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Harvesting luminescence from charge-transfer cocrystals is an
efficient strategy for developing solid-state light-emitting materials
without requiring the multistep organic synthesis. Herein, we report
comprehensive single-crystal, computational, and spectroscopic
investigations of a heavy-atom-free charge-transfer cocrystal exhi-
biting a 40.2% photoluminescence quantum yield.

The access to luminescence from organic chromophores has
been a flourishing area of research that has given rise to a
plethora of applications.' The conventional strategies employed
to achieve bright orange-red-region luminescence in organic
chromophores include aggregation,* use of covalently connected
donor-acceptors,” host-guest architectures,” and supramolecular
assembly.® However, the tedious efforts required in the synthesis
and modifications of organic chromophores act as a hurdle to the
facile achievement of efficiently luminescent materials. Noncova-
lently stacked donor-acceptor cocrystals exhibiting through-
space charge transfer constitute a promising class of compounds
for exciton generation from the charge-transfer (CT) state.*’
Accordingly, great efforts have been devoted to activating lumi-
nescence from CT cocrystals, where the halogens or heavy atoms
plays a crucial role in stabilizing the crystal structure and furnish-
ing the radiative process.® However, this strategy also leaves
obstacles to overcome, specifically the high costs and toxicity of
the materials used, demanding the quest for designing heavy-
atom-free cocrystals exhibiting luminescence from the CT state.

Our long-standing efforts to develop beneficial crystal archi-
tectures and monitor the charge-transfer exciton dynamics have
motivated us to design heavy-atom-free CT cocrystals to access
luminescence from long-lived CT states.”'® Herein, we crystallized
1,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (PYDB)
with 1,2,4,5-tetracyanobenzene (TCNB) to give a ---DADA. -
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mixed stack cocrystal, denoted as PYDB-TCNB, exhibiting a
photoluminescence quantum yield of 40.2% in the orange-red
region (Fig. 1). Fluorescence-lifetime-based imaging of the cocrys-
tal aided the construction of an image based on the fluorescence
lifetime of the PYDB-TCNB cocrystal. Quantum chemical calcula-
tions proved the critical role of noncovalent interactions between
the donor and acceptor in enabling substantial through-space
excitonic coupling and stabilizing the 3-dimensional (3D) assem-
bly. We envisaged that the rate of fluorescence can be enhanced
through these stabilizing interactions and effective excitonic
coupling between donor and acceptor. The current work aimed
to design and spectroscopically investigate heavy-atom-free
cocrystals for potential applications in organic optoelectronics.

PYDB was synthesized and characterized according to the pre-
viously reported procedure (Fig. 1 and Scheme S1 and Fig. S1, S2,
ESI+)."" Diffraction-quality PYDB-TCNB cocrystals were obtained by
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Fig. 1 Molecular structures of (a) PYDB (donor) and (b) TCNB (acceptor).
(c) Crystal structure of PYDB-TCNB (unit cell) cocrystal and centroid-to-
centroid distance (with the probability level of thermal ellipsoids being 30%
and hydrogen atoms omitted for clarity).
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cartying out a mechanochemical liquid-assisted grinding of a 1:2
ratio of PYDB and TCNB with a minimal amount of methanol,
followed by dissolving in dichloromethane and layering the result-
ing solution with hexane (for details, see ESILt Section B and
Table S1). The presence of four cyano groups in the TCNB was
deemed to make it a suitable candidate as an acceptor and to
additionally facilitate n-m stacking and C-H:--N interactions.
Pyrene, being a donor with an extended n-conjugated skeleton
and further decorated with boronic esters can enhance the
crystallization tendency and form a strong CT complex with
TCNB. Furthermore, the recorded infrared (IR) spectrum of the
PYDB-TCNB cocrystal resembled a combination of the solid-state
IR spectra of PYDB and TCNB, verifying the CT complexation
(Fig. S3, ESIt). An analysis of the 3D crystal packing of the PYDB-
TCNB cocrystal revealed co-facially aligned donor-acceptor stack-
ing with a n-n stacking distance of 3.39 A, which can facilitate
efficient through-space charge transfer (Fig. 1). A comprehensive
analysis of the 3D assembly of the cocrystal revealed additional
stabilizing interstack C-H- - -H (dc_s1.. 1 = 2.38 A), and intrastack
C-N---H (dc.n...n = 2.82 A) interactions (Fig. S4 and S5, ESIt).
These interactions were posited to promote a close proximity
between the donor and acceptor moieties and enhance the rate of
radiative decay by preventing vibrational dissipation."> A Hirsh-
feld surface analysis was performed to obtain a statistical over-
view of the intermolecular interactions within the crystal
assembly.'® The acquired 2D fingerprint plots indicated a pivotal
role played by H---H interactions, with a 55% contribution,
followed by H: - -N (25.5%) and C- - -C interactions (8.7%) (Table
S2 and Fig. S6, ESIT). A noncovalent interaction (NCI) analysis
enabled a detailed visualization of noncovalent interactions in
the molecules, specifically by analyzing the topology of the
electron density, with green discs indicating stabilizing interac-
tions and red discs signifying destabilizing interactions."* The
presence of a green disc sandwiched between the donor and
acceptor moieties suggested the occurrence of a stabilizing non-
covalent interaction in the cocrystal (Fig. S7, ESIt). The detailed
analysis of the cocrystal packing revealed, along with the co-facial
donor-acceptor pair (DA1), two other types of donor-acceptor
pairs, namely DA2 and DA3, with respective DA pair distances of
3.76 A and 4.15 A (Fig. S8, EST%).

