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SUMMARY

Cocrystal engineering, involving the co-assembly of two or more components into a highly
ordered solid-state superstructure, has emerged as a popular strategy to tune the photophysical
properties of crystalline materials. The reversible co-assembly and disassembly of
multicomponent cocrystals, as well as their reciprocal transformation in the solid state remain
achallenging objective. Herein, we have reported a color-tunable upconversion emission switch
based on the invertible transformation between two cocrystals. One red- and one yellow-
emissive cocrystals, composed of an electron-deficient naphthalenediimide-based triangular
macrocycle and different electron donors, have been synthesized. The red-emissive cocrystal
and yellow-emissive cocrystal undergo reversible transformation by exchanging their electron
donors. Benefiting from intermolecular charge transfer interactions, the two cocrystals display
improved two-photon excited upconversion emission. Accompanying the reversible
transformation of two cocrystals, their upconversion emission color changes between red and
yellow, forming a dual-color upconversion emission switch. This work provides a rare example
of precise control of cocrystal-to-cocrystal transformation, and affords a reference for

fabricating color-tunable nonlinear optical materials in the solid state.
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INTRODUCTION

Organic cocrystals,!"> on account of their simple preparation, well-defined superstructures and
diverse functions, have kindled considerable interest in supramolecular chemistry*”,
biomedical engineering®® and materials science'*'2. Cocrystals can be prepared by vapor-
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phase,'! liquid-phase, and solid-phase methods,'> methods which are low cost, convenient

and feasible, as well as avoiding tedious covalent synthesis. With ordered superstructures,
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organic cocrystals serve as promising candidates for investigating superstructure-property

relationships. Generally, cocrystals exhibit!® multifunctional properties as they integrate the

properties of different precursors. They display?®?!

innovative properties that differ from their
precursors on some occasions, such as metallic electrical conductivity,?> ambipolar charge
transport,”> room-temperature ferroelectricity,>* nonlinear optical response,”® and room-
temperature phosphorescence?®. Moreover, with dynamic and reversible intermolecular
noncovalent binding interactions, cocrystals exhibit?’° dynamic reversibility and stimuli
responsiveness, which makes them promising candidates for intelligent materials. The co-
assembly behavior during the fabrication of cocrystals, however, remains uncontrolled and
unpredictable, making it difficult to customize specific cocrystals, not to mention realizing a

reversible transformation between multicomponent cocrystals.

Endowing organic cocrystals with excellent optical properties is>!-

a worthwhile goal for
materials scientists. Crystalline luminescent materials with tunable fluorescent colors have been
developed,®* because of their potential applications in visual displays, multiplexed bioimaging,
data encryption and data storage devices.>>3® Their emission colors can be tuned by changing
the precursor molecules,* controlling the stoichiometric ratio of different precursors,*’ altering
the molecular packing modes,*! and doping another component.*? In contrast to luminescent
materials with one-photon absorption, upconversion emission materials, which enable

conversion®* of low-energy photons into high-energy photons, have attracted**¢

widespread
attention. They possess*’ unique advantages including large penetration depth, low optical
scattering, and high spatial resolution. Constructing crystalline luminescent materials, which
integrate the features of wavelength tunability and upconversion emission, is an attractive

research objective.

Herein, we have demonstrated (Scheme 1) a reversible color-tunable upconversion emission
switch based on the transformation of two charge transfer cocrystals. They are composed of the
same electron acceptor—a naphthalenediimide-based triangular macrocycle NDI-A*. With 9,

10-dichloroanthracene (DCA) and 1-chloronaphthalene (CN) as the electron donor, the two



cocrystals DCA*NDI-A and CN-NDI-A have been obtained, and these exhibit red and yellow
fluorescence, respectively. Single-crystal X-ray diffraction analyses reveal that the DCA:NDI-
A cocrystal adopts a porous solid-state superstructure with a large guest-accessible volume,
while CN°NDI-A has a condensed superstructure. The porous red-emissive DCA*NDI-A
cocrystal can transform into the yellow-emissive CN*NDI-A cocrystal by drop casting of CN
molecules, and then recovery by the removal of the volatile CN molecules through solvent
vapor annealing. This reversible cocrytal-to-cocrystal transformation has been investigated by
fluorescence microscopy, powder X-ray diffraction analyses, and Raman spectroscopy. Multi-
photon microscopic experiments reveal that the two cocrystals exhibit strong two-photon
excited fluorescence. Their red and yellow upconversion emission can be switched when
accompanied by the cocrystal transformation, leading to the formation of a color-tunable

