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Abstract: The spectroscopic and photophysical properties of
organic materials in the solid-state are widely accepted as
a result of their molecular packing structure and intermolecular
interactions, such as J- and H-aggregation, charge-transfer
(CT), excimer and exciplex. However, in this work, we show
that Spe-F,DIB cocrystals (SFCs) surprisingly retain the
energy levels of photoluminescence (PL) states of Spe crystals,
despite a significantly altered molecular packing structure after
cocrystallization. In comparison, Npe-F,DIB cocrystals
(NFCs) with new spectroscopic states display different spectra
and photophysical behaviors as compared with those of
individual component crystals. These may be related to the
molecular configuration in crystals, and we propose Spe as an
“intramolecular emissive” material, thus providing a new
viewpoint on light-emitting species of organic chromophores.
Moreover, the nonlinear optical (NLO) properties of Npe and
Spe are firstly demonstrated and modulated by cocrystalliza-
tion. The established “molecule-packing-property” relation-
ship helps to rationally control the optical properties of organic
materials through cocrystallization.

M olecular cocrystals,"? a single-phase material formed
with different molecules through non-covalent intermolecular
interactions, exhibit unpredicted and versatile chemicophys-
ical properties, such as high conductivity,®’! nonlinear optics
(NLO),** ambipolar charge transportation,’! ferroelectric-
ity,¥! light-driven actuator,’’ and room-temperature phos-
phorescence.'”! In this context, cocrystallization actually
provides an ideal research platform for achieving multiple
functions and exploring interesting phenomena in molecular
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solids. However, a long-standing problem remained in this
research field, since the discovery of the first cocrystal
quinhydrone in 1844,' is how to rationally choose the
constituted materials for efficient cocrystallization!” and
desired functions.™” This requires clear knowledge on i) how
different molecules recognize each other, aggregate, nucleate,
and grow,"*1% as well as ii) how molecules and their stacking
forms intrinsically affect the resulting bulk properties. Up to
now, only a poor understanding of these features has been
developed.'®'7 Fortunately, halogen bonding (discovered in
1863)/"8! with strong n—o* interactions and excellent direc-
tionality™ has recently been introduced into solid-state
reactivity and cocrystallization (superior to other supramolec-
ular interactions),*"! which distinctly opens a door for
chemists and material scientists to uncover the fantastic
phenomena in multi-component molecular solids.>!%!
Research on halogen-bonded systems have focused on crystal
engineering? rather than optoelectronics in the past de-
cades.’** This may be due to the limited experiences for
explaining the interesting but complex changes of properties
after cocrystallization'®® and unclear structure-property
relationship in the reported cocrystals, ™! particularly for
the photophysical and NLO properties.””?*! These hinder
further rational design and preparation of optoelectronic
functional halogen-bonded cocrystals. Therefore, the optoe-
lectronic characteristics of halogen-bonded solids and their
molecule-packing-property relationship currently remain
unknown.

Herein, 4-(1-Naphthylvinyl)pyridine (Npe) and 4-styryl-
pyridine (Spe) were selected for their unique m-conjugated
system and strong halogen-bonding with 1,4-diiodotetra-
fluorobenzene (F,DIB; Figure 1a). Two new cocrystals were
prepared, followed by an in-depth investigation and compar-
ison of their crystal structure, self-assembly, spectroscopic,
photophysical, and NLO properties. We show the intrinsic
photoluminescence (PL) energy levels of molecules can be
changed or retained after cocrystallization, which may be
related to the molecular configuration. We present that
cocrystallization provides an alternative approach to ration-
ally tune the NLO properties of molecules. Impressively, the
molecule-packing-property relationship in this contribution
paves the way for further design and preparation of functional
cocrystal materials.

Npe and F,DIB molecules in NFC are brought together by
C—I-+N halogen bonds (2.815 A) and four types of C-F--H
interactions (Figure Sla,b) to form two-dimensional (2D)
molecular planes (Figure 1b), which later pack alternatively
along the a axis through m-t (donor-acceptor, D-A) inter-
actions (3.372 A, Figure Slc, d), leading to mixed molecular
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Mixed Stack

Figure 1. a) Molecular structure of Npe, F,DIB, and Spe. Intermolecu-
lar interactions and molecular packing structures of b,c) NFC and
d,e) SFC.

columns (Figure 1c¢). Each column then communicates with
each other through C—I-F interactions (3.332 A) to generate
the resulting lattice structure. Similarly, 2D molecular planes
of Spe and F,DIB in SFC are formed with C—I--N halogen
bonds (2.776 A) and five types of C—F--H interactions
(Figure 1d), and then stack along the ¢ axis through mt-rt (D-
A) interactions (3.832 A, Figure S2) in a mixed fashion to
produce molecular columns (Figure 1e¢), which are connected
by C—I--C interactions (3.500 A) to form the final architec-
ture. In this way, the molecular packing structures and
intermolecular interactions of NFC and SFC are significantly
different from those of the single-component crystals (Fig-
ure S3).

