Open Access Article. Published on 08 October 2025. Downloaded on 6/15/2026 11:18:16 PM.

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

(cc)

Journal of

Materials Chemistry C

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13, 21759

Received 24th May 2025,
Accepted 29th September 2025

DOI: 10.1039/d5tc02049b

rsc.li/materials-c

Introduction

From symmetric to asymmetric: tuning
photophysical and rectifying properties
in [2.2]paracyclophanes

Karla D. Hernandez Gomora, {2 2° Manikanta Makala, (2 *° Evan J. Kumar, (2 °°
Kaizhen Zhang,®® Philip Hadjipetkov,?® David Keith,?* Dundappa Mumbaraddi, 2 °
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[2.2]Paracyclophane (PCP) scaffolds, with their rigid, non-planar geometries and through-space m-conjugation,
offer a unique platform for the development of advanced optoelectronic materials. In this study, we synthesize
and characterize a series of racemic PCP derivatives bearing electron-donating (e.g, —OCHs) and electron-
withdrawing (e.g., —CN) substituents to explore their photophysical properties and potential as charge-
transporting and rectifying materials. Solution-phase spectroscopy reveals that donor—acceptor (D—-A) PCPs
exhibit pronounced charge-transfer (CT) emission, with large Stokes shifts up to 166 nm, minimal spectral
overlap, and solvent-dependent photoluminescence maxima shifting from 396 nm in hexanes to 474 nm in
DMF. Photoluminescence quantum yields also increase substantially, from 1% in symmetrically substituted to
31% in D—A compounds. Aggregation studies reveal distinct photoluminescence modulation: D—A compounds
form both J- and H-aggregates, while symmetric analogs show J-aggregation. Electrical measurements using
a eutectic liquid gallium—indium (EGaln) top contact electrode reveal that while conductance can be varied
over four orders of magnitude depending on substitution pattern, D—A PCPs exhibit pronounced current recti-
fication, achieving rectification ratios up to 200 in amorphous thin films. These findings establish functionalized
PCPs as promising dual-mode materials for organic optoelectronics, capable of both environmental photolu-
minescence modulation and efficient molecular rectification.

recombination.” The strategic placement of donor and accep-
tor units can be used to modulate singlet-triplet energy gaps,

Organic n-conjugated materials with donor-acceptor (D-A)
architectures are among the most widely studied molecular
systems in modern materials chemistry. Their strong intra-
molecular charge-transfer (ICT) characteristics lead to well-
defined optical transitions, tunable emission energies, and
solvatochromic behavior in solution."® These features make
them ideal candidates for a variety of optoelectronic applica-
tions, including sensors, photodetectors, field-effect transis-
tors, and nonlinear optical materials (NLO).”® In the solid
state, D-A molecules play a central role in organic light-
emitting diodes (OLEDs), where their ability to stabilize excited
states and control emission pathways enables efficient radiative
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facilitate thermally activated delayed fluorescence (TADF), and
control emission bandwidth.'> However, despite the extensive
exploration of their emissive properties, the potential for these
same D-A materials to exhibit stimuli-responsive behavior such
as modulation of emission in response to aggregation, pola-
rity, or electric fields has recently garnered the interest of
researchers."*™ This emerging direction holds promise for
next-generation optical devices, where dynamic control over
emission or conductivity is desirable.®

In parallel with optoelectronic advances, there is growing
interest in harnessing D-A systems for molecular rectification.
Organic diodes are devices that permit charge flow preferen-
tially in one direction, forming a cornerstone of molecular
electronics. Rectification in single-molecule junctions has been
demonstrated with a wide range of D-A chromophores, where
asymmetric electronic structures and interfacial dipoles con-
tribute to diode-like behavior.'”™*° However, translating mole-
cular rectification into ensemble-scale measurements remains
a challenge due to issues of film morphology, contact resis-
tance, and reproducibility.’®*’ Recent advances in eutectic
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Fig. 1 Previous reports demonstrated valuable properties in D—A paracyclophanes, from Bazan and co-workers' NLO-active bis-styryl PCP,*® blue
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and Lambert's cyclophane-bridged dyad.*> These remain isolated examples with varying linkers and differing

characterization precluding the systematic structure property relationships. Here, we report five pseudo-para substituted phenylalkyne PCPs featuring
A-A, D-D, and D-A substituents and study their optical properties in solution and their electrical properties in the solid state.