upconversion emission switch.
RESULTS AND DISCUSSION

Growth of DCA'NDI-A and CN-NDI-A Cocrystals

The triangular macrocycle NDI-A, containing three electron-deficient naphthalenediimide
(NDI) units, serves*® as a good electron acceptor. It enables binding to electron-rich molecules
through outer surface interactions, forming charge transfer complexes. With a shape-persistent
triangular geometry, NDI-A is a vital building block to construct®® a variety of supramolecular
architectures, e.g., single-handed helices, one-dimensional (1D) supramolecular nanotubes, and
two-dimensional (2D) supramolecular tessellation patterns. Its diverse assembly behaviors in
the solid state indicate that it holds great promise for constructing charge transfer cocrystals
with exquisite superstructures. The m-conjugated NDI units**>152 also imbue NDI-A with a
wealth of photophysical properties, making it a good candidate for building solid-state optical

materials.

With NDI-A as the electron acceptor, two cocrystals with distinct emission colors based on
different electron donor molecules have been synthesized. 9, 10-Dichloroanthracene (DCA),
with good optical properties,>** is selected as one electron donor. The DCA-NDI-A cocrystal
is obtained by slow vapor diffusion of MeOH into a CH2Cl» solution of NDI-A and DCA. The
optical (Figures 1A and S15 ) and scanning electron microscopic (SEM, Figure S16) images
reveal that the DCA-NDI-A cocrystals have a 2D quadrangular shape with lengths ranging from
a few to tens of micrometers. 1-Chloronaphthalene (CN), with a small molecular size and easily

volatile nature,*® is employed as another electron donor. The CN-NDI-A cocrystal is obtained



by slow vapor diffusion of MeOH into the PhCl solution of NDI-A and CN. It exhibits (Figures

1B and S17) 1D rod-like morphology with lengths up to a few tens of micrometers.

The formation of two cocrystals, DCA*NDI-A and CN*NDI-A, can be observed (Figure S14)
by naked eye on account of the dramatic color change. NDI-A and DCA crystals are white and
yellow, while the DCA*NDI-A cocrystal is red and the CN*NDI-A cocrystal is yellow. The
formation of the DCA*NDI-A cocrystal has been confirmed by powder X-ray diffraction
(PXRD) analysis, Raman spectroscopy, and SEM-equipped energy-dispersive X-ray
spectroscopy (SEM-EDS). The PXRD pattern of the DCA*NDI-A cocrystal shows (Figure S13)
a new set of diffraction peaks, which are different from those for its precursors, indicating the
formation of a new solid-state superstructure. The Raman spectrum of DCA:NDI-A cocrystal
includes (Figure S18) the characteristic peaks for DCA (1269, 1478, 1547 cm™), and the
vibrational peaks for NDI-A (1420, 1606, 1719 cm™). SEM-EDS Analysis for the DCA*NDI-
A cocrystal shows (Figure S16) that the component elements of donor and acceptor molecules,
including carbon, nitrogen, oxygen, and chlorine, are distributed homogeneously throughout
the entire microcrystal. All these results demonstrate the formation of a multicomponent
cocrystal DCA*NDI-A based on charge transfer interactions between the electron-deficient
DCA and the electron-rich NDI-A. The synthesis of the CN*NDI-A cocrystal has also been
confirmed by PXRD patterns (Figure S13), Raman spectra (Figure S18) and SEM-EDS analysis
(Figure S17). These results suggest that two macrocycle-based cocrystals have been obtained

successfully by the co-assembly of NDI-A with two different electron donor molecules.
Photophysical Properties

