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We demonstrate that ground-state dipoles guides the supramolecular assembly and resultant
optoelectronic characteristics of perylene diimide-based diazacoronenes (PDACs). The synthetic
difficulty of installing permanent ground-state dipoles on planar aromatic systems has largely
constrained the exploration of dipole engineering in discotic molecules. Here, we synthesize a family of
PDACs with ground-state dipoles between 1 and 6 Debye by installing functional groups on the
diazacoronene. Systematically increasing the dipolar character of these PDACs led to red-shifted
absorption (477 to 557 nm) and emission spectra (483 to 723 nm), which is consistent with their more
negative electrochemical reduction potentials. Density functional theory revealed that sufficiently strong
dipoles (PDAC-NMe,, 6.0 Debye) led to ground-state charge-transfer, which was confirmed by
a combination of electrochemical and spectroscopic measurements. Molecular dynamics simulations
predicted that PDACs with larger ground-state dipole moments have stronger
interactions and more well-defined assemblies. Variable-solvent, -concentration, and -temperature
aggregation studies were consistent with this trend and, in all cases, revealed that supramolecular
polymerization led to more extended electronic delocalization. Additionally, we observed that PDAC

intramolecular

assemblies with larger ground state dipoles had enhanced emission lifetimes over their monomer
counterparts (t = 1.8 ns to 5.1 ns for PDAC-NMe,), whereas assemblies formed from molecules with
smaller ground-state dipoles had virtually no change in their excited state lifetimes. Taken together,
permanent ground-state dipoles are shown to be a powerful tool to control planar molecular assemblies
and their optoelectronic characteristics.
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Introduction

Supramolecular assemblies have distinct optoelectronic prop-
erties from their dissolved molecular counterparts due to elec-
tronic coupling between spatially co-located chromophores.
Successfully engineering the spatial arrangement of electroni-
cally active molecules is a prerequisite for augmenting the
properties of supramolecular assemblies or deploying them in
various  devices, including field-effect transistors,'
photodetectors,** and light-emitting diodes.” Conventionally,
dipolar interactions such as H-bonding, dispersion forces, and
certain m- stacking interactions are engineered to tune these
thermodynamically driven supramolecular assemblies.*
Installing permanent ground state dipoles (u, > 0) is
a complementary strategy to induce and control molecular
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assembly. Ground state dipole engineering is typically explored
in systems with existing -7 stacking interactions, though the
strategy would likely be advantageous when paired with other
supramolecular interactions.”™ Achieving ground-state
dipolar character typically relies on ground-state charge-
transfer or permanently zwitterionic systems. For example, it
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has been shown that installing asymmetric dipoles onto mer-
ocyanine dyes through different acceptor units alters the
supramolecular structure of their solid-state assemblies.*"” In
these studies, the crystal packing of the different dipolar
compounds varied from isolated dimers, to one-dimensional 7
stacks of antiparallel dimers, to extended staircase-like -7
stacking motifs. Out of the three different crystal packing
systems, the staircase stacked materials were found to have the
highest power conversion efficiency as solar cell active layers.*
Though ground-state dipolar character offers significant
advantages in assembly engineering, it is difficult to install
permanent dipoles on many supramolecular and optoelec-
tronically active molecules such as discotic triphenylenes'®>*
and coronenes** or quadrupolar porphyrins**** and rylene
(di)imides.**** The challenge with installing permanent dipoles
on discotic molecules results from the halogenation or elec-
trophilic aromatic substitution strategies used to functionalize
them off of the aromatic core, which either generate electroni-
cally symmetric difunctionalized species or regiochemically
impure mixtures that are challenging to separate.

