10 °C min−1 under an N2 atmosphere.

PXRD Analysis. The PXRD pattern of the samples was
recorded by using a PANalytical X’Pert Pro powder X-ray
diffractometer. Data collection was carried out at room
temperature using Cu Kα radiation (1.5406 Å; 40 kV, 30
mA) as the X-ray source in the 2θ continuous scan mode
(Bragg−Brentano geometry) in the range of 5−50° at a scan
rate of 1° min−1 and a time per step of 0.5 s.

UV−Vis Spectroscopy. The UV−vis absorption spectra of
the synthesized metal complexes TP, TPZn, and (TP)2Zn
were recorded in different solvent media with varying polarities
by using a UV/vis spectrophotometer (Thermo Scientific
NanoDrop 2000c UV−vis absorption spectrometer).

Fluorescence Spectroscopy. Fluorescence measurements
were performed at RT using a fluorescence spectrometer
(Edinburgh Instruments, FLS1000). The emission spectra of
the synthesized molecules were recorded in different solvent
media with varying polarities using proper excitation wave-
lengths.

Computational Details. The structures of TP, TPZn, and
(TP)2Zn were optimized using the DFT calculations with the
B3LYP functional82,83 in the Gaussian 16 software package.84

The GENECP basis set was used with SSD assigned to Zn in
TPZn and (TP)2Zn and 6-31G* for all other atoms, where the
B3LYP/6-31g* level of theory was employed in the
optimization of TP.85,86 The optimization (both the monomer
and dimer) was carried out in the gas phase along with their
respective frequency calculations. The absence of an imaginary
frequency indicated that the optimized structures were
minimal on the potential energy surface. The HOMO,
LUMO, and HOMO−LUMO gap of the ligand and the
Zn(II) complexes were calculated for energy at different
concentrations of THF in THF-aqueous medium using the
B3LYP/6-31G* level of theory with the polarized continuum
model (PCM)87 to exhibit generic solvent media
(THF:water). Other electronic properties such as ionization
energy (IE), electron affinity (EA), dipole moment (μ),
electronegativity (χ), and global hardness (η) were calculated
based on the following formulas:88

EIE HOMO=

EEA LUMO=

(IE EA)
2

= +

(IE EA)
2

=

The optimized geometries were used to compute the
absorption spectra in different polarities of the solvent
(aqueous:THF) medium. The absorption values were
computed with TD-DFT formalism.89 The TD-DFT calcu-
lations were done at the B3LYP/6-31G* level of theory along
with the PCM approach to simulate generic solvent
(aqueous:THF) media. The limitations of the hybrid func-
tional and the singular basis set used in the TD-DFT
calculations may affect the accuracy of the absorption values.

Calculation of Direct Band Gap Energy of TP, TPZn,
and (TP)2Zn. At first, the direct band gap energy is
determined by calculating the absorbance of TP, TPZn, and
(TP)2Zn in a thin film form using a UV−vis spectropho-
tometer. After that, the Tauc graph plot method is applied by
drawing a linear line to intersect the X-axis on the graph of the
relationship between energy (hν) and (αhν).2,79

h A h E( ) ( )2
g=

where h is the Planck constant (h = 6.626 × 10−34 Js = 4.136 ×
10−15 eV), ν is the beam frequency (Hz), α is the absorption
coefficient, Eg is the band gap energy, and A is the energy-
dependent constant.

Device Fabrication and I−V Characterization. Hori-
zontal I−V Study. To perform the horizontal I−V measure-
ment, we fabricated the devices on the glass surfaces. Before
fabrication, these glass substrates were cleaned through
sonication with deionized water, followed by soap solution,
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acetone, and isopropanol, and dried over nitrogen gas. After
that, we deposited silver contacts under a high vacuum (6 × 10
−6 Torr) at a typical rate of 1−2 Å/s to create channels with a
width of less than 20 μm on cleaned glass substrates using the
thermal evaporation method. Finally, the investigated com-
pound (TP, TPZn, (TP)2Zn, Conc = 5 mg mL−1, in THF)
solutions were drop cast on the deposited silver contacts and
kept in the desiccator overnight to make the final devices
ready. We measured the I−V characteristics (−1 to 1 voltage
range) of these two different types of devices (glass surface and
ITO surface coated with compounds) using a Keithley-2636B
source measurement unit and probe station instrument.
Vertical I−V Study. On the other hand, for the vertical

measurement, we fabricated the devices on an ITO-coated
glass substrate after proper cleaning following the above-
mentioned procedure. The examined compounds (5 mg mL−1

in THF) were drop casted onto the separate glass substrates
and kept within a desiccator for solvent evaporation. To
perform I−V characteristics on the fabricated device, we
deposited aluminum thin film with a thickness of 50−60 nm as
the cathode on top of the dried films.
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