With different electron-donating precursors, the DCA*NDI-A and CN-'NDI-A cocrystals
display distinctive optical properties. The fluorescence microscopic images indicate (Figure 1A
and 1B) that the DCA*NDI-A and CN*NDI-A cocrystals exhibit red and yellow luminescence,
respectively. In order to elucidate their photophysical properties, solid-state UV-Vis absorption
and fluorescence spectra were recorded. The spectra reveal that the absorption bands of the
NDI-A and DCA crystals are (Figure 1C) in the region of 250—420 and 250—460 nm,
respectively. The DCA-NDI-A cocrystal shows (Figure 1C) a broad absorption band with a
wavelength extended up to 593 nm, which is bathochromically shifted by over 130 nm in
comparison with those of NDI-A and DCA. The solid-state absorption spectrum of the
CN-NDI-A cocrystal (Figure 1C) reveals a wide absorption band ranging from 250 to 505 nm,
which is ~85 nm red-shifted compared to that of NDI-A. These red-shifted absorption bands of



the DCA°NDI-A and CN-NDI-A cocrystals arise from intermolecular charge transfer
interactions between electron donor and acceptor molecules. Optical gaps of the cocrystals can
be calculated based on their absorption edges. The results disclose that the gap for DCA-NDI-
A is 2.09 eV, which is narrower than that (2.46 eV) for CN*NDI-A. This may arise from the
stronger electron donating ability of DCA than that of CN.

The DCA'NDI-A and CN-NDI-A cocrystals display red-shifted emission compared to their
precursors, an observation which is similar to their absorption spectra. The emission band of
NDI-A crystal is (Figure 1D) centered on 490 nm, while two emission peaks at 465 and 485 nm
are observed (Figure 1D) in the fluorescence spectrum of DCA crystal. DCA*NDI-A cocrystal
exhibits (Figure 1D) a deep-red emission at 645 nm, which is significantly red-shifted by 155
nm in comparison with that of the NDI-A crystal. CN*NDI-A cocrystal shows yellow
fluorescence with an emission peak at 547 nm, demonstrating a red shift of 57 nm compared
with that of NDI-A crystal. These significant bathochromic shifts observed in the fluorescence
spectra indicate that cocrystallization can serve as an effective tool to tune solid-state
luminescence. Compared with CN*NDI-A, DCA:NDI-A displays more red-shited absorption
and emission, demonstrating that the electron-donating molecules play a critical role in tuning

the photophysical properties of cocrystals.
Solid-State Superstructures

Single-crystal X-ray diffraction analyses were performed in order to investigate the
intermolecular noncovalent interactions in the two donor-acceptor cocrystals and reveal their
superstructure-photophysical property relationships. The DCA-NDI-A cocrystal adopts(Table
S1) a trigonal R32 space group with a donor-acceptor stoichiometry of 1:1. Three DCA
molecules stack (Figure 2A and 2C) face-to-face with three NDI units in NDI-A by means of
[r---n] interaction with a distance of 3.26 A. Additionally, the chlorine atoms in DCA have close
contacts with the cyclohexano hydrogen atoms and the NDI unit in NDI-A with [Cl---H-C] and
[Cl--x] distances of 2.79 and 3.30-3.36 A, respectively. Surrounded by DCA molecules, two
adjacent NDI-A macrocycles stack (Figure 2B and 2D) in a coaxial manner with a rotation
angle of 60°, stabilized by multiple [C—H---O] hydrogen bonds with a distance of 2.39 A.

Independent gradient model (IGM) analysis>®>’

provides (Figure S7-9) a visual understanding
of these noncovalent binding interactions. Every DCA molecule interacts (Figures 2E and S10)
with two NDI-A macrocycles held together by multiple [n---xt], [Cl---n] and [Cl---H-C]
interactions. Stabilized by these synergetic noncovalent interactions, six DCA molecules and

six NDI-A molecules stack (Figures 2E and S10) around a vertex, forming a uniform hexagonal
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superstructure in the a—b plane. There is a pore in the center of the supramolecular hexagon
with a diameter of 11.16 A. Consequently, the DCA*NDI-A cocrystal adopts a porous

superstructure, wherein the guest-accessible voids account for 36.3% of the whole crystal.

The solid-state superstructure of CN*NDI-A reveals that the cocrystal crystallizes (Table S1) in
a monoclinic P21 space group. The three NDI units in NDI-A interact (Figure 3A and 3C) with
three CN molecules through face-to-face [n---m] interactions with distances ranging from 3.21
to 3.37 A. Each NDI-A macrocycle is surrounded by another three CN molecules sustained by
the [C—H---x] interactions between the cyclohexano hydrogen atom in NDI-A and the plane of
CN. The NDI-A macrocycles stack into a 1D columnar superstructure (Figure S5) along the a
axis, wherein adjacent NDI-A macrocycles connect (Figure 3B and 3D) with each other in a
coaxial manner by means of multiple [C—H:--O] hydrogen bonds with distances of 2.42-2.46
A. These noncovalent interactions are visualized (Figures S11 and S12) by IGM analysis. NDI-
A macrocycles in neighboring 1D columns are held (Figure S5) together by six CN molecules,
forming a vertex-to-edge tiling pattern in the b—c plane. The lattice space between the interlayer
of the vertex-to-edge tiling pattern is almost filled up (Figure 3E) by small CN molecules,

therefore, CN-NDI-A possesses a condensed superstructure.

