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Revealing the Charge-Transfer Interactions in Self-Assembled Organic
Cocrystals: Two-Dimensional Photonic Applications**
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Huanli Dong, and Wenping Hu*

Abstract: A new crystal of a charge-transfer (CT) complex was
prepared through supramolecular assembly and it has unique
two-dimensional (2D) morphology. The CT nature of the
ground and excited states of this new Bpe-TCNB cocrystal
(BTC) were confirmed by electron spin resonance measure-
ments, spectroscopic studies, and theoretical calculations, thus
providing a comprehensive understanding of the CT interac-
tions in organic donor-acceptor systems. And the lowest CT,
excitons are responsible for the efficient photoluminescence
(Ppp =19 %), which can actively propagate in individual 2D
BTCs without anisotropy, thus implying that the optical
waveguide property of the crystal is not related to the molecular
stacking structure. This unique 2D CT cocrystal exhibits
potential for use in functional photonic devices in the next-
generation optoelectronic communications.

Organic multifunctional semiconductors are emerging as
high-demand materials because of their appealing and
versatile applications in advanced optoelectronics. Since
limited success has been achieved through traditional struc-
tural tailoring of single-component materials, the supramolec-
ular assembly!"! of two different materials into crystals
through noncovalent interactions (crystallization is a typical
phenomenon of self-assembly), such as charge-transfer (CT)
and m—m interactions, and hydrogen and halogen bonds,
provides an optional strategy.”® Organic cocrystals (as
defined previously”™ and generally accepted"?) with an
ordered stacking of donors (D) and acceptors (A) show
unique physicochemical properties,'*'*! which are not simply
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the sum of the properties of the constituent compounds. For
example, ambipolar charge-transport behavior!"!! and strong
white-light-emitting properties!"”! have been observed in the
cocrystals of CT complexes. These features are exciting, but as
Wuest proposed,'®! “effective cocrystallization is not easy to
achieve, because introducing additional components can alter
overall properties in unpredictable ways”. This proposal
indicates that not just any two types of materials can
recognize each other and aggregate into cocrystals in which
intermolecular interactions play a significant role. Generally,
cocrystals with irregular shapes are obtained as a result of
weak interactions,”'® whereas strong CT interactions, as
a driving force for self-assembly, are observed in common
cocrystals with D-A stacking, thus leading to one-dimen-
sional (1D) supramolecular structures.>'? In contrast,
organic cocrystals with uniform 2D morphology (2D cocrys-
tals) are little reported, but are desired because of their
potential applications in graphene-like optoelectronics, field-
effect transistors (FETs),!"”) whispering-gallery-mode (WGM)
lasers,® and optical planar diodes,”" as well as because of
their fundamental interest for anisotropic studies. Therefore,
the random assembly of different materials into cocrystals
with a desired morphology and function remains a challenge.

For the crystals of D-A complexes, one of the most
important issues is confirming the CT interactions, partially
because the degree of CT is related to the conducting
ability®>>! and lattice instability® of cocrystals. To the best
of our knowledge, the CT nature of crystals of D-A
complexes is difficult to verify accurately. For instance, the
ground state of the crystal of the perylene-TCNQ complex is
neutral, whereas the first electronic excited state is a CT band
peaking at A =960 nm.*>?! Thus, in previous reports®*! the
absorption spectra of a mixed solution may not be a perfect
approach to confirm the existence of CT interactions in D-A
dyads. The molecular interactions in the solid state are quite
different from those in solution and the CT interactions seem
to be enhanced after cocrystallization of the DPTTA-
DTTCNQ system.™ In contrast, the CT interactions and
exciton dynamics are more crucial to the light-emitting®->"!
and photoconductivity®® =¥ properties of organic cocrystals,
and is not yet well understood.’**! Similarly, Yan and co-
workers!™® have demonstrated a cocrystal strategy to tune
luminescent properties of solid-state materials and the
variations of optical properties are attributed to the formation
of an excimer. This formation, however, conflicts with the
result of the high photoluminescence quantum yield (PLQY,
@y, ) of 25.6% and shortened fluorescence lifetime. Anyway,
the CT interaction and its effects on optoelectronic features of
organic D—A cocrystals are still largely elusive.
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Figure 1. a) Chemical structure of trans-Bpe, TCNB, and the molecular
structure of the resulting Bpe-TCNB complex. b) The self-assembly
driving forces. c) The predicted equilibrium morphology of the cocrys-
tal. d) Optical image of BTC on the glass substrate. €) TEM and SAED
images of individual BTCs. f) CLSM image of BTC on a glass sub-
strate.

