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ABSTRACT: Charge-transfer (CT) interactions between
donor (D) and acceptor (A) groups, as well as CT exciton
dynamics, play important roles in optoelectronic devices, such
as organic solar cells, photodetectors, and light-emitting
sources, which are not yet well understood. In this
contribution, the self-assembly behavior, molecular stacking
structure, CT interactions, density functional theory (DFT)
calculations, and corresponding physicochemical properties of
two similar halogen-bonded co-crystals are comprehensively
investigated and compared, to construct an “assembly—
structure—CT-property” relationship. Bpe-IFB wire-like crys-
tals (where Bpe = 1,2-bis(4-pyridyl)ethylene and IFB = 1,3,5-
trifluoro-2,4,6-triiodobenzene), packed in a segregated stacking
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form with CT ground and excited states, are measured to be quasi-one-dimensional (1D) semiconductors and show strong
violet-blue photoluminescence (PL) from the lowest CT; excitons (®p; = 26.1%), which can be confined and propagate
oppositely along the 1D axial direction. In comparison, Bpe-F,DIB block-like crystals (F,DIB = 1,4-diiodotetrafluorobenzene),
packed in a mixed stacking form without CT interactions, are determined to be insulators and exhibit unique white light emission
and two-dimensional optical waveguide property. Surprisingly, it seems that the intrinsic spectroscopic states of Bpe and F,DIB
do not change after co-crystallization, which is also confirmed by theoretical calculations, thus offering a new design principle for
white light emitting materials. More importantly, we show that the CT interactions in co-crystals are related to their molecular
packing and can be triggered or suppressed by crystal engineering, which eventually leads to distinct optoelectronic properties.
These results help us to rationally control the CT interactions in organic D—A systems by tuning the molecular stacking, toward

the development of a fantastic “optoelectronic world”.

B INTRODUCTION

Organic co-crystals formed with two or more different materials
through intermolecular non-covalent interactions, such as 7—7
interactions and hydrogen and halogen bonds, are gaining
increasing research attention because of their applications in
ambipolar charge transport,' photoconductivity,”> photo-
voltaics,6 ferroelectrics,”® tunable light emitters,”'° nonlinear
optics,' "' light-driven actuators,'” liquid crystal materials,"*
and the drug industry.”> More interestingly, the physicochem-
ical properties of co-crystals are not simply the sum of
molecular properties of the constituent compounds. For
instance, Kim and co-workers'® have demonstrated a “direct
heavy atom effect” principle to design and make pure and color-
tunable organic phosphors, the highest ambient phosphor-
escent quantum yield of which reaches up to 55%. In this
regard, co-crystallization opens a door not only for synthesis of
new multifunctional materials but also for exploration of novel
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physical and chemical phenomena. The optoelectronic proper-
ties of organic co-crystals have been focused on very
recently,’’ ™ though the first co-crystal “quinhydrone” was
already discovered by Wohler in 1844,”* while the definition of
“co-crystal” was given in and has been generally accepted since
2003.7°~*" This is partially because many challenges remain in
this direction; one of them is to achieve effective co-
crystallization.”® As reported, there exist many strategies for
co-crystal formation, including solution,” vapor-phase,®® and
mechanochemical techniques.15 Among these methods, the
solution-based approach is particularly important and most
commonly used, because it is regarded as the simplest way to
obtain organic co-crystals with uniform and regular morphol-
ogy, which is convenient for further optoelectronic character-
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ization. To apply this method for co-crystallization, some
fundamental conditions, such as strong intermolecular inter-
actions, planar molecular structure of donor (D) and acceptor
(A) groups, and similar solubilitzr of the D and A are essential.
Since their discovery in 1863, halogen bonds, showing a
strong non-covalent interaction with excellent directionality,
have been found to be more effective than hydrogen bonds®” to
control the construction of supramolecular architectures,”
which is becoming a thriving tool for co-crystal engineering.
Unfortunately, chemists and materials scientists have paid more
attention to geometric design,”””*™>’ temperature-dependent
molecular structure,” and liquid crystal engineering'” in the
supramolecular assembly of halogen-bonded systems rather
than their co-crystal formation mechanism and optoelectronic
properties in the past years. Because of this, halogen-bonded
co-crystals are designed and prepared irrationally, and not well-
explored,”' >’ resulting in large limitations in their optoelec-
tronic functions and applications. Therefore, halogen bonding
as an efficient co-crystallization strategy offers a powerful
technique to explore the fantastic physicochemical properties of
multi-component solid-state materials, urgently calling for a
more rational preparation of halogen-bonded systems and
comprehensive investigations of their optoelectronic properties.