The truncated symmetry-adapted perturbation theory, com-
monly known as SAPT, is used to compute the interaction
energy between two monomers and decompose it into physically
meaningful components such as electrostatic, exchange, induc-
tion, and dispersion components. In the current work, SAPT(0),
the simplest truncation of SAPT, was carried out for the three
identified DA pairs using a 6-31G(d,p) basis set employing the
Psi4 code.'® According to the SAPT(0) analysis, for all three
identified DA pairs, the dispersion energy was indicated to play
a prevalent role in the stabilization of the 3D assembly, leading
to a negative total SAPT(0) value (Table S3, ESIf). DA1
was identified as the most stable DA pair with ESAPT® =
—85.61 kJ mol !, followed by DA2 (ES*™® = —10.20 kJ mol )
and DA3 (ES**"® = _4.42 kJ mol ). This stability trend was
found to inversely correlate with the distance between the donor
and acceptor.
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Having elucidated the stabilizing nature of DA pairs in the
formation of the 3D assembly, we set out to theoretically evaluate
the excitonic coupling (J) between the donor and acceptor in the
n-nt stacked DA pair (DA1) by considering the contribution from
both long-range Coulombic coupling (Jcou), and short-range
charge-transfer coupling (Jor). The Jcou arising from the inter-
action between the molecular transition dipole moments was
computed using the transition charge from the electrostatic
potential (TrEsp) method (see ESI,i Section $1.7)."° The Jcou
value was determined to be 840.77 cm™ " at the ®b97xd/def2tzvp
level of theory. In general, short-range exciton coupling, Jcr,
which results from the overlap of wavefunctions on adjacent
molecules, has a crucial role in defining the excitonic commu-
nication within a CT cocrystal assembly.'” In the current work,
Jcr was evaluated by using eqn (S5) (ESIT), where ¢, and ¢, are the
computed hole-transfer coupling and electron-transfer coupling
respectively—with ¢, originating from the overlap of HOMO-
HOMO orbitals, and ¢, arising from the overlap of LUMO-LUMO
orbitals of the monomers. The co-facial DA pair of PYDB-TCNB
cocrystal exhibited a Jor value of 141.78 cm™* with £, = 157.99 cm ™*
and #, = 1238.86 cm™'. Thus, the n-n stacking of the cocrystal
facilitated exceptional excitonic communication with a total cou-
pling of Jro = 982.55 cm™ " owing to the notable magnitudes of
both short-range and long-range couplings.