Herein, a new cocrystal of a D-A complex (1:1) with
a uniform 2D parallelogram-like shape was obtained by
supramolecular assembly of 1,2-di(4-pyridyl)ethylene (trans-
Bpe) and 1,2,4,5-tetracyanobenzene (TCNB) molecules (Fig-
ure 1a). Further experimental and theoretical evidence con-
firms that both the ground and excited states of the Bpe-
TCNB cocrystals (BTCs) are CT states and the lowest CT,
excitons are responsible for efficient violet-blue lumines-
cence. Moreover, this 2D cocrystal can serve as an active
optical waveguide which allows photons to propagate without
anisotropy, thus indicating that the optical waveguide prop-
erty has nothing to do with molecular packing structure. We
demonstrate that this cocrystal can function as a photonic
resistor and planar-light propagation modulator in future
optoelectronic communications.

The D-A interaction was found in the mixed acetonitrile
solution of Bpe and TCNB. The well-structured absorption
spectra of the Bpe and TCNB monomers (see Figure S1 in the
Supporting Information) are consistent with previous
reports.’*%" Interestingly, when the concentration of TCNB
(Creng) increases in the solution (Cgp=1.65x107m), the
absorption intensity initially decreases (see Figure S2) and
then increases when Creng reaches above 1.65x 107°M. The
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increase of absorption intensity results from the added TCNB
component, while the reduction indicates the D—A interac-
tion between Bpe and TCNB.P¥! This interaction will play an
important role in the followed progress of solution drop-
casting (a common self-assembly method).

The BTCs consist of segregated D and A molecular
columns (see Figure S3a) with an intermolecular D-D
distance of 3.38 A and D-A distance of 3.30 A (see Fig-
ure S3c¢), both of which are shorter than the sum of the van
der Waals radii (3.4 A) of carbon atoms, thus giving rise to
significant m—t and D-A interactions, respectively (see
Figure S3d). The two types of strong interactions and
intermolecular -N--HC- interactions (see Figure S3¢), as
self-assembly driving forces along distinct directions, make
molecules aggregate and expand into a layered structure (see
Figure S3 f), thus leading to a unique crystal shape rather than
common 1D wires or rods.>! These noncovalent interactions
are clearly shown in Figure 1b. And the equilibrium mor-
phology of BTCs, as predicted by materials studio software,
reveals a blocklike crystal with its dominant (010) plane
possessing an intersection angle of 134° as shown in Figure 1c.
Hence, in this 2D assembly the -N--HC- interaction (2.30 A)
is responsible for (100) growth, while m—m and D-A inter-
actions contribute to the cocrystal’s growth along [001].
Despite these analyses, BTCs were prepared by directly drop-
casting an acetonitrile solution of Bpe and TCNB onto a glass
substrate. Optical images (Figure 1d) confirm that the 2D
parallelogram-shaped BTCs have an intersection angle of
135°, which is significantly different from that of Bpe or
TCNB crystals (see Figure S4). Figure 1e displays the trans-
mission electron microscope (TEM) image and the selected
area electron diffraction (SAED) pattern recorded from
individual BTCs, thus showing single crystalline nature.
Triclinic BTCs (see Table S1) belong to the space group of
P1, with cell parameters of a=6.88 A, b=711A, c=
1023 A, 0 =77.49°, p=78.61°, y=75.69°. And the BTC can
be indexed as shown in Figure 1e, thus corresponding well
with the X-ray diffraction (XRD) results (see Figure S5), in
which only (010) and (020) peaks appear. Therefore, the
morphology and structural characterizations are the same as
the predicted results. Moreover, the Raman spectra (see
Figure S6) suggest that the highly crystalline parallelogram-
shaped crystal is indeed a composite of Bpe and TCNB
materials. The confocal laser scanning microscope (CLSM)
image of BTCs (Figure 1 f) shows a strong violet-blue photo-
luminescence (PL) under the excitation of unfocused UV
light.

Spectroscopic studies were then conducted to determine
the CT nature and photophysical properties of BTCs. Fig-
ure 2a displays the absorption spectra of the crystals and
a new and largely red-shifted absorption peak appears around
A=363nm (see Figure S7), which is attributed to the CT
transitions. The CT nature of the ground state of BTCs was
also confirmed by ESR measurements (Figure 2b). A rela-
tively weak but sharp resonance signal is centered at 3473 T,
thus indicating the existence of active radicals. The g factor is
calculated to be 2.0022 according to the ESR theory, and is
almost equivalent to the free-electron value of 2.0023. Hence,
the ESR spectrum reveals the existence of unpaired electrons

Angew. Chem. 2015, 127, 6889 —6893


http://www.angewandte.de

o
o

1.9 —Bpe crystal H =3473

> center’

= ——TCNB crystal

2 0.8 — Co-crystal

g 2

06} @

K N\ cr 2

N . £

5 04 Transition

E

202 2=2.0022
0050 300 ~ 350 400 450 3400 3450 3500 3550

Wavelength / nm HIT

o,

1o — Bpe crystal o Co-crystal PL decay
08} ~——TCNB crystal ~— Fitting curve
—Co-crystal
" z
7]
<
FWHM: 65 nm ;g

IS
kS

7=6.13 ns
k;=0.031 ns™!