Another problem is verifying the CT interaction in organic
co-crystals and revealing its impact on physicochemical
properties. Strictly speaking, there are two types of CT
complexes: 7 and 6. The one drawing much more attention
is the # CT complex, in which a 7z electron cloud largely
delocalizes from a donor to an acceptor, resulting in a
significant influence on bulk optoelectronic characteristics.””~**
Typically, the halogen-bonded co-crystal is a 6 complex, where
the lone electron pair of an N atom donates to the halogen
acceptor (n—o* donation) to form a “halogen bond”.** CT
interactions involving 7 electrons in these co-crystals have been
barely investigated, so little is known about their optoelectronic
properties. For example, Yan and co-workers reported several
halogen- and hydrogen-bonded co-crystals with tunable optical
properties, and they attributed these changes to the formation
of excimers,” and later ]—aggregates,lo which conflicts with the
photoluminescence quantum yield (PLQY, ®@p;) and lifetime
data. As a matter of fact, the strong CT interactions in the
ground state of organic co-crystals are of key importance to
their molecular properties, such as photoconductivity’ and
photoluminescence,” and the CT de_gree can be easily detected
by Raman and IR measurements,***” while others are not.***’
D—A co-crystals with a neutral ground state but a CT excited
state are also particularly attractive, because photoinduced CT
happens when they are excited, and the generated singlet
excitons change ultrafast to CT excitons, which is common but
not well understood in organic photovoltaics.50 In this sense, it
is especially important to accurately confirm whether CT
interactions exist in organic co-crystals, as well as to gain deeper
insight into the influences of both CT interactions and the
evolution of excitons on optoelectronic performance, which
currently remain unclear.

With these considerations in mind, we herein select 1,2-
bis(4-pyridyl)ethylene (trans-Bpe) and two halogenated co-
formers, 1,3,5-trifluoro-2,4,6-triiodobenzene (IFB) and 1,4-
diiodotetrafluorobenzene (F,DIB) (Figure 1la), which can
form 1:1 halogen complex crystals: Bpe-IFB co-crystal (BIC)
and Bpe-F,DIB co-crystal (BFC). We fully investigate and
compare the self-assembly, crystal morphology, molecular
stacking structure, CT interactions, and computational
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Figure 1. (a) Chemical structures of Bpe, IFB, and F,DIB.
Intermolecular interactions and molecular packing structures of (b)
BIC and (d) BFC. Schematic diagrams of (c) segregated stacking in
BIC and (e) mixed stacking in BFC.

calculations, as well as the corresponding spectroscopic,
electric, and optical waveguide properties of these two types
of co-crystals. Hence, the “assembly—structure—CT-property”
relationship in these unique co-crystals is revealed and explored
in-depth, and we demonstrate that the CT interactions in
organic co-crystals can be modulated (triggered or suppressed)
via a supramolecular crystal engineering strategy, which
ultimately results in distinct optoelectronic performances.
Notably, we attribute the selective appearance of CT
interactions in segregated-stacking BICs to the 7 electron-rich
character of Bpe columns, which promotes the CT process
from donor Bpe to acceptor IFB, thus giving deeper
understanding of the relationship among molecular packing
structures, CT interactions, and optoelectronic characteristics
of co-crystals.

B EXPERIMENTAL SECTION

Materials and Chemicals. 1,2-Di(4-pyridyl)ethylene (trans-Bpe,
CAS registry no. 13362-78-2, 97%+) was purchased from Sigma-
Aldrich Co.; 1,3,5-trifluoro-2,4,6-triiodobenzene (IFB, CAS registry
no. 84322-56-5, 97%) was purchased from Alfa Aesar Co.; and 1,4-
diiodotetrafluorobenzene (F,DIB, CAS registry no. 392-57-4, 98%)
was purchased from J&K Co. All of them were used directly without
further purification. Acetonitrile (CH;CN, HPLC) and dichloro-
methane (CH,Cl,, HPLC) were purchased from Beijing Chemical
Co., China. Deionized water (18.2 MQ-cm™") was made by using a
Milli-Q_(Millipore) water purification system.

Co-crystal Growth and Characterization. BICs and BFCs were
prepared by solution drop-casting. In a typical experiment, Bpe and
IFB were mixed in a molar ratio of 1:1 and dissolved in acetonitrile
solution, while Bpe and F,DIB were dissolved in dichlormethane
solution. The mixed solution was then directly dropped onto the
substrate (glass or SiO,/Si wafer), and co-crystals were observed after
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the solvent evaporated completely. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) were performed
using a JEOL JEM-1011 electron microscope at an acceleration of 100
kV to gain sufficient transmission. For preparation of TEM samples,
the mixed solution was dropped onto the TEM grids, and co-crystals
appeared in several minutes. The crystal structures were measured in
an X-ray diffractometer (XRD, X-Pert, PANalytic, Netherlands) with
Cu Ka radiation (40 kV, 30 mA). Raman spectra were collected on an
inVia-Reflex Raman spectrometer (Renishaw, UK) excited with a 78S
nm laser. Fourier transform infrared (FTIR) spectra were recorded on
a TENSOR 27 instrument (Bruker, Germany). Electron spin
resonance (ESR) spectroscopy was performed on a Bruker ESP 300
spectrometer (Bruker Co., Germany) with a resonance frequency of
9.78 GHz.