gallium-indium (EGaln)-based junctions have enabled the
measurement of rectifying behavior across large areas in a single
junction, providing a useful platform to bridge molecular and
macroscopic device behavior.”** Initial demonstrations of organic
molecules displaying current rectification were inspired by the
Aviram-Ratner model, which proposed donor—(c-bridge)-acceptor
motifs as molecular diodes.?**® In quick succession, Ashwell and
co-workers reported that the R value could be improved when a
donor—(n-bridge)-acceptor (D-n-A) system with large dipole
moments, induced through zwitterionic charging.?® Very few exam-
ples of molecular diodes based on a D-n-A structure have been
demonstrated.””** The model used to define rectification is based
on the electronic asymmetry arising from the difference between
the ionization energy of the donor and the electron affinity of the
acceptor,>>®™ suggesting that the molecular dipole moment could
be a good handle for tuning rectification behaviour.
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Aiming to establish quantitative structure-property relation-
ships that compare both emissive behavior and rectification, we
turned to the well-established PCP scaffold to probe how the
molecular dipole impacts optoelectronic and rectification behavior.
PCP is a structurally unique scaffold characterized by its rigid, non-
planar m-system and through-space conjugation. The cofacial ben-
zene rings of PCP are separated by a narrow ethylene bridge (~ 3 A),
allowing for significant intramolecular n-n interactions without
requiring planarity. This spatial arrangement has been exploited
extensively in organic electronics, most notably in OLEDs, where
chiral PCP-based emitters have enabled high-performance TADF,
circularly polarized luminescence (CPL), and color-pure emission
(Fig. 1).*"* While donor-acceptor paracyclophanes have been
previously explored by Bazan and Lambert,®” these studies
employed different linkers, substitution patterns, and molecular
architectures, making direct comparisons impossible and preclud-
ing systematic structure-property relationships. Moreover, these
studies focused primarily on optical properties, leaving the correla-
tion between molecular dipole moments and solid-state rectifica-
tion behavior unexplored. Our approach uses ethynyl linkers across
five compounds, varying the terminal substituents in a controlled
manner (D-D, A-A, and D-A). This systematic molecular study
enables us to establish, for the first time, quantitative relationships
between molecular asymmetry, electronic structure, and both
photophysical and electrical performance in paracyclophanes. In
contrast to well-studied linear n-systems, the influence of PCP’s
three-dimensional topology on solid-state charge transport remains
underexplored.

In this work, we present five [2.2]paracyclophane-based donor-
acceptor chromophores featuring electron-rich and electron-
deficient substituents. These molecules were designed to explore
how molecular asymmetry, dipole moment, and frontier molecular
orbital (FMO) distributions affect both photophysical and electro-
nic behavior. We characterize their solution-phase properties using
UV-vis absorption and photoluminescence (PL) spectroscopy and
probe their stimuli-responsive behavior via solvent titration studies

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc02049b

Open Access Article. Published on 08 October 2025. Downloaded on 6/15/2026 11:18:16 PM.

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

(cc)

Journal of Materials Chemistry C

(solvatochromism) and aggregation-induced emission (AIE)
experiments. Solid-state electrical properties are investigated
using EGaln-based junctions to measure current-voltage char-
acteristics under forward and reverse bias. Collectively, these
results establish PCP-based D-A systems as promising candi-
dates for multifunctional organic electronic materials that
combine tunable emission with directional charge transport.