Furthermore, the distinct photophysical properties of the
PYDB-TCNB cocrystal were compared with those of the consti-
tuent donor (PYDB) and acceptor (TCNB) crystals. The Kubelka-
Munk transformed diffuse reflectance spectra of PYDB and TCNB
crystals showed signals spanning from 235 to 365 nm and 208 to
360 nm with absorption maxima at 306 nm and 302 nm,
respectively (Fig. S9, ESIT). The PYDB-TCNB cocrystal showed a
broad (~ 185-580 nm) red-shifted absorption signal with a max-
imum at ~325 nm and a shoulder band at 470 nm, explicitly
confirming the activation of ground-state charge transfer
(Fig. 2a). Having determined the CT character in the ground
state, we probed the excited-state spectroscopic characteristics of
the PYDB-TCNB cocrystal along with those of PYDB and TCNB
crystals. The steady-state emission of PYDB crystal spanned from
380 to 580 nm and revealed emission intensity maximum at
Jemi = 408 nm. Similarly, for the acceptor TCNB, the steady-state
emission displayed a wavelength range of 310 nm to 410 nm with
J8M = 336 nm. As a result of efficient CT integration, the steady-
state photoluminescence spectrum of the cocrystal was highly
redshifted with respect to those of the donor and acceptor, and
spanned from ~500 to 850 nm with an emission intensity
maximum of 577 nm (Fig. 2 and Fig. S10, ESIt). Furthermore,
excitation wavelength-dependent emission spectra of the PYDB
crystal, TCNB crystal, and PYDB-TCNB cocrystal were recorded,
confirming the presence of a single emissive state in the excited
state of the respective crystals (Fig. S11, ESIf). To verify the
substantial role played by the intramolecular interactions
between donor and acceptor in the crystal structure, the
PYDB-TCNB cocrystals were dissolved in dichloromethane,
and the steady-state emission spectra of the dissolved material
at temperatures of 298 K and 77 K were recorded (Fig. S12, ESIT).
At room temperature, compared to the emission spectrum of
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Fig. 2 (a) Normalized Kubelka—Munk transformed diffuse reflectance and
photoluminescence spectra, (b) optical image (PLQY = photolumines-
cence quantum yield), and (c) confocal fluorescence microscopy image
(Aex = 488 nm) of the PYDB-TCNB cocrystal.

the PYDB-TCNB cocrystal in the crystalline state, the solution
state exhibited a distinctive difference, showing vibronic bands
in the 380-440 nm region, reminiscent of the emission spectra of
PYDB. Further cooling the solution using liquid nitrogen to a low
temperature facilitated CT complexation and resulted in the emer-
gence of characteristic cocrystal emission bands in the ~515-
680 nm regime. This observation further validated the integral
function, in the cocrystal, of the cofacial arrangement of donor
and acceptor governing the resultant photophysical properties. The
confocal fluorescence microscopy image (4ex = 488 nm), and optical
microscopy image were acquired for the PYDB-TCNB cocrystal, and
shown in Fig. 2b and c. Subsequently, we performed time-resolved
decay measurements to characterize the CT emission from the
cocrystal. The photoluminescence lifetime decay profile of the
PYDB-TCNB cocrystal was recorded at room temperature by exciting
it with 340 nm wavelength nanoLED and collecting the photons at
577 nm. Interestingly, a long-lived excited-state species, with an
average lifetime of 37.2 ns, was observed at room temperature at
ambient conditions, making plausible a long-lived emission from
the CT state of the cocrystal compared to the lifetime of the PYDB
donor (4.94 ns) (Fig. S13 and S14, ESIt). The photoluminescence
quantum yield (PLQY) measurements of the PYDB-TCNB cocrystal
revealed an impressive value of 40.2%.

To confirm the origin and nature of the CT emission, we
recorded the steady-state photoluminescence spectrum and the
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lifetime decay profile of the PYDB-TCNB cocrystal at various
temperatures starting from cryogenic conditions (Fig. 3). The
steady-state photoluminescence spectrum of the cocrystal
exhibited a maximum intensity at a temperature of 90 K, and
this intensity diminished along with spectral broadening occur-
ring upon increasing the temperature. The enhanced emission
intensity and narrowness of steady-state emission at 90 K can
be attributed to the restriction of thermal vibrations leading to
the reduced nonradiative pathways in the cocrystal.'® Having
established the CT emission from the PYDB-TCNB cocrystal,
the photoluminescence decay profiles were recorded at a low
temperature of 20 K to room temperature in a vacuum. The
average decay lifetimes were found to be 72.57 ns, 71.27 ns,
66.88 ns, 57.53 ns, and 49.8 ns for 20 K, 100 K, 175 K, 250 K, and
300 K, respectively, at vacuum (Fig. 3b and Table S4, ESIt). The
longer decay time at the cryogenic temperature, compared to
those at higher temperatures, explicitly confirmed the tempera-
ture sensitivity of the emission from the CT state. In vacuum,
the room-temperature lifetime was 49.8 ns, higher than the
37.2-ns lifetime at ambient conditions (in the presence of
oxygen), hinting at the triplet spin character of the emissive
species.'® For further evaluation, we recorded gated emission
spectra of the PYDB-TCNB cocrystal at various temperatures
(90 K to 270 K) by exciting the cocrystal with 350 nm wavelength
light and with a delay time of 50 ps. The delayed emission
spectra spanned in the spectral region similar to the prompt
emission and showed an increase in the delayed emission
intensity at low temperatures (Fig. S15, ESIf). This result
possibly suggested the existence of phosphorescence stemming
from the CT state of the PYDB-TCNB cocrystal.'*?° However,
the shorter lifetime possibly suggested the weak nature of
phosphorescence emission at low temperatures. Furthermore,
fluorescence lifetime imaging (FLIM) analysis of the PYDB-
TCNB cocrystals using a MicroTime 200 (MT200) time-resolved
fluorescence microscope was conducted to provide a pictorial
representation of the fluorescence lifetime. The inverted micro-
scope (Olympus IX83) was equipped with a piezo-scanning
stage (P-733.2CD, PI), and the sample was excited using a
404 nm wavelength pulsed laser (LDH-D-C-405, PicoQuant).
The FLIM-fitted lifetime was found to be 34.9 ns at ambient
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(a) Steady-state photoluminescence spectra and (b) lifetime decay plots at indicated temperatures and (c) FLIM of the PYDB-TCNB cocrystal.
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Fig. 4 (a) Hole—electron isosurface distribution for the S; state (isovalue =
0.001). (b) Corresponding hole—electron correlation plots showing the CT
nature of the S; state obtained using TheoDORE analysis at the LC-ohPBE/
6-31G(d,p) level of theory. The CT and PR values are shown to define the
nature of excitations.