Morphology predictions were conducted by using the
growth morphology algorithm of Materials Studio soft-
ware.” The result indicates Npe and F,DIB molecules will
grow into a rectangle-like crystal with a dominant (020) face
(Figure 2a, S4a), while Spe and F,DIB molecules may co-
assemble into crystal with a largest (020) face (Figure 2b,
S4b). Cocrystals were prepared by solution drop-casting. The
optical images (Figure 2c,d) confirm that the obtained NFCs
show the same morphology as the calculation results, while
SFCs exhibit a parallelogram-like shape, both of which are
largely different from those of single-component crystals
(Figure S5-S7). The transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) images of
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Figure 2. The predicted growth morphology of a) NFC and b) SFC. The
optical images of ¢) NFC and d) SFC on the glass substrate. The
typical TEM and SAED images of individual €) NFC and f) SFC.

individual NFC (Figure 2¢) and SFC (Figure 2 f) illustrate
their single-crystalline nature. NFC belongs to the monoclinic
space group P2,/c with cell parameters of a=813 A, b=
39.86 A, c=6.40 A, a=y=90° f=93.60° (Table S1), while
SFC belongs to P2,/n with cell parameters of a=6.36 A, b=
3348 A, c=9.09 A, a =y =90°, =110.02° (Table S2). Thus,
the SAED pattern of NFC with measured d-spacing values of
8.04 A, 6.47 A and intersection angle 93° can be assigned to
(100) and (001), respectively. This was also confirmed by the
X-ray diffraction (XRD) result, in which strong (On0) peaks
were observed (Figure S8a,S9a). And the SAED image of
SFC with intersection angle of 110° can be attributed to [100]
and [001] directions, respectively, which was further verified
by the XRD measurements (Figure S8b,S9b,c). The mor-
phology and structure results of the two cocrystals are in
accordance with the predictions. Moreover, the cocrystal
nature of NFCs and SFCs was further confirmed with
comprehensive investigations of their intermolecular inter-
actions and anisotropic properties (Figure S10-S14).

Figure 3 and Table S3 show the photophysical properties.
The confocal laser scanning microscope (CLSM) images of
two cocrystals (Figure 3a,b) clearly illustrate their blue PL
and excellent self-waveguide properties (Figure S15). The
absorption and PL spectra of NFCs are red-shifted and
significantly changed compared with those of individual
component crystals (Figure 3¢, S16-S18), while SFCs surpris-
ingly display nearly identical absorption and PL spectra to
those of Spe crystals. To our knowledge, the unique spectro-
scopic behavior of SFCs and Spe crystals here is confusing,
because the molecular packing structure is greatly changed
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Figure 3. The CLSM images of a) NFCs and b) SFCs. The scale bars
are 50 um. c) The absorption and PL spectra of crystals. The typical PL
decay profile of d) NFC and e) SFC. Inserts are the crystals for
measurements.

after cocrystallization (from “herringbone packing” in Spe
crystal to “mixed stacking” in SFC), which was regarded as an
advanced approach to tune the optical properties of organic
materials."*%%) To reveal this interesting phenomenon, time-
resolved PL measurements were conducted. For Npe crystals
(Figure S19d—f), well-structured PL from the lowest locally
excited (LE) state (S;) with monomeric t=1.55ns and k;=
0.1 ns™', indicates that the intramolecular charge-transfer
(ICT) in the ground state is destroyed and no photo-induced
ICT is happened, which is attributed to the fact that Npe
molecules in crystal are twisted and limited by the lattice.[*"!
The structural rigidification and AIEE effect® is thereby
triggered and photoluminescence quantum yield (PLQY, &)
is largely enhanced (from 2.30% to 15.52%). After cocrys-
tallization, NFCs with red-shifted, distinct absorption and PL
spectra display @;=3.90%, t=0.11ns, k;=0.35ns" (Fig-
ure 3d), and the mono-exponential lifetime implies that the
PL of NFCs is from one excited state without other competing
radiative deactivation processes. These allow us to propose
that new spectroscopic states with different energy levels in
NFCs are generated (Figure S21c), thus leading to the
observed significantly different spectroscopic and photophys-
ical properties from Npe crystals. The A =386, 365 and 345 nm
absorption peaks of NFCs (Figure S16¢) are assigned to the 0—
0, 0-1, and 0-2 transitions to the S, state, respectively, and the
well-structured PL peaks of NFCs 1 =425, 445, and 480 nm
are attributed to the 0-0, 0-1, and 0-2 transitions from the S,
to S, state. Furthermore, the absorption spectra of Npe,
F,DIB, and Npe-F,DIB were simulated and assigned (Fig-
ure S22-S24).
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For Spe crystals, the ground state is neutral without ICT,
whereas the PL is contributed from both of S; (7, =0.11 ns,
82.14%) and ICT (7,=0.77 ns, 17.86 %) excited states (Fig-
ure S25c-e, S26, S27). Owing to the forbidden nature of
transition from the S, to ICT state, the corresponding
oscillator strength (f) of =382 nm (3.25 ¢V) absorption is
very small. The time-resolved PL spectra of Spe crystals
(Figures S29, S30a—c) also demonstrate the existence of short-
lived high-energy LE species and long-lived low-energy ICT
species (3.23 eV). For SFCs, the @; is 2.24 % (Figure 3¢) and
the corresponding PL lifetime (Figure 3e) is fitted as double-
exponential values of 7, =0.019 ns (82.17 %) and 7, =0.14 ns
(17.83%) with the same percent (Table S3). The time-
resolved PL results of SFCs (Figures S30d—f, S31) show that
the spectra of short- and long-lived excited species are almost
the same as those of Spe crystals. These imply that the energy
levels of excited PL states of SFCs do not change as compared
with Spe crystals (Figure S21d). The observed absorptions of
SFCs are attributed (Figure S21b,d), while the PL is similarly
arising from S, and ICT states with largely lowered 7 and @,
because the introduction of F,DIB increases non-radiation
ways from the corresponding PL states. Moreover, examining
the absorption spectra of Spe crystal and SFC carefully, high
energy peaks are quite different (Figure S16), and the A=
382 nm peak of Spe crystals disappears after cocrystallization.
This is because the electronic transition from the S, to ICT
state in SFC is completely forbidden (Figure S21d) as a result
of molecular packing structures (Figure S32).