The synthetic frustration with installing permanent dipoles
in aromatic discotic molecules makes other synthetic strategies
more widely explored for controlling discotic assembly. As one
example, bay functionalizing perylene diimides (PDIs) influ-
ences their assembly and optoelectronic profiles.*® Lu and
coworkers found that installing bromines at the bay position
increased the m— orbital overlap between H-aggregates, which
led to improved photocatalytic performance.*” Side chain engi-
neering is another well explored approach to guide assembly.
For instance, the geometry of PDI assemblies can be tuned by
modifying the N-imide solubilizing chain.*® Sanchez and
coworkers demonstrated that altering the spacer length
between assembly directing groups at the imide position alters
the supramolecular assembly of PDI-based assemblies from
chiral H-aggregates to J-type supramolecular polymers.*®
Wiirthner and coworkers suppressed long-range assembly by
installing asymmetric hydrogen-bonding interactions off of the
imide position, which resulted in an anti-cooperative assembly
mechanism that favored PDI dimer formation.*® Conversely,
George and coworkers installed a rigid steroid side chain off of
the imide position, creating a permanent dipole moment
through PDI. This created a dipole-driven cooperative mecha-
nism of assembly of the PDI molecules.” These reports
demonstrate that the nature of non-covalent interactions
between discotic molecules dictates their assembly, influences
their optoelectronic characteristics, and guides their applica-
tion relevance.” However, it is still difficult to leverage ug to
control this assembly.

In this report, we demonstrate that permanently dipolar
perylene diimide-based diazacoronenes (PDACs, Fig. 1) with
higher u, have bathochromically-shifted absorption, emission,
and reduced reduction potentials, as well as photo-
luminescence lifetimes that are enhanced by their assembly.
This finding relies on a recent synthetic protocol developed by
Goujon and coworkers that gives asymmetric rylenes from a 1,6-
functionalized perylene tetraester without the need for chiral
resolution or other separation chromatography.** Using the 1,6-
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functionalized perylene tetraester as an entry point, we
prepared bay-annulated permanently dipolar discotic PDACs
with various electron-rich and electron-poor benzaldehyde
precursors. By increasing the electron-donating character of the
p-functionalized benzaldehydes, we systematically increase the
magnitude of this permanent dipole (Fig. 1A). We studied the
supramolecular polymerization of these PDACs through
solvent-, concentration-, and temperature-dependent aggrega-
tion studies and characterized how assembly influenced their
optoelectronic properties and excited-state lifetimes. We found
that the molecules with larger u, had red-shifted absorption
and emission wavelengths and increasingly negative reduction
potentials. Additionally, we found that increased dipoles
promoted supramolecular assembly and enhanced emission
lifetimes in the assembled state, whereas smaller dipoles had
little to no effect on the excited state lifetime in the assembled
state. Collectively, these results establish permanent dipole
installation as a mechanism to manipulate the optoelectronic
behavior of discotic molecules and their assemblies.

Results and discussion

Functionalizing PDACs with increasingly electron-rich groups
gives increasingly prominent ground-state dipoles. Density
functional theory (DFT) calculations (see Section E in the ESIT)
were first used to screen 5,13-p-functionalized diphenyl dia-
zacoronene diimides (Fig. S261) with -Me, -‘Bu, -CN, -CFj, -
NO,, -OMe, -CN, and -NMe, functional groups. The results
revealed that electron-donating groups (e.g., -NMe,) resulted in
large ground-state dipoles (6.0 Debye) and electron-
withdrawing groups (e.g., -CF;) resulted in negligible ground-
state dipoles (0.7 Debye) (Fig. S26t), consistent with the asso-
ciated Hammett constant (o) of each of these functional groups.
The u, of these PDACs span the range available in highly polar
bonds, such as S=O bond in dimethylsulfoxide (u; = 3.9
Debye),** to highly non-polar bonds, such as C-H in methane
(ug = 0.3 Debye).** From this selection of PDACs, we synthesized
the -Me, -OMe, -CN, and -NMe, PDAC derivatives (Fig. 1),
which gave ground-state dipoles between 1 and 6 Debye.

We synthesized the selected PDACs in an 8-step synthesis
through a conserved asymmetric intermediate (see ESI} for
more details, Fig. 1B).** We began by esterifying the perylene
dianhydride to the tetrabutylester through the addition of
butanol and bromobutane in the presence of 1,8-dia-
zabicycloundecene. Electrophilic aromatic substitution with
fuming nitric acid installed nitro groups on the bay positions of
the perylene tetrabutylester. The 1,6-nitro-functionalized per-
ylene tetrabutyl ester was then regioselectively recrystallized
from acetonitrile in large quantities (>4.5 g). The dianhydride
was reformed from this tetrabutylester by dehydration with
chlorosulfonic acid. A dipolar diimide was then prepared by
reacting the 1,6-NO, functionalized perylene dianhydride with
2-octyldodecylamine at 90 °C for 18 hours. Reduction of the
nitro groups to amines was accomplished by hydrogenating
with hydrazine over palladium on carbon. This yielded a 1,6-
diamino perylene diimide (compound 6) that was subsequently
annulated to produce permanently dipolar PDACs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Synthesis and assembly of PDACs with tunable ug. (A) Series of increasing internal dipole moments in PDAC molecules: PDAC- CN green,
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approach to prepare annullatively extended PDACs with various permanent dipoles. (C) Cartoon depiction of PDAC supramolecular assembly.