Results and discussion

Our molecular design strategy centered on systematically func-
tionalizing the [2.2]paracyclophane (PCP) scaffold with electro-
nically distinct substituents to probe the influence of D-A
interactions on photophysical and electronic behavior. To this
end, we synthesized a family of symmetrically and asymmetri-
cally substituted PCP derivatives bearing electron-donating
(OMe), electron-withdrawing (CN), and weakly withdrawing
(F) groups. Our five-compound series (compounds 1-5) was
designed to provide: (1) symmetric electron-poor (F-F 1, CN-CN
3) and electron-rich (OMe-OMe 2) references with minimal
dipole moments, (2) asymmetric D-A compounds (OMe-CN 4,
OMe-F 5) with fixed dipole magnitudes, and (3) direct struc-
ture-property relationships for both photophysical and electri-
cal behavior. We used ethyn-1,2-yl linkers to link the groups to
the PCP core because they enable efficient synthesis and
facilitate conjugation to the pendant aryl groups independently
of bond rotations.>*?>°

The synthetic route begins with the preparation of 4,15-
diethynyl[2.2]paracyclophane (6) according to established proce-
dures.*" Precursor 6 readily undergoes Sonogashira cross-coupling
with aryl bromides under standard conditions to yield a mixture of
monosubstituted intermediates, as well as the bis-substituted deri-
vatives 1-3. To prepare the D-A compounds, we found that sequen-
tial addition of acceptors, followed by donors, in a one pot setup
allowed for the preparation of a mixture of D-D, A-A, and D-A
compounds, something that was previously reported by Lambert
and co-workers.*® We thus employed this method to prepare OMe-
CN 4 and OMe-F 5 directly from precursor 6 by introducing
4-bromoanisole and either 4-bromobenzonitrile or 4-bromofluoro-
benzene in equimolar amounts.

Single crystals of compounds F-F 1 and CN-CN 3 were
obtained via vapor diffusion crystallization of pentane into
dichloromethane solutions at 5 °C. These two compounds

Pd(PPh3),Cl,
— Cul, EfaN
6 65°C, Ny, 8h

Fig. 2
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crystallize in a monoclinic crystal system with P2,/c space group
(Fig. 2b and c). The structures show the typical rigidity and
distortions inherent to PCP scaffolds while the substituent
arene rings are co-planar with the PCP-phenyl framework.***?
There are weak intermolecular n—n interactions between neigh-
boring [2.2]paracyclophanes, with a C---C distance of 3.496 A
and 3.330 A for F-F 1 and CN-CN 3 respectively. CN-CN 3
displayed a slip-stacked conformation with a 33° interplanar
angle between adjacent cyclophane phenyl groups. This angle
increases to close to 90° in F-F 1, a T-shaped n-n stacking
interaction. Both of these geometries are indicative of favorable
n-1 interactions, which can result in intermolecular exciton
coupling in addition to the through-space intramolecular com-
munication typical of PCPs, and could explain the aggregation
behavior observed in solution (vide infra).**

To investigate the electronic effects of donor and acceptor
substitution on racemic PCPs 1-5, we examined their steady-state
UV-vis absorption and PL spectra (Fig. 3a and b). OMe-CN 4, which
features a donor-acceptor motif, exhibited a minor, red-shifted
absorption profile compared to the bis-substituted control com-
pounds 2 and 3. This observation aligns well with reports that D-A
PCPs exhibit only minor redshifts in absorption.*>>* Time-
dependent density functional theory (TD-DFT) calculations (ORCA
6.0.0, cam-B3LYP/def2-TZVP, 30 states)*™® indicate that low-
energy excitations involve primarily the HOMO — LUMO transi-
tion, with additional contributions from nearby orbitals due to
orbital mixing (Fig. 4 contains the Frontier molecular orbitals).
Experimentally, PL spectra revealed a more striking difference: the
emission wavelength of OMe-CN 4 (Amaxem = 433 nm) was
dramatically red-shifted in comparison to all other compounds.
This redshift was accompanied by an increased photolumines-
cence quantum yield (PLQY) from 1% in F-F 1 to 31% in OMe-CN
4. Crucially, donor-acceptor dyad OMe-CN 4 displays similar PLQY
in various solvents, which is significantly different than findings by
Lambert (no fluorescence in D-A dyads) and Bazan (quenching of
fluorescence in apolar solvents). We further characterized the time-
resolved photoluminescence dynamics across our model series.>>*”