Morphology Predictions and Theoretical Calculations. The
growth morphologies of co-crystals were calculated by using the
Materials Studio software, based on the attachment energy theory. The
molecular structure was first optimized on the basis of the
experimental crystal structure. The geometric and energy calculations
were performed using the Forcite and Morphology modules. For the
DFT calculations, the molecular structures were not optimized first.
The Mulliken atom charge, static dipole moment (SDM), lowest
unoccupied molecular orbital (LUMO), and highest occupied
molecular orbital (HOMO) of co-crystals in the ground state were
calculated using the MO6 density functional with the basis set
LanL2DZ for the I atom and the basis set 6-31+G(d,p) for the other
atoms. The absorption spectra, oscillator strength, and transition
dipole moment (TDM) of the co-crystals were calculated by time-
dependent density functional theory (TD-DFT) using the MO06
density functional. All the computations were done within the
Gaussian 09 program.62

Optical Characterization. Confocal laser scanning microscopy
(CLSM) images were recorded on a glass substrate using an Olympus
Research inverted system microscope (FV1000-1X81, Tokyo, Japan)
equipped with a charge-coupled device (CCD, Olympus DP71,
Tokyo, Japan) camera. The excitation source was a xenon lamp
equipped with a band-pass filter (330—380 nm). The steady
absorption spectra of crystals were recorded on a Cary 5000 UV—
vis—NIR instrument (Varian, USA), and the PL spectra were collected
on Horiba FluoroMax-4-NIR spectrophotometers. The PLQY (®p)
was measured absolutely by using an integrating sphere. Microarea
photoluminescence (u-PL) spectra were collected on a homemade
optical microscopy. The BICs were excited with a continuous-wave
He—Cd laser (4 = 374 nm), while BECs were excited with an argon
ion laser (4 = 351 nm), and PL spectra were coupled into an optical
fiber and collected using a liquid nitrogen cooled CCD (SPEC-10-
400B/LbN, Roper Scientific) attached to a polychromator (Spec-
tropro-550i, Acton). The PL lifetimes were detected with a streak
camera (C5680, Hamamatsu Photonics), dispersed by a polychroma-
tor (250is, Chromex), with a spectral resolution of 1 nm and a time
resolution of 10 ps.

Electrical Characterization. Si/SiO, wafers (SiO, 300 nm thick,
10 nF cm™) were washed with deionized water, hot H,SO,:H,0,
(2:1) solution, deionized water, and isopropyl alcohol and dried by
using a N, gun. Co-crystals were directly grown on the substrate by the
solution drop-casting method. A glass substrate was used for growth of
BFCs. To completely remove the solvent, co-crystals were put in a
vacuum for 1 h. Gold electrodes (100 nm thick) were then fabricated
on the crystals, using the “pick and paste” method. The device
fabrication and measurement process were carried out with a
Micromanipulator 6150 probe station. The current—voltage (I-V)
curves were recorded by using a Keithley 4200 SCS analyzer, and all
the measurements were conducted at room temperature in air.

B RESULTS AND DISCUSSION

The BICs consist of Bpe molecular columns with a shorter
intermolecular distance of 3.18 A (Supporting Information,
Figure S1b,c) compared with the Bpe crystal (3.67 A, Figure
S1fg), implying strong z—n interactions. IFB molecular

columns are formed by relatively weak 7—z (3.54 A, Figure
Sld,e) and F--I interactions (3.48 A), communicating with
adjacent Bpe columns by two types of N---I halogen bonds
(2.82 and 2.85 A) and F---H interactions (2.66 A), as displayed
in Figure 1b. These intermolecular interactions, stretching
along distinct directions, are responsible for the resulting
segregated-stacking structure (Figure 1c). In sharp contrast,
Bpe and F,DIB molecules are connected by a N--I halogen
bond (2.81 A) to form linear molecular chains (Figure 1d),
which later expand into a 2D molecular plane via three types of
F---H interactions (2.46, 2.62, and 2.73 A). These 2D molecular
planes are then brought together by weak 7—r interactions
(3.64 A, Figure S2) to form a unique mixed-stacking system
(Figure le). Significantly different non-covalent interactions in
two types of co-crystals may play important roles in the
following molecular self-assembly.