Performing a one-pot imine condensation followed by Mal-
lory photocyclization with compound 6 and various p-func-
tionalized benzaldehydes yielded a library of dipolar PDACs
(Schemes S1-41).**** We added trifluoroacetic acid (5 vol%) to
compound 6 and p-functionalized benzaldehyde solution,
which resulted in an immediate color change from blue to
purple. This reaction was then subjected to white light irradi-
ation (500 W) in a series of borosilicate NMR tubes, which was
important to resolve challenges associated with optical pene-
tration depth in these deeply colored solutions. After an hour of
irradiation, 5.0 equivalents of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) was added, which led to an instanta-
neous color change that was dependent on the identity of the p-
functionalized benzaldehyde. We found that more electron-
donating substituents on the benzaldehyde led to higher Mal-
lory photocyclization yields (e.g. 95% for PDAC-OMe), but
electron-withdrawing substituents often suffered from lower
yields (<10% for PDAC-CN), which were somewhat improved by
increasing the reaction concentration by 10x (51% for PDAC-
CN). This observation is expected based on the slow rate of
Mallory photocyclization with electron-withdrawing substitu-
ents.” Ultimately, this combined imine condensation and
Mallory photocyclization produced four dipolar PDACs at
sufficient scale for continued investigation.

Absorption and emission profiles reveal that installed
permanent ground-state dipoles increase the HOMO energy of
PDAC molecules. The optical absorption profiles of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

monomeric PDACs were taken in chloroform at dilute concen-
trations to ensure that these molecules were unassembled
(Fig. S12 and 13t). The monomeric absorption and emission
spectra of PDAC-CN, PDAC-Me, and PDAC-OMe collected in
dilute chloroform solutions are qualitatively similar to one
another, with defined features, high-energy absorptions (~350
nm) likely arising from the flanking phenyl units (Fig. 2A).
However, as the u, strength is increased from 1 Debye (PDAC-
CN) to 4.8 Debye (PDAC-OMe), the lowest energy absorption is
red-shifted from a Anyax, absorption Of 477 Nm to 498 nm (Fig. 2A
and S1-37). This red-shifted absorption is also accompanied by
bathochromic photoluminescence shifts with increasing dipole
strengths. Here, we observe the Amax, emission for PDAC-CN,
PDAC-Me, and PDAC-OMe red-shifting to 2.57, 2.49, and
2.33 eV, respectively with corresponding quantum yields (®py)
of approximately 10 to 20% (Fig. 2B, S1-3 and Table S1}). DFT
calculations (at the M06-2X/6-31G(d,p) level, see Section E in the
ESIt) reveal that this shift arises from more electron-donating
substituents lowering the excitation energy (S, — S;) from
2.81 eV with PDAC-CN to 2.65 eV with PDAC-OMe (Fig. 2D and
Table S4t). This experimental spectroscopic observation is
consistent with the DFT-calculated HOMO-LUMO structures,
which show that the HOMO and LUMO are colocalized on the
diimide core (Fig. 2D and S25t). Within the optical absorption
and emission profiles for PDAC-NMe,, we find two major
spectral features: a high-energy Amax, absorption = 456 nm and
Amax, emission = 505 nm pair similar to those observed in the

Chem. Sci., 2025, 16, 14733-14741 | 14735
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Fig. 2 Optoelectronic properties of dipolar PDACs. Monomeric PDACs were analyzed using (A) UV-Vis spectroscopy, (B) photoluminescence
spectroscopy, (C) and cyclic voltammetry. UV-Vis and PL were measured at 10 uM in chloroform. PL experiments were performed with a 405 nm
excitation. Cyclic voltammograms were measured at 0.5 mM in CH,Cl, with 0.1 M nBusyNPFg supporting electrolyte. (D) Computational char-
acterization of the excitation energy between the ground state (Sg) and excited singlet state (S;) of PDACs with the spatial electron density maps
of model PDAC species that were extracted by density functional theory calculations at the M06-2X/6-31G(d,p) level (see ESI Section Ef for more

details).