The different photophysical phenomena in two cocrystals
may be intrinsically related to the molecular configuration in
crystals. Npe is changed from twisted in Npe crystal to planar
in NFC, while the Spe molecules in SFC retain the planar
configuration as that in Spe crystal (Figure S21e). In this
sense, the PL spectra of Spe molecules in the solid state
surprisingly seem to be not related to their molecular packing
structure, surrounding molecular environments, intermolecu-
lar interactions, or crystalline quality (Figure S27). We
thereby classify this kind of organic light-emitting category
as an “intramolecular emissive” material,”” which means that
the PL spectrum of molecules in the solid state cannot be
influenced by molecular stacking and intermolecular inter-
actions (like dimers®? or aggregatest®™3). Cocrystallization
here becomes a powerful tool to reveal the intrinsic lumines-
cent properties of molecules.

Finally, the NLO properties were investigated. The up-
conversion PL spectra of Npe crystal excited with 4 =720 nm
laser (Figure 4a) are found to be the same as the steady one,
but the f of the 0-0 peak is lowered due to self-absorption.
Increasing the power of excitation laser, the recorded PL
intensity (A =420 nm) of Npe crystal is increased, showing
a fitted linear relation (Figure 4b), which exactly confirms the
TPA process.'® Efficient TPA is also confirmed when the
excitation  wavelength  1,=720-780 nm  (Figure S33,
Table S4). Npe crystal with P-1 space group showing TPA
property agrees well with the typical D-m-A model.[3:3¢
Similarly, NFC displays TPA property when A, =720-
840 nm (Figures 4 c,d, S34) and the up-conversion PL spectra
are the same as its steady one. The origin of TPA in NFC
might be related to the supramolecular electronic polariza-
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Figure 4. a) The up-conversion PL spectra of Npe crystal and b) corre-
sponding linear relation between the PL intensity and excitation power
(W?). c) The collected PL spectra of NFC under =800 nm laser
excitation, and d) a linear relation is fitted. e) The up-conversion PL
spectra of Spe crystal and f) typical linear relation, clearly exhibiting
SHG effect.

tion,™ in which the halogen-bonding acts as a bridge to
connect the m-conjugated systems of Npe and F,DIB, leading
to the expansion of the D-n-A configuration. Surprisingly,
Spe crystals show SHG properties when 4., =740-1000 nm
(Figure 4 e, Table S4). A sharp peak at 370 nm with relative
weak PL (from re-absorption of the 370 nm light) similar to
the steady one is observed when Spe crystal is under the 1 =
740 nm excitation. Typically, the intensity of the sharp PL
peak (A=430nm) and excitation laser power (W3 A=
860 nm) are also fitted as a linear relation (Figures 4 f, S35).
The Spe crystal exhibits SHG properties owing to the D-A
configuration of Spe molecule with intramolecular electronic
polarization®” and its non-centrosymmetric Pa crystal space
group.F” ¥ However, SFCs with low @; do not show any SHG
or TPA properties. Spe-F,DIB halogen-bonded D-m-A
system with supramolecular electronic polarization packs as
centrosymmetric P2,/n crystal space group, leading to the
suppression of SHG effect.” Here, the NLO properties of
Npe and Spe are first demonstrated and tuned by cocrystal-
lization.

In conclusion, two new halogen-bonded cocrystals have
been prepared, and their crystal structure, intermolecular
interactions, morphology, and self-assembling behavior, as
well as spectroscopic, photophysical, and NLO properties are
compared. We demonstrate that the energy levels of PL states
of organic molecules can be changed or retained by cocrys-
tallization, and these may be related to the molecular
configuration in crystals, which leads us to propose Spe as
an intramolecular emissive material. Cocrystallization is also
shown as an alternative approach to tune the NLO properties
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of organic materials. Significantly, the molecule-packing-
property relationship described here is helpful in the rational
design and preparation of cocrystals with desired properties.
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