Morphology predictions are performed by using Materials
Studio software with the growth morphology algorithm. The
calculation result depicted in Figure 2a reveals that BIC may

Figure 2. Predicted growth morphology of (a) BIC and (b) BFC.
Optical images of (c) BICs and (d) BFCs obtained by solution drop-
casting. TEM and SAED images of (e) BIC and (f) BFC.

grow along the [100] direction, and the lowest attachment
energy for the (001) face (Figure S3) suggests it will be
prominent in the crystal morphology. In comparison, BFCs
may grow into block-like crystals (Figure 2b), and the
attachment energy calculations (Figure S4d) indicate that any
common crystal planes (such as (100), (010), and (001))
might appear to be dominant in the resulting bulk crystals.
Despite the above discussions, BICs and BFCs are supra-
molecular prepared by drop-casting of mixed solution onto
substrate, in which Bpe and co-former molecules recognize
each other and self-assemble in an orderly way via non-covalent
interactions from one to few and larger aggregates, initial
nucleus to bulk molecular crystals, as shown in Figure 2c,d. Bpe
and IFB molecules self-assemble into ultralong wires with a
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width of hundreds of nanometers to several micrometers,
uniformly distributed along the entire length, while Bpe and
F,DIB molecules aggregate into microblock crystals with
various shapes (Figure SS). Both are distinctly different from
single-component crystals obtained by the same solution
method (Figures S6 and S7) and thus can be easily
distinguished.

Figure 2ef displays the TEM and SAED images of BIC and
BFC, suggesting the two types of co-crystals are single-
crystalline in nature. BIC belongs to the triclinic space group
P1," with cell parameters of a = 4.73 A, b = 9.07 A, ¢ = 22.60 A,
a = 94.53°% B = 93.22° and y = 92.32°, while Bpe and F,DIB
molecules self-assemble into the co-crystal’* with cell
parameters of a = 627 A, b = 844 A, ¢ = 923 A, a =
83.61° f = 70.75° and y = 78.40°. Hence, the nice SAED
pattern of individual BICs with similar d-spacing values of 4.67
and 9.0 A and an intersection angle of 92° is indexed to the
(100) and (010) planes, respectively. This indicates that the
BIC wire is grown along the [100] direction, well in accord
with the XRD measurement (Figure S8a), in which only the
(002) peak is observed. Here we show that the morphology
and structure of BICs are consistent with the Materials Studio
software predictions, and the strong 7—7 interaction between
Bpe molecules is the main driving force for 1D self-assembly.

In stark contrast, more peaks appear in the XRD profile of
BFCs (Figure S8b) because of its polymorphic nature. The
observation of three types of crystal shapes (Figure SS) is
consistent with the prediction results (Figure S4a—c). Specially,
the b crystal plane is the most likely to be detected, as shown in
the XRD result, corresponding to the (010) plane with the
lowest attachment energy and the largest facet area in the
calculation results (Figure S4d). The selected parallelogram-like
BFC, with an intersection angle of 80° (Figure 2d), which
possesses a better morphology than the others, is convenient
for optoelectronic characterizations. As clearly confirmed in
Figure 2f, it expands along the [100] direction. Thus, in this
unique 2D molecular self-assembly (Figure S4a), C—F--H
interactions are the main driving forces for the growth of (100),
while the N---I halogen bonds are responsible for the growth
along [010]. The above analysis and results therefore allow us
to conclude that distinct non-covalent interactions between Bpe
and two co-formers trigger different molecular self-assembly,
resulting in diverse co-crystal morphologies with different
molecular packing structures.

Raman (Figure S9) and IR spectra (Figure S10) are recorded
to investigate the vibrational characteristics. Sharp bands in the
Raman spectra indicate the co-crystals are highly crystalline and
indeed composed of Bpe and co-former materials. The 158
cm™" Raman band**®' (symmetric C—1 stretching and ring
elongation) of F,DIB is shifted to 150 cm™ after co-
crystallization, while its 761 cm™ IR band”’ (C—I antisym
str) moves to 750 cm™!, and the 1467 cm™ IR band’* (aryl
semicircle stretch) changes to 1454 cm™'. These observations
clearly suggest that the C—I bond is lengthened and weakened
as a consequence of n—¢* donation and N---I halogen bond
formation in BECs. Additionally, the 943 cm™ IR band”' (C—F
side-to-side stretch) of F,DIB is shifted to 938 cm™),
corresponding to the C—F---H interactions in BFCs. Similarly,
the 179 cm™ Raman band (C—I str) of IFB is red-shifted to
164 cm™', whereas its 1407 cm™" IR band (ring stretch) moves
to 1399 cm™, and the 1051 cm™ IR band (C—F stretch) is
shifted down to 1038 cm™ in BICs. These changes after IFB
co-crystallization are attributed to the N--I and F---H
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interactions. The formation of strong halogen bonds in two
types of co-crystals is moreover reflected in the 3027 cm™" IR
band (C—H str) of Bpe, the intensity of which is largely
weakened after co-crystallization.