D,=19.0%

Normalized Intensity O
o
o

=
N

L
o o

0.0 . . 1 i
300 350 400 450 500 550 600 O 5 10 15 20 25
Wavelength / nm Decay Time / ns

Figure 2. a) The absorption spectra of Bpe, TCNB, and Bpe-TCNB
crystals. b) The ESR spectrum of BTCs. c) PL spectra of Bpe, TCNB,
and Bpe-TCNB crystals. d) Typical PL decay profile of BTCs on a glass
substrate.

in the BTCs. And the X-ray photoelectron spectroscopy
(XPS) profile of the cocrystals (see Figure S8) shows a shifted
Ns peak (400.52 eV),*” as compared with those of the single-
component powder, and clearly demonstrated the appearance
of Bpe N*, thus indicating the CT interactions between Bpe
and TCNB. These data allow us to conclude that the ground
state of the BTCs is a CT state.

The PL spectrum of the BTCs (Figure2c) is shifted
bathochromically with a new structureless and broad peak
(FWHM: 65 nm) located at A =420 nm, as compared with
those of the single-component crystals. The Stokes shift (see
Figure S9) has a value of 3739 cm™' and indicates a large
molecular configuration change and strong electronic com-
munication in the excited state, and the fluorescence origi-
nates from a dimolecular species rather than a monomeric
one. In addition, the PLQY of the BTCs was measured to be
19.0 %, while the PL lifetime (7) is 6.13 ns (Figure 2d). The
mono-exponential decay of PL intensity implies that the
fluorescence of the BTCs originates from one excited state
without competing radiative deactivation process. The radi-
ation rate constant (k;) is calculated to be 0.031 ns™! by using
the equation K;= @y /7, and it is very near to the value of
typical crystals of a CT complex,'>'>3 but smaller than those
of single-component crystals."**!! These behaviors of the
excited state of the BTCs illustrate its CT nature.

Theoretical calculations were performed to gain a deeper
understanding of this cocrystal (Figure 3). A total Mulliken
charge (see Figure S10a) of 0.0788 on the donor Bpe moiety,
and a static dipole moment (SDM) of 0.95 Debye with the
vector pointing towards Bpe (see Figure S10b,c) confirms the
CT from Bpe to TCNB. This transfer was further verified by
the calculated lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) of BTCs
(Figure 3b). Here we know that as a result of the molecular
interactions in the ground state of this D-A cocrystal, the CT
process goes from the HOMO of Bpe to the LUMO of TCNB
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Figure 3. a) The calculated energetic diagram of BTCs. b) MO dia-
grams for the cocrystals as calculated by TD-DFT. c) The Jablonski
diagram for CT transitions of BTCs.

and the electron cloud rearranges over the D—A units, thus
forming new molecular orbitals (MOs). Therefore, the
electronic transitions occur between these new MOs from
the ground CT state to excited CT states. The absorption
spectra of the BTCs were calculated and the electronic
transitions were assigned as displayed in Figure 3 a, as well as
Figure S11 and Table S2. The HOMO —LUMO excitation
contributes to the lowest electronic transition (CT,—CT),)
with an oscillator strength (f) of 0.0077 and the energy of this
CT transition (3.0eV, 413nm) is close to that of the
experimental result (3.42 eV, 363 nm).”) The corresponding
transition dipole moment (TDM) of 0.82 Debye points from
Bpe toward TCNB (see Figure S11c¢). And the observed band
peaked at 1 =328 nm (3.78 eV) is attributed to the CT,—CT,
transition, which arises from HOMO —LUMUO -+ 1 excitation
(calculated at 3.80 eV, 326 nm). The main CT band (CT,—
CT;) is calculated at A =274 nm (4.52 e¢V), primarily for the
HOMO —LUMO +2 excitation (73.9%), and accords well
with experiments. Besides these absorptions, the fluorescent
state is considered to be the lowest CT state (CT, state), since
a good mirror image relation between absorption and
fluorescence spectra is observed (see Figure S9b).