This substantial increase in PLQY, along with the minimal
spectral overlap between emission and absorption, and the
red-shifted emission, support the formation of an ICT excited
state, matching other reports of fluorescent PCPs.>” Stabili-
zation of this excited state, potentially accompanied by mole-

cular reorganization that reduces non-radiative decay channels,

(a) General synthetic scheme to afford compounds 1-5, relying on sequential or parallel Sonogashira couplings to introduce various arene

substituents onto the PCP core. (b) Single crystal structure of compound 3 and (c) compound 1 in the P2,/c space group. Ellipsoids are shown at the 50%

probability level for both crystal structures.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) UV-vis absorption spectra (solid line, CH.Cl,, ¢ ~ 107> M) and (b) photoluminescence emission spectra (dashed line, CHCls, ¢ ~ 107> M) of F—
F 1 (orange), OMe-OMe 2 (yellow), CN-CN 3 (red), OMe—-CN 4 (cyan), and OMe—-F 5 (purple); (c) photoluminescence spectra (dashed line, CHCls, ¢ ~
107> M) of OMe—CN 4 in hexanes (black), toluene (blue), CH,Cl, (cyan), ethanol (orange), N,N-dimethylformamide (DMF, red), and CHsCN (burgundy). (d)
Aggregated induced photoluminescence of OMe—CN 4 obtained by adding fractional volumes of H,O into DMF.

likely contributes to the enhanced PLQY. In contrast, the OMe-
OMe 2 and CN-CN 3 compounds exhibited only minor red-
shifting relative to F-F 1, which we attribute to modest shifts in
their HOMO and LUMO levels induced by the electron-donating
and electron-accepting moiety, respectively. As a result, their
optical bandgaps remain largely unchanged. In asymmetric
compounds such as OMe-CN 4, however, the combination of
a donor and acceptor leads to a narrowed bandgap due to both
HOMO destabilization and LUMO stabilization.

FMO analysis reveals significant spatial separation of the
HOMO and LUMO in OMe-CN 4, consistent with ICT character:
the HOMO is localized on the anisole-containing PCP half,
while the LUMO is localized on the acceptor side (Fig. 4). This
contrasts with symmetric compounds 1-3, where both orbitals
are delocalized across the molecular backbone due to the
absence of a permanent dipole. Interestingly, in donor-rich
OMe-F 5, the HOMO remains localized on the electron-rich
half, but the LUMO is fully delocalized, suggesting partial ICT
character, though less pronounced than in OMe-CN 4, likely
due to the absence of a strong electron acceptor to localize
the LUMO.

The interplay between spectral shifts and time-resolved
photoluminescence dynamics across this series of molecular
chromophores reveals a coherent narrative about how electro-
nic structure governs excited-state behavior. The spectral

21762 | J. Mater. Chem. C, 2025, 13, 21759-21767
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Fig. 4 Energy level alignment of PCP derivatives 1-5 with electrode
materials. The work functions of n**-Si (4.8 eV) and EGaln (4.3 eV) are
shown for comparison. HOMO (bottom) and LUMO (top) energies were
obtained from DFT calculations (ORCA 6.0.0, PBE/def2-SVP) and are
reported relative to vacuum. Frontier molecular orbitals are visualized at
an isovalue of 0.03 e~ A3, highlighting differences in orbital localization
across symmetric and donor—acceptor substituted PCPs.