With a deeper understanding of the effect of intermolecular
interactions on molecular self-assembly, we then focused on the
photophysical properties of co-crystals. Figure 3a,b depicts the
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Figure 3. Photophysical properties of co-crystals. CLSM images of (a)
BICs and (b) BFCs on the glass substrate under the excitation of an
unfocused UV light (330—380 nm). (c) Absorption and PL spectra of
Bpe, IFB, F,DIB, Bpe-IFB, and Bpe-F,DIB crystals on quartz slices.
Time-resolved PL measurements of (d) BICs (monitored at 425 nm)
and (e) BFCs. All the PL lifetime measurements were performed
under the excitation of a 330 nm femtosecond laser.

CLSM images of BICs and BFCs. The BICs exhibit strong
violet-blue luminescence with measured PLQY (®p;) of
26.14%, while BFCs show unexpected white light emission
(Figure S11). The extreme lightening at the tips or edges but
not in the body of the co-crystals suggests their excellent self-
waveguide properties. Moreover, the absorption and PL spectra
of these two types of co-crystals were collected, as displayed in
Figure 3c. The CIE chromaticity coordinates of BICs and BFCs
(Figure S12) calculated from their PL spectra are (0.159,
0.084) and (0.258, 0.327), respectively. Compared with the
individual component crystals, BICs exhibit two largely
bathochromic-shifted absorptions at 326 and 354 nm (Figure
S$13), and a broad, structureless, red-shifted PL peaked at 425
nm, with the full width at half-maximum (fwhm) around 74 nm
and a large Stokes shift of 4719 cm™, implying that they may
originate from CT transitions. In contrast, the absorption and
PL spectra of BFCs seem to retain the original values of single-
component crystals (Figures 3¢, S13, and S14).

To shed light on the nature of this interesting phenomenon
and gain deeper insight into the excited states of co-crystals, the
time-resolved PL measurements of BICs and BFCs were
conducted, and the results are shown in Figure 3d,e. The PL of
BICs peaking at 425 nm, with a lifetime (7) around 1.66 ns, is
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very different from that of Bpe crystals obtained via a similar
solution method (Figure S15), demonstrating a distinct excited
PL species. The radiation rate constant (k;) of BICs is then
calculated to be 0.16 ns™" using the formula k¢ = @y /7, which
is very close to the values of typical halogen-bonded co-
crystals”'® and smaller than those of single-component
crystals.””* This relatively slow radiation implies its CT
transition nature. For BFCs, PL decays at 360—425 nm with a
lifetime of 0.10 ns, and a double-exponential decay of 7, = 0.10
ns (93%) and 7, = 0.71 ns (7%) is detected at 444—465 nm,
while another double-exponential value of 7, = 0.12 ns (71.2%)
and 7, = 1.55 ns (28.8%) is fitted at 470—495 nm, and 1.59 ns
is monitored at S15—555 nm (Figure 3e). We note that the PL
decay times of BFCs almost do not change at all (Figure S15)
as compared with those of Bpe crystals, showing that
incorporation of F,DIB molecules into the co-crystals does
not change the intrinsic spectroscopic states of Bpe. The
exception is that monitored at 470—555 nm of BFCs, in which
a shortened lifetime (1.55 ns) is observed. This reduction in the
PL lifetime, compared with that monitored at 485—565 nm
(3.95 ns) from Bpe crystals, is attributed to the introduction of
the acceptor molecules F,DIB into this system, which probably
increases the nonradiative pathways from the corresponding
excited state of Bpe. The above phenomenon observed in the
BEC system, to the best of our knowledge, is surprising and has
been little reported, since co-crystallization alters the original
molecular packing structure and is regarded as an advanced
strategy to tune the optical properties of solid materials, as
proposed recently.”"

Interestingly, incorporating similar co-formers into co-crystal
systems leads to different intermolecular interactions, molecular
self-assembly behaviors, crystal morphologies, and molecular
stacking structures, as well as distinct photophysical properties.
We think that the broad, structureless, and red-shifted PL from
BICs with longer PL lifetime (1.66 ns) may be attributed to the
CT interactions from donor Bpe to acceptor IFB, which do not
appear in BFCs, resulting in a white-light emission simply made
up of those from single-component crystals. However, as shown
above, the CT interactions of co-crystals cannot be detected in
Raman (Figure S9) and IR spectra (Figure S10), which is
significantly different from the case of TCNQ-based co-
crystals.” The CT nature of BICs in the ground state is first
experimentally confirmed by ESR measurements (Figure S16).
A relatively weak but sharp signal appears centered at the
magnetic field of 3481 G, indicating unpaired electrons exist in
the co-crystals. The g-factor is calculated to be 2.0045 according
to the ESR theory, which is similar to that of free electron
(2.0023), revealing the CT interactions between Bpe and IFB.
Note that we did not observe any ESR signals in Bpe or IFB
powder.