other PDAC derivatives, and an additional broadened, low
energy absorption/emission pair at Amax, absorption = 557 nm and
Amax, emission = 723 nm (Fig. 2 and S4+). The origin of the broad,
low-energy feature likely stems from an intramolecular charge-
transfer state. In addition to this bathochromic shift and
spectral broadening, we also observed a greatly reduced pho-
toluminescence quantum yield (®p;, = 1%, Fig. S6 and Table
S17). These spectroscopic observations are consistent with DFT
calculations, which reveal that the HOMO and LUMO are on
distinctive separate areas of the PDAC-NMe, molecule and give
the smallest HOMO-LUMO gap of the PDAC derivatives
(4.04 eV, Table S47). Together, these data lead us to conclude
that PDAC-NMe, has a significant ground-state donor-acceptor
character, which is a manifestation of its substantial u,.

Our spectroscopic experiments were corroborated by elec-
trochemical measurements in the monomer state that reveal
PDACs functionalized with electron-donating units are less
easily reduced than those functionalized with electron-
withdrawing units (Fig. S7t). Conceptually, adding exogenous
electron density to a less electron-rich substrate should be more
thermodynamically favored.” Cyclic voltammetry confirmed
this expectation for the PDAC-CN, PDAC-Me, and PDAC-OMe
molecules, which have reversible E;,, = —0.96 V, —1.21 V, and

14736 | Chem. Sci., 2025, 16, 14733-14741

—1.52 V vs. —0.27 V (Fc/Fc’), respectively (Fig. 2C and S9-117).
The least negative reduction potential for PDAC-CN is consis-
tent with our understanding that adding electrons to an
electron-deficient PDAC-CN should be facile. These trends in
reduction potential are consistent with DFT calculations that
demonstrate adding electron density to the PDAC diimide core
lowers the LUMO energy (Fig. S25t). Similar to our optical
spectroscopy experiments, PDAC-NMe, is distinct from the
other three PDAC derivatives. Reduction of this compound is
electrochemically irreversible but chemically reversible, which
we attribute to the reorganization induced by reduction in
donor-acceptor complexes (Fig. 2C and S9t). These observa-
tions further substantiate that PDAC-NMe, has a significant
ground-state donor-acceptor character. In all PDAC systems,
cyclic voltammetry shows that there are more than two elec-
trochemically achievable reductions (Fig. 2C and S8-1171). This
hints at the exciting possibility that assemblies composed of
these materials might be desirable in electrochemical energy
storage where material integrity and high gravimetric capacities
are prized. This understanding motivated our exploration into
ug promoted assembly with engineerable PDACs.
Supramolecular polymerization of each non-covalent PDAC
aggregate was experimentally probed by variable-solvent,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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variable-concentration, and variable-temperature UV-Vis spec-
troscopy (Fig. 3A-D and S12-221). Supramolecular assembly
was driven by increased concentration, decreased temperature,
and decreased solvent dipole, which collectively demonstrates
that PDAC assemblies are thermodynamically favorable, entro-
pically disfavored, and dipole promoted. In each case, differ-
ential absorption plots reveal that assembly suppresses
monomeric absorption features (Fig. S1-47) (e.g., PDAC-OMe,
333 K, Amax = 498 nm) and leads to the formation of red-
shifted optical absorptions that we attribute to assembled
aggregates (e.g., PDAC-OMe, 298 K, Apnax = 523 nm) (Fig. S14-
171). Importantly, we observe well-defined isosbestic points in
each variable-temperature assembly experiment, which indi-
cates that the monomeric structures are forming defined
aggregates as the temperature decreases. We attribute these
red-shifted absorptions to more delocalized electronic envi-
ronments associated with supramolecular polymerization. For
all predicted dimers, we find an expected bathochromic shift for
assembled PDAC spectra, and a decreased molar absorptivity
compared to the simulated monomer spectra (Fig. S28-317).
These computational findings align well with our experimental
spectroscopic experiments, illustrating that the PDACs co-
facially assemble. We examined variable-solvent UV-Vis of
a model compound (u; = 0) with identical branching side
chains (Fig. S231). We observed a hypsochromic shift with
increasing non-polar conditions whereas the opposite trend was
observed with the PDAC molecules. This can be attributed to
a combination of two factors: increased solubility in hexanes
and lack of steric bulk from flanking side groups. Importantly, it