evolution is reflected in the decay kinetics shown in Fig. S40
in the SI: F-F 1, with its blue-shifted emission, shows a
dominant fast decay component, indicative of strong nonra-
diative quenching and limited stabilization of the excited state.
OMe-OMe 2 and CN-CN 3 present more balanced biexponen-
tial profiles, suggesting a mixture of prompt and delayed
relaxation pathways—Ilikely arising from conformational flex-
ibility and competing radiative and nonradiative channels.
OMe-CN 4 stands apart, exhibiting both the largest red shift
and the cleanest decay signature, with the two estimated life-
times (t; and t,) comparatively closely spaced and minimal
residual structure. This points to a more rigid, electronically

This journal is © The Royal Society of Chemistry 2025
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delocalized excited state with fewer competing non-radiative
pathways, resulting in a nearly monoexponential relaxation.

To further evaluate the presence of a highly polar push-pull
charge-transfer state, we performed a solvatochromic study
across solvents of varying polarity (Fig. 3c). While CN-CN 3
displayed modestly redshifted emission in polar solvents, com-
pounds 1, 2, and 5 showed no solvent effects. Interestingly,
OMe-CN 4 demonstrated significantly more pronounced solva-
tochromic behavior: its emission maximum shifted from
396 nm in hexanes to 474 nm in DMF, while the absorption
spectrum remained largely unchanged. Interestingly, the shift
in emission wavelength gives a good linear correlation to
the solvent dielectric, but no correlation to solvent viscosity
(see Fig. S19 in the SI). The large solvent-dependent red-shift,
combined with minimal changes in absorption, supports the
assignment of a CT excited state for OMe-CN 4. This CT
characteristic is further evidenced by the unusually large Stokes
shift, which increased from 91 nm in hexanes to 166 nm in
DMF, highlighting substantial excited-state reorganization.
Similar observations were reported by Bartholomew et al.,*”
who described a ~ 100 nm red-shift in fluorescence wavelength
when comparing hexane and chloroform solutions of D-A PCPs
(Fig. 1). This finding is in line with expectations: a strong
donor-acceptor character results in a dipolar excited state,
which is more effectively stabilized by polar solvents, reducing
the emission energy.

Given the varied emission behavior in solution, we next
explored the influence of aggregation on photoluminescence by
studying all five compounds in DMF-water mixtures of increas-
ing water content. F-F 1 showed a modest red-shift (396 —
404 nm) and increased PL intensity upon reaching a 1:1
DMF : water ratio. In molecular aggregates, spectral shifts can
be rationalized in terms of exciton coupling models.**™>* A red
shift in emission is generally associated with J-type aggregation,
in which head-to-tail molecular packing lowers the energy of
the emissive exciton state, which is often accompanied by
increasing radiative rates. Conversely, a blue shift is indicative
of H-type aggregation, where face-to-face packing raises the
energy of the emissive state, which can suppress radiative
decay. In our systems, the modest red shift and PL intensity
increase observed for F-F 1 is consistent with J-aggregation,
whereas the hypsochromic shift (486 — 421 nm) starting at
30% water content (Fig. 3d) seen for OMe-CN 4 in DMF-water
mixtures supports H-type aggregation. Conversely, OMe-OMe 2
and CN-CN 3 exhibited only minor red- and blue-shifting
respectively, with rapid fluorescence quenching upon aggrega-
tion. Photographic images and photoluminescence spectra for
all compounds can be found in the SI (Fig. S13-S18).

These solution-phase studies highlight the unique optoelec-
tronic behavior of OMe-CN 4, including a stabilized charge-
transfer excited state and robust photoluminescence across
diverse environments. We next sought to evaluate whether
the dipole moment from this rigid scaffold would correlate to
charge transport in a solid-state device configuration. A mole-
cular diode characterization was conducted to observe the
effect of the inherent molecular dipole on current rectification.