The experimental and theoretical evidence help draw
a picture of CT excitons evolution following primary photo-
excitation to their recombination to the ground state. This
photophysical progress of the BTCs can be illustrated as
displayed in Figure 3c. When excited, photons are absorbed
to give optical transitions from the ground CT, state to
excited CT, states, and then relax to the lowest CT; state to
fluoresce. The CT, excitons are generated, delocalize, and
recombine in the BTCs, and are responsible for PL, thus
arousing our interests in related optoelectronic properties.

The excited PL can actively propagate in two distinct
directions within these 2D BTCs and out-couple at the edge
tips. In a typical experiment, spatially resolved PL imaging
and spectroscopy characterizations were conducted on
a homemade platform with the excitation of a 1 =374 nm
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Figure 4. a) Schematic diagram of the platform for optical waveguide.
b) u-PL of BTC (inset shows the optical image of BTC under
excitation). c) PL microscopy image of BTC under excitation. d) p-PL
collected from the tip as the propagation distance increases. The
dependence of the intensity ratio /,/l,.q, on the propagation distance
along direction 1 (e) and direction 2 (f).

laser beam (Figure 4a). The micro-area photoluminescence
spectra (u-PL) of BTCs were collected (Figure 4b) and show
only a peak located at 4 =436 nm, thus indicating a red-shift
of 16 nm as compared with steady PL spectra. As depicted in
Figure 4c, when the laser is focused on BTC, photons are
confined and propagate parallel to the substrate in two
different directions with an intersection angle of 45° (see
Figure S12). The 2D crystal is of great importance for an
anisotropy study and we focused on the characterization of
the loss of optical propagation. Typically, the p-PL intensity of
the tip greatly decreases when moves the laser excitation spot
to increase the PL propagation distance (Figure 4d). The PL
intensity at the excited site (fy,4,) and at the light-emitting tip
(Ir,) were recorded and the dependence of the intensity ratio,
Itip/lhoqp ON the distance in two directions are shown in
Figures 4e and 4 {, respectively. The data points clearly show
a nearly exponentially decay and they can be fitted by a single
exponential decay function I;,//,,4, = A exp(—R D), where D
is the propagation distance between the excited spot and the
emitting tip and A is a constant. Therefore, the optical
propagation loss coefficient (R) along direction 1 (R;) and
direction2 (R,) are calculated to be 0.26dBum' and
0.27 dBum™" respectively, thus revealing that the optical
waveguide property is isotropic in BTCs.

Our observations of 2D optical waveguide properties
based on BTCs are very different from previous work.?"*!
Heng and co-workers!”” demonstrate the 2D optical wave-
guide of hexaphenylsilole (HPS) crystals with an intersection
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angle of 90° between the two propagation directions, while
Zhao and co-workers®?!! declare an asymmetric behavior on
the rhombic crystal of 2-acetyl-6-methylaminonaphthalene
(AMN). Both of them attribute the unique optical waveguide
properties to the molecular packing structures of the crystals.
However, it does not seem to be the case in our BTC system
because photons propagated in different directions with
distinct molecular stacking structures show similar loss
coefficient. Here we propose that the optical waveguide
property of the organic crystal is not related to the molecular
packing structure, but somehow it is shape- and dimension-
dependent. When an organic crystal served as an optical
waveguide, the PL propagation directions were determined
by its morphology. And total reflection happens along these
distinct propagation directions with almost equal absorption
and scattering of photons because of the identical crystal
circumstances, thus leading to similar optical loss. In this
regard, isotropic PL propagation in this 2D BTC is expected.

In conclusion, a new light-emitting cocrystal of a CT
complex (1:1), with a 2D parallelogram-like shape, was
obtained by molecular self-assembly. The CT, n—m, -N-+-HC-
interactions are the driving forces for assembly and are
responsible for the resulting 2D morphology. The CT nature
of the BTCs was confirmed by experimental and theoretical
evidence, and the results display that both the ground and
excited state are CT states. The lowest CT, to CT, electronic
transition arises from the HOMO to LUMO excitation, while
the generated CT, excitons recombine to give a strong violet-
blue luminescence with PLQY of 19 %. Moreover, the excited
PL can actively propagate in the individual 2D cocrystal
without anisotropy, thus indicating that the optical waveguide
property of organic crystals has nothing to do with their
molecular packing structures. This unique CT cocrystal shows
promising applications in photonic resistors and planar-light
propagation directional modulators, which can be integrated
into functional photonic circuits for the next-generation
optoelectronic communications. More importantly, our
research shows an excellent example of how to understand
the CT interactions in organic D-A systems and provides
valuable insight into rational design and supramolecular
synthesis of organic cocrystals with desired morphologies and
functions.

Keywords: charge transfer - crystal engineering -
density functional calculations - donor—acceptor systems -
self-assembly
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