The CT interactions and photophysical properties of co-
crystals are completely revealed by DFT calculations (Figure
4). The Mulliken atom charge of +0.106 on the IFB moiety
with a SDM of 0.78 D, pointing to the IFB molecule (Figure
S17a), and the calculated LUMO and HOMO of the BICs
(Figure 4a) confirm the CT interactions in the ground state. In
contrast, the smaller value of the Mulliken atom charge (0.036)
and the vector of SDM parallel to the molecules (Figure S17b)
in BFCs indicate almost no CT interactions between Bpe and
F,DIB. This is further verified by the calculated LUMO and
HOMO (Figure 4b), both of which are nearly completely
distributed on the Bpe moiety. The absorption spectra of co-
crystals are calculated using TD-DFT, and the electronic
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Figure 4. Molecular orbital diagrams of (a) BIC and (b) BFC as
calculated by DFT. Absorption spectra calculated by TD-DFT (black
curve) and experimental result (blue curve) for (c) BICs and (d)
BECs, and corresponding Jablonski diagrams (ef).

transitions are assigned as displayed in Figures 4c,d and S18,
and Tables S1 and S2.

For the BICs, the lowest CT,—CT), transition is from the
HOMO—LUMO excitation, and the energy of this transition,
calculated as 361.4 nm (3.43 eV) with an oscillator strength (f)
of 0.0021, is well in accord with the experimental results (354
nm, 3.50 eV).*° The corresponding TDM, with a value of 0.4 D
(Figure S19), displays its vector nearly perpendicular to the Bpe
molecular columns. Similarly, the observed 326 nm (3.80 V)
absorption is attributed to the CT,—CT, transition (calculated
as 328.3 nm, 3.78 eV), which is mainly from the HOMO—
LUMO+2 excitation (47.3%), while the 258 nm (4.81 eV) peak
is assigned to the CT,—CT; transition (calculated as 257.5 nm,
4.81 eV). Moreover, the strong PL of BICs is from the lowest
CT, state (CT, excitons), since a nice mirror-image relation-
ship between absorption and PL spectra has been observed. For
the BFCs, the calculated absorption spectra also agree well with
the experiments (Figure 4d), and the calculated molecular
orbitals and energy levels are almost the same as those of Bpe
crystals (Figure S20). This agrees with the previous discussions
of photophyscial properties of Bpe and BFC, which have
concluded that the spectroscopic states of Bpe and F,DIB do
not change after co-crystallization, though the molecular
packing structure of Bpe is largely altered in the co-crystals.
In this regard, the experimental absorption of 325 nm (3.82
eV) for BECs can be attributed to the S;—S, transition of Bpe,
while the PL of BFCs is near that of Bpe crystals, the optical
characteristics of which are also theoretically revealed, as
illustrated in Figure S21 and Table S3.

The experimental and theoretical evidence helps us to draw
the corresponding Jablonski diagrams of the two types of co-
crystals, as exhibited in Figure 4ef. In BICs, electronic
transitions happen from the CT, ground state to CT, excited
states when photons are absorbed and then relax (internal
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conversion) to the CT, state, and via a large molecular
configuration change (Stokes shift) to fluoresce with radiation
rate constant k¢ = 0.16 ns™". The k; value is larger than those of
TCNB-based co-crystals™ but similar to those of halogen-
bonded co-c1rystals.9 In comparison, when BFCs are excited,
electronic transitions happen between singlet states, with
fluorescence mainly from the lowest S, state. The Bpe
component in BFCs plays a more important role than F,DIB,
which contributes to the absorption spectrum of BFCs but
shows extremely weak fluorescence (Figure S14).

The selective appearance of CT interactions in two types of
co-crystals grown from similar co-former molecules is
surprising. It is generally accepted that the CT degree is
usually significant in the co-crystals with segregated stacking
and relatively smaller in the co-crystals with mixed stacking.
The co-crystals with strong CT interactions and significant CT
degree in the ground state prefer to pack in a segregated form
in order to stabilize the ionic D—A system. However, the basic
reason for this still remains unclear. Here we propose that the
CT interactions in organic co-crystals can be selectively
triggered or suppressed by different molecular packing
structures, and the 7 electron cloud delocalized in the Bpe
columns (7-electron-rich) promotes the CT process from Bpe
to IFB (Figure S22). In comparison, Bpe molecules are
dispersed in BFCs, leading to m-electron-deficient circum-
stances and weak CT interactions between Bpe and F,DIB.
These results give a convincing explanation and deeper insight
into the relationship between molecular packing structures and
CT interactions in organic co-crystals.