This journal is © The Royal Society of Chemistry 2025
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shown to correlate with the molecular dipole,>® and vary widely
depending on measurement conditions, from R < 10 in
disordered or damaged thin films to R > 1000 in densely
packed self-assembled monolayers (SAMs). Most established
organic rectifiers display R values ~30-100,>**> and contain
flexible sp® chains with conformationally dependent dipole
moments, requiring highly dense and ordered surface assembly
to achieve sufficient molecular orientation. Even minor defects
in these monolayers result in dramatic current leakage and
corresponding collapse of rectification ratios, highlighting the
fragility of this approach.®

The PCP scaffold offers several distinct advantages over
conventional linear rectifiers: (1) the rigid, three-dimensional
structure prevents conformational disorder that typically

In previous studies, rectification ratios (R ) have been

reduces rectification in flexible molecules; (2) the through-
space conjugation provides an additional electronic coupling
pathway absent in traditional rectifiers; and (3) supramolecular
stacking, as evidenced from the tendency to crystallize, can
contribute to making the PCP layer a high dielectric semicon-
ductor, which could in turn be beneficial for developing thin
film diodes. Thus, we evaluated the electrical properties of 1-5
using a vertical metal-semiconductor-metal
(Fig. S33). Detailed fabrication procedures are provided in the

architecture

Methods section of SI. Briefly, thin films of each cyclophane
were prepared by spin coating their toluene solutions onto
cleaned, highly doped n''-Si substrates. Atomic force micro-
scopy (AFM) was used to confirm film thicknesses and revealed
that all samples formed a packed but discontinuous film
(Fig. S28-532), likely due to the strong crystallization tenden-
cies of these molecules. This is consistent with their aggrega-
tion behavior in solution and their ability to grow single crystals
suitable for SC-XRD.

To ensure reproducible, non-destructive electrical contact,
we employed EGaln as the top electrode. This soft metal is
widely used in molecular rectifier studies due to its conformal
contact and minimal damage to fragile organic films.>” In
addition, EGaln electrodes form contacts over mm?-scale
areas, allowing for measurement of spatially averaged charge
transport across the heterogeneous film, rather than being
dominated by local defects or conductive hotspots. The high
superficial tension of EGaln ensures a sufficient contact area
for result reproducibility.

Upon biasing EGaln relative to the Si bottom electrode, we
recorded current-voltage (I-V) characteristics for each molecule
and plotted the thickness-normalized currents for comparison
(Fig. 5a). Based on DFT calculations and redox potentials
obtained via cyclic voltammetry (Fig. S20-S27), we infer that
hole-only transport dominates in these devices (Fig. 4). Among
the symmetric cyclophanes, both F-F 1 and OMe-OMe 2
exhibited conductance values four orders of magnitude higher
than CN-CN 3, attributable to a lower injection barrier at the Si
interface resulting from their higher-lying HOMO levels. As
expected, the D-A compound OMe-CN 4 also exhibited high

J. Mater. Chem. C, 2025,13, 21759-21767 | 21763
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3 (red), OMe-CN 4 (cyan), and OMe—F 5 (purple). (b) Corresponding rectification ratios R calculated as |[J;2v)/J—2v)| for each compound reveal strong

dipole-dependent current modulation in the D—A systems.

conductance, likely due to a reduced effective injection barrier
and a HOMO level comparable to OMe-OMe 2.

Interestingly, this trend did not hold uniformly across the two
D-A systems. While F-F 1 and OMe-OMe 2 displayed high and
nearly equivalent conductance, their asymmetric counterpart,
OMe-F 5 exhibited conductance suppressed by four orders of
magnitude under negative bias. Despite this suppression, OMe-F
5 showed pronounced current rectification, with a rectification ratio
R reaching as high as 200 at |2 V| (Fig. 5b). The exceptional
rectification in OMe-F 5, despite its lower conductance, suggests
that rectification and conductance are independently tunable in PCP
systems, a valuable design principle for molecular electronics where
both high on-currents and high on/off ratios are desired. While
some reported rectifiers have achieved higher rectification ratios
through precise molecular orientation in SAMs and the incorpora-
tion of redox-active metal centers (up to R ~ 1 x 10%),'°%% our
approach demonstrates a new molecular scaffold for charge trans-
port. We achieve R ~ 200 in solution-processed, amorphous films
without requiring the stringent organizational control of SAMs,
dramatically simplifying device fabrication and robustness com-
pared to flexible molecular rectifiers, where specific conformations
must be maintained through careful assembly.”>*"** Remarkably,
this degree of rectification was consistently reproduced across 45
independent measurements.>” These results underscore the value of
the EGaln method, which samples large contact areas and captures
intrinsic molecular behavior beyond local disorder.