These single-crystal analyses reveal that the electron-deficient NDI-A macrocycle prefers to
interact with electron donor molecules through outer surface [n---w] interactions. DCA:NDI-A
cocrystal adopts a porous superstructure with a large guest-accessible void fraction. In contrast,
CN°NDI-A cocrystal has a condensed cocrystal superstructure, on account of the small
molecular size of CN molecules. These results indicate that the superstructures of cocrystals

are highly dependent on the sizes and shapes of their electron donors.
Frontier Molecular Orbitals Calculations

The density functional theory (DFT) calculations based on the solid-state superstructures of
DCA-NDI-A and CN°NDI-A cocrystals were carried out in order to investigate the difference
in photophysical properties of the two cocrystals. The LUMOs of the DCA:NDI-
A and CN*NDI-A cocrystals are (Figures 4, S28 and S29) concentrated on the electron acceptor
NDI-A, and hence DCA*NDI-A and CN*NDI-A have similar LUMO energies of —3.57 and
—3.68 eV, respectively. The HOMOs of the two cocrystals are localized on the electron-
donating molecules. Since DCA possesses (Figure 4) a higher HOMO energy of —5.36 eV
compared to that (—5.80 eV) for CN, the cocrystal DCA:NDI-A has a higher HOMO energy of
—5.49 eV compared to that (—5.99 eV) for CN:NDI-A. The HOMO-LUMO energy gaps (AE)



of DCA°NDI-A and CN*NDI-A are (Figures 4, S28 and S29) calculated to be 1.92 and 2.31 eV,
respectively, values which are in agreement with those obtained (AE=2.09 and 2.46 eV
for DCA*NDI-A and CN*NDI-A, respectively) from their UV-Vis absorption spectra. The
narrower energy gap of DCA*NDI-A in comparison with CN*NDI-A indicates the origin of the
more red-shifted absorption and emission spectra of DCA*NDI-A. These results demonstrate
that the bandgaps of cocrystals are mainly determined by the HOMO of electron donors and the
LUMO of electron acceptors, and their photophysical properties can be modulated effectively
by tuning the energy levels of donors and acceptors. It provides a reference to the tailor optical
properties of cocrystals, laying a foundation to construct wavelength-tunable luminescent

crystalline materials.
Reversible Cocrystal-to-Cocrystal Transformation

The porous superstructure of DCA-NDI-A with a large guest-accessible void fraction provides
a good platform to explore the cocrystal-to-cocrystal transformation (Figure 5A). A DCA*NDI-
A film has been fabricated by dropping a suspension of the DCA*NDI-A cocrystal in MeOH on
a glass substrate followed by air drying. When a CN solution in MeOH (CN/MeOH = 1:9 v/v)
is dropped on the surface of the DCA*NDI-A film (Figure S31), the fluorescent color of the
film undergoes a significant change, with the evaporation of the droplet. Its original red
emission at 645 nm (Figure 5B and 5E) changes (Figure 5C and 5F) gradually into yellow
emission with a peak centered on 548 nm. The corresponding fluorescence spectrum of the film
is in accordance with that of the CN*NDI-A cocrystal, indicating the formation of a CN-NDI-
A cocrystal in the film. The yellow emission of the transformed film can go back to red emission
if triggered by solvent vapor annealing (Figure S31).® Upon exposure of the yellow-emissive
film to the vapor of boiling CH>Cl,, the fluorescence of the film recovers (Figure 5D and 5G)
to the initial red emission with a peak at 644 nm, an observation which implies restitution of
the DCA'NDI-A cocrystal. Overall, the emission color of the film can undergo reversible
changes between red and yellow upon introducing CN molecules by drop casting and its
removal by solvent vapor annealing, leading to the formation of a high-contrast dual-color
fluorescent switch. This reversible fluorescent switch may be attributed to a cocrystal-to-

cocrystal transformation (