The electric conductivity (6) of the two types of co-crystals is
also examined. In a typical experiment, BIC wires were grown
on the Si/SiO, wafer by directly drop-casting of mixed solution
(Figure Sa), followed by the fabrication of two-terminal micro-
scale devices, using the “pick and paste” technique.”” Figure Sb
displays the measured I—V characteristics of individual BIC at
room temperature. The linear relationship suggests that the I—
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Figure S. Electric conductivity of co-crystals. Optical images of (a)
BIC on the Si/SiO, wafer (upper section) and wire-based device
(bottom section), and of (c) BFC on a glass substrate (upper section)
and microblock-based device (bottom section). The scale bars are 10
um. (b) Measured current—voltage (I-V) curve and corresponding
fitting line for BIC. (d) Measured I-V curve for BFC.

V behavior of BIC obeys Ohm’s law at low applied voltage, and
a nearly ohmic contact exists between the crystal and
electrodes. Note that the I-V curve does not go through the
origin of the coordinates, and this might be due to the noise
current. Using the formula

1 1 L L

T, T RGS/L) RS RWH

where o, p, and R are the electric conductivity, resistivity, and
resistance values of the wire, and S, L, W, and H are the area,
length of device channel, and width and height of the crystal,
respectively, the electric conductivity of BIC is calculated to be
6 =142 x 107° Q7' m™, suggesting that BIC has quasi-1D
semiconductor nature (along the [100] direction). More than
20 devices were measured in our experiments, and the results
ranges from ¢ = 8.08 X 1077 to 8.73 X 107 Q™' m™". Note that
light-emitting co-crystals exhibiting electric conductivity are
little reported, and most of them are insulators.”®>” On the
other hand, BFCs were grown on the substrate (Figure Sc) and
fabricated similarly to the two-terminal devices, which were
eventually confirmed to be insulators (Figure 5d).

Therefore, the Bpe-IFB CT co-crystal with segregated-
stacking structure is determined to be a semiconductor, while
the BFC packed in a mixed-stacking structure without CT
interactions is measured to be an insulator. This is consistent
with the fact that the electric conductivity of a co-crystal is
related to its CT degree, as discussed in previous reports and
generally accepted.’’ In this regard, the electric conductivity
result also verifies the selective appearance of CT interactions
in the two types of co-crystals. Besides this, we propose that the
strong 7—x interactions (3.18 A) in the Bpe columns ([100]
direction) in BICs are also responsible for the measured electric
conductivity, while that is not the case in BFCs.

The two types of halogen-bonded co-crystals with different
molecular stacking forms, obtained from distinct molecular self-
assembly processes, show different photophysical and electric
characteristics due to the selective appearance of CT
interactions, arousing our interests in further investigating
their optical waveguide properties. In a typical experiment,
spatially resolved PL imaging and spectroscopy measurements
were performed on a homemade system (Figure S23). u-PL
spectra of co-crystals were collected as shown in Figure 6a,b.
Compared with their steady PL spectra, the y-PL spectra of the
two types of co-crystals are changed and red-shifted, which may
be attributed to the micro-cavity effect and re-absorption.
Moreover, when the excitation 374 nm picosecond laser beam
is focused on an individual BIC, the generated photons are
confined, propagate in opposite ways, and out-couple at the tips
in this 1D optical waveguide. The PL intensity collected from
the tip (I;,) gradually decreases (Figure 6¢) when the excitation
laser spot is moved to increase the optical propagation distance.
The PL intensity of the excitation spot (Ibody) was also
collected, and the ratio I,/Iq, shows a single-exponential
decay against propagation distance (Figure 6d), which indicates
the active nature of the optical waveguide. This decay curve can
be fitted using the function

I tip

= A exp(—RD)
Loqy

where A and D are a constant and the optical propagation
distance, respectively. Thus, the optical loss coefficient (R) of
BIC is calculated to be 0.19 dB um™' at 440 nm, which is
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Figure 6. Optical waveguide of co-crystals. u-PL spectra of individual
(a) BIC and (b) BFC. Insets are corresponding bright-field and PL
images. (c) Spatially resolved PL spectra collected from the tip of the
wire when the excitation spot was moved. Inset shows the PL images
of individual BIC excited at different positions. (d) Ratio of PL
intensity, I,/ against the propagation distance D. The curves
were fitted by an exponential decay function. (e) Typical bright-field
and PL images of a micro-block excited by a 351 nm laser. (f) Typical
4-PL spectra obtained from the excitation spot and tip of individual
BEC.