View Article Online
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illustrates that the large alkyl chains are not the cause for the
bathochromic shifts observed in PDAC aggregation. PDAC-CN
and PDAC-Me both have complex assembly profiles with both
hypsochromic and bathochromic shifts in assemblies (Fig. 34,
B, S16 and 177). Plotting the temperature against the degree of
aggregation for PDAC-CN reveals an isodesmic supramolecular
assembly mechanism (Fig. S16 and Table S3, see Section D in
the ESIf). All assemblies observed are not entirely consistent
with either H- or J-aggregation, which we expect is likely due to
the presence of phenyl flanking units that suppress perfectly
aligned dipolar assemblies (Fig. S231).** We hypothesize that
the limited u, of these PDAC-CN and PDAC-Me leads to unor-
ganized aggregates rather than defined assemblies. To investi-
gate the assembly of variably dipolar PDACs further, we
performed molecular dynamics simulations to interrogate
PDAC assembly. For PDAC-CN and PDAC-Me, we find that -7
stacked dimers are less likely to form than for PDAC-OMe or
PDAC-NMe,. Specifically, we find that dimers with large -
surface separation (>7 A) were found in PDACs with more
limited dipoles (Fig. S42, 43 and Table S51).

In contrast, PDAC-OMe and PDAC-NMe, have more defined
assemblies as a consequence of their larger u,. PDAC-OMe
appears to undergo a two-stage assembly in both the variable-
temperature and variable-concentration UV-Vis spectroscopy
experiments (Fig. 3C and S201). We hypothesize that this
observation may be due to multiple types of stacking motifs
emerging as they undergo assembly. Simulated molecular
dynamics corroborate this observation as PDAC-OMe formed
three different types of assemblies including head-to-head,
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Fig. 3 Variable-temperature PDAC assembly. Differential absorption assembly plots for (A) PDAC-CN (B) PDAC-Me (C) PDAC-OMe (D) PDAC-
NMe, PDACs were measured in conditions found to promote assembly (0.25 mM 85 : 15 vol hexanes : chloroform, 2 mM hexanes, 0.5 MM 95: 5
vol hexanes : chloroform, 0.5 mM 92 : 8 vol hexanes : chloroform, respectively). The solutions were gradually heated from 298 K to dissipate the
assemblies and return the PDACs to their monomeric states. In the plots, the monomer absorption spectrum (333 K) was subtracted from all of
the other spectra to visualize the optical differences between the monomer (mon) and aggregated (agg) state through the course of the
experiment (for more absorption spectra see ESIt). (E) Model of PDAC-OMe calculated head-to-tail dimer and (F) model of PDAC-NMe,
calculated rotational offset dimer found using molecular dynamic simulations in hexanes (see Section E in the ESIF for more details).
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Fig.4 Time-resolved photoluminescence spectroscopy of PDAC molecules and assemblies. (A) Fluorescence decays for monomeric PDACs in
0.01 mM solutions in chloroform. (B) Fluorescence decays for the PDAC compounds in decreasing solvent polarity (monomer: chloroform (pink);
partially assembled: 50 : 50 vol hexanes : chloroform (yellow), and assembled: 95 : 5 vol hexanes : chloroform (blue)). All samples were recorded
at 0.01 mM concentration with a 405 nm excitation pulse at a repetition rate of 1 MHz.

head-to-tail, and rotationally offset dimers (Fig. 3E and S38-417)
with small (<3.6 A) separations (Table $51). Additionally, dipole
vector calculations reveal that PDAC-OMe has an offset dipole,
which could be contributing to the complex assembly observed
(Fig. S26%). In contrast, the more dipolar PDAC-NMe, forms
defined rotationally offset assembly in molecular dynamics
simulations (Fig. 3F, $36, 37 and Table S51) with a pronounced,
red-shifted absorption experimentally observed at 650-750 nm.
The bathochromic shift of the charge-transfer feature implies
that the charge-transfer state in the PDAC-NMe, assemblies is
distinct from the one that exists in the isolated PDAC-NMe,,
which we attribute to electronic interactions between neigh-
boring PDAC-NMe, units (Fig. S11 and S137). The strength of
this interaction in this structure is evidenced by the observation
that the highest temperature (40 °C) is needed to provoke
disassembly of the PDAC-NMe,. When plotting the
temperature-dependent UV-Vis spectra as degree of aggrega-
tion, the data fit the nucleation-elongation model associated
with cooperative assembly (Fig. S14 and Table S2t). The change
in supramolecular assembly from isodesmic for PDAC-CN (1.0
Debye) to cooperative for PDAC-NMe, (6.0 Debye) follows the
trend previously reported in investigations of PDI molecules
with permanent ground state dipoles installed through side
chains.” Collectively, these observations indicate that the
strong dipolar coupling in PDAC-NMe, drives well-defined
assembly into rotationally offset arrays of these planar
molecules.

14738 | Chem. Sci., 2025, 16, 14733-14741

Larger u, enhance emission lifetimes in the assembled state
while smaller dipoles have little to no effect on the excited state
lifetime in the assembled state. To investigate the effect of
permanent dipoles on PDACs, we measured photo-
luminescence emission decays of the monomeric PDACs and
their assemblies (Fig. 4 and S24+). Briefly, by exciting the solu-
tions with a 405 nm pulsed laser source at 1 MHz and utilizing
a 425 nm long-pass filter, the isolated emission for the PDAC
monomers and assemblies could be collected using a single
photon avalanche diode. Consistent with the expectations of
adding electron-rich units to aromatic chromophores, the
monomeric lifetimes (t,,) for PDAC-NMe, (1, = 1.8 ns) and
PDAC-OMe (1., = 3.6 ns) are significantly shorter than PDAC-Me
(tm = 5.9 ns) and PDAC-CN (t,, = 9.5 ns) (Fig. 4A and Table S1+).
We also investigated the PDAC assembly lifetimes (t;) by
placing the PDACs into solvent conditions in which they would
partially assemble (50:50 vol hexanes: chloroform) and fully
assemble (95 : 5 vol hexanes : chloroform) (Fig. 4B). We find that
the assembly of more dipolar compounds leads to longer life-
times with an increase from 3.6 ns to 5.0 ns for PDAC-OMe and
an increase from 1.8 ns to 5.1 ns for PDAC-NMe,. In contrast,
less polar PDAC-Me had a smaller relative change to their
monomer-to-assembled excited state lifetimes of 5.9 ns to 6.6 ns
while PDAC-CN had a shorter lifetime 9.5 ns to 7.8 ns (Table
S1t). We suspect the defined dipolar assemblies of PDAC-OMe
and PDAC-NMe, result in the larger lifetimes in the assem-
bled state. Fully describing how dipolar assembly influences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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excited-state lifetimes and how these impacts can be systemat-
ically engineered will require more intensive investigation.
Collectively, these observations demonstrate that engineering
permanent dipoles into planar chromophores offers a powerful
strategy to tune ground- and excited-state optoelectronic char-
acter in molecular assemblies.

Conclusion

We explored the impact of ground-state dipoles (ug) on the
optoelectronic properties and supramolecular assemblies of
permanently dipolar diazacoronenes. We found that increasing
the permanent u, caused a significant bathochromic shift in
absorbance and emissions, as well as a decrease in reduction
potentials. This corresponded to the computationally deter-
mined decrease in HOMO-LUMO gap for increasingly dipolar
PDACs. We found that PDACs with smaller u, had complex
assembly profiles that arise from the interplay of non-covalent
forces inherent to these mesogens. In contrast, stronger
dipoles directed the formation of more defined dipolar assem-
blies. Additionally, we found that molecules with permanent
dipoles had longer lifetimes in their assembled states, whereas
molecules with smaller dipoles had minimal improvement
between the monomer and assembled states. Overall, these
findings show that permanent dipole moments can be used to
guide supramolecular assembly. We expect that engineering the
ug of discotic molecules will be a useful design consideration to
achieve tailored molecular assemblies and their eventual
deployment in devices.
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