To further evaluate the influence of film morphology, we
performed I-V sweeps across multiple spatial locations and devices.
As shown in Fig. S34-S38, we observed a broad distribution in
current values, reflecting the order dependence of device perfor-
mance. Notably, the OMe-F 5 compound (Fig. S38) exhibited a
bimodal distribution in its average rectification ratio (R,) centered
around R,,, X 20 and R,,; ~ 200, each based on 45 measure-
ments. This likely reflects two distinct molecular orientations or
packing motifs in the film. Based on the direct correlation of the
molecular dipole to the current rectification, we believe that higher
rectification might be achievable through controlled molecular
alignment, such as in self-assembled monolayers, which is cur-
rently under investigation in our laboratory. OMe-CN 4 PCP also
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demonstrated enhanced rectification (R, ~ 35) relative to
OMe-OMe 2 (R,z ~ 15) and CN-CN 3 (R, = 5), with some
individual devices exhibiting rectification as high as R &~ 75. These
results collectively support the hypothesis that molecular asymme-
try and dipole moment are key factors in achieving diode behavior
in organic systems.

Even when accounting for interface variability, rectification ratios
showed a strong correlation with molecular dipole moments
(Fig. 5b). While compounds 1-3, due to their symmetric substitution,
exhibit only small dipoles, the D-A cyclophanes OMe-CN 4 and
OMe-F 5 possess significant dipole vectors directed from donor to
acceptor. This positive correlation aligns with prior reports on
molecular rectifiers, where large dipole moments produce internal
electric fields that facilitate charge injection under forward bias and
suppress it under reverse bias. Although the films studied here are
not monolayers, the high R, in the dipolar OMe-F 5 system
illustrates the relevance of electronic asymmetry in charge transport
through substituted paracyclophanes. Ongoing studies aim to
further elucidate this structure-function relationship.

Conclusion

This study demonstrates that rationally substituted pseudo-
para [2.2]paracyclophanes function as versatile molecular mate-
rials, exhibiting both pronounced charge-transfer photophysics
and diode-like electrical behavior. By systematically tuning
substituent identity and symmetry, we discovered structure-
property relationships that govern emission, aggregation beha-
vior, and solid-state rectification. In solution, the D-A PCP 4
displays a large Stokes shift, solvent-dependent emission, and
robust photoluminescence in aggregated states, indicative of
stabilized charge-transfer excited states. In thin films, these
D-A compounds exhibit current rectification with R up to 200,
remarkable for solution-processed films measured across
millimeter-scale junctions. This performance, achieved without
molecular ordering or surface engineering, highlights the
robustness of the PCP scaffold’s rigid D-n-A architecture.
These findings underscore the potential of push-pull PCPs as

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc02049b

Open Access Article. Published on 08 October 2025. Downloaded on 6/15/2026 11:18:16 PM.

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

(cc)

Journal of Materials Chemistry C

dual-mode optoelectronic materials that bridge emissive and
electronic function. Ongoing studies in our lab are focused on
producing self-assembled monolayers of various D-A substi-
tuted paracyclophanes to investigate their diode properties in
more ordered and controlled interfaces. Together, these results
lay the groundwork for incorporating [2.2]paracyclophane-
based motifs into advanced molecular electronic devices,
including rectifiers, sensors, and light-emitting diodes, and
highlight the broader utility of through-space conjugated plat-
forms in next-generation organic electronics.
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