comparable to those of organic crystals with excellent optical
waveguide properties.”’ In contrast, under the excitation of a
351 nm laser, the excited white PL can propagate parallel to the
glass substrate in an individual BFC along two distinct
directions and out-couple at its tip and edge, exhibiting the
unique 2D optical waveguide property (Figure 6e). Typically,
for a long propagation distance in BFC, the intensity of white
PL does not decrease so much (Figure 6f). Significantly, the
BEC is the first reported co-crystal with 2D morphology to
serve as an efficient 2D white light waveguide. Generally, when
a molecular crystal serves as an optical waveguide, the optical
propagation directions are mainly decided by its crystal
morphology, while the optical propagation loss coefficient R
is related to the material itself and the crystal quality. Hence,
the two types of co-crystals with distinct morphologies exhibit
different optical waveguide behaviors, further confirming that
rational design of the intermolecular interactions and control of
the molecular self-assembly are essential to obtain the crystals
with the desired shapes and photonic functions.

B CONCLUSIONS

Two types of supramolecular halogen-bonded co-crystals are
prepared from Bpe and two similar co-former molecules,
followed by in-depth structural, spectroscopic, theoretical,
electronic, and photonic characterizations, and the results are
summarized in Table 1. The analyses and discussions in this
work allow us to conclude the following:

(1) The z— interaction in BICs is the main driving force for
1D self-assembly, resulting in ultralong wires with segregated
stacking, while Bpe and F,DIB prefer to undergo 2D self-
assembly driven by C—F---H and N---I interactions to form bulk
blocks with mixed stacking. This provides a reference for
further rational design and preparation of halogen-bonded co-
crystals using supramolecular strategies.

(2) The Bpe-IFB CT wires give efficient violet-blue PL (®p
= 26.1%) with a typical radiation rate constant k¢ = 0.16 ns™",
which is from the lowest CT, state (CT, excitons).
Surprisingly, the BFCs without CT interactions exhibit unique
white light emission, which is made up of those from individual
component crystals with almost the same PL lifetime, indicating
that the intrinsic spectroscopic states of Bpe and F,DIB indeed
do not change after co-crystallization. This important result
provides a new design principle for achieving white-light-
emitting materials.

(3) The appearance of CT interactions in segregated-
stacking BICs but not in mixed-stacking BFCs is also
completely confirmed by DFT calculations. The absorption
spectra and electronic transitions of the two types of co-crystals
are calculated and assigned, in good accord with the
experiments. Moreover, the calculated energy levels of Bpe
crystals and BFCs are similar, and this is consistent with the
observation that the BFCs retain the intrinsic spectroscopic
states of Bpe and F,DIB crystals. After verifying the CT
interactions experimentally and theoretically, we propose that
the 7 electron-rich circumstances in Bpe columns of BICs
promote the CT process from donor Bpe to acceptor IFB. This
suggests that CT interactions in co-crystals are related to their
molecular packing structures and can be modulated (selectively
triggered or suppressed) by crystal engineering. Impressively, it
gives a deeper understanding of the relationship between
molecular packing structures and CT interactions of organic co-
crystals.

(4) The Bpe-IFB CT co-crystals are determined to be quasi-
1D semiconductor, whereas BFCs without CT interactions are
measured to be insulators. Both of the CT interactions and
strong 7—7 interactions along the [100] direction in BICs are
responsible for its measured electric conductivity, further
verifying the significant effect of CT interactions on
optoelectronic properties.

(5) The distinct PL propagation behaviors in two types of
co-crystals suggest that the optical waveguide property of
molecular crystal is partially morphology-dependent. Thus, it is
important to conduct the molecular self-assembly in a
controlled manner to obtain crystals with the desired shapes
and photonic functions.

Table 1. Molecular Self-Assembly Behavior and Optoelectronic Properties of BICs and BFCs

self-assembly co-crystal
molecules manner driving force morphology
Bpe, IFB 1D - wire-like
Bpe, F,DIB 2D N--I, C=F--H block-like

molecular conductivity, waveguide,
stacking emission CT Q'm™! dB pym™!

segregated violet-blue  yes 142 X 1076 1D, 0.19

mixed white light  no insulator 2D
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The “assembly—structure—CT-property” relationship in
halogen-bonded co-crystals, as described above, helps us to
gain a deeper understanding of the correlations between
molecular stacking structure, CT interactions, and optoelec-
tronic characteristics of organic D—A systems, and opens up a
rational way to design and efficiently synthesize a broad class of
novel functional organic co-crystal materials. Further related
research, underway in our group, will focus on measuring the
CT degree of halogen-bonded co-crystals in the ground state,
the basic reason why some co-crystals show spectroscopic
behaviors similar to those of single-component crystals, and the
exciton dynamics in co-crystal optoelectronic devices.
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