conditions, in agreement with the decay lifetime of the PYDB-
TCNB cocrystal (Fig. 3c and Fig. S16, ESIT).

To gain a deeper understanding of the contribution of the
CT in the excited state, fragment-based excited-state analysis,
developed by Plasser and implemented in TheoDORE, was
performed.>" The excited-state characteristics were described
by participation ratio (PR), charge-transfer character (CT), and
mean position (POS) of the initial orbital (hole) and final orbital
(electron). In general, CT is correlated with the total weight of
configurations in which the initial and final orbitals reside on
distinct fragments, where the extreme scenarios CT = 0 and
CT = 1 denote the Frenkel state and charge-separated state,
respectively (ESL,t Section S1.8). TheoDORE analysis of the S;
state in the current work was performed by considering the
donor and acceptor as two distinct fragments at the LC-ohPBE/
6-31G(d,p) level of theory. The CT value for the S; state was
determined to be 0.95, confirming the appreciable through-
space exciton communication between the donor and acceptor
in the cocrystal (Table S5, ESIt). Electron-hole correlation plots
in general help to pictorially translate the CT value and uncover
the spatial correlation effects. The localization, in the current
work, of the hole in the donor and electron in the acceptor
illustrated the CT nature (Fig. 4a and b). Similarly, we per-
formed a TheoDORE analysis of the T, state, which yielded a CT
value of 0.55, also suggesting the CT character (Fig. S17, ESIt).
Natural transition orbital (NTO) analysis is in general used to
provide a simplistic representation of a complex electronic
transition to a major transition.>” In concurrence with the
experimental evidence, NTO analysis of the S; state indubitably
confirmed the strong CT character by showing spatially separated
holes and electrons in the donor and acceptor, respectively
(Fig. S18, ESIt). Additionally the visualization of the highest
occupied molecular orbital (HOMO) and lowest unoccupied orbital
(LUMO) showed the electron density contribution on the donor and
acceptor in the HOMO and LUMO, respectively, with stabilizing energy
values E"OM° = —7.922 eV and E“"™° = —1.374 eV further supporting
the observations of the NTO analysis (Fig. S18, ESIT).

In summary, we have reported a novel through-space CT
cocrystal, PYDB-TCNB, exhibiting a remarkable PLQY and CT
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emission from the singlet state. Intensified photoluminescence
and increased fluorescence lifetime at cryogenic temperature
suggested that the emission emanated from the CT state,
resulting from the restriction of vibrational motions. A FLIM
analysis enabled a pictorial representation of the fluorescence
lifetime of the PYDB-TCNB cocrystal. The crucial role of the
co-facial organization of donor and acceptor in stabilizing the 3D
assembly and influencing the photophysical properties was
validated by theoretical calculations, including SAPT, NCI, Hirsh-
feld, NTO, TheoDORE analysis, long-range Coulombic coupling,
and short-range charge-transfer coupling. The present work has
elevated the importance of heavy-atom-free organic cocrystals in
the field of solid-state emitters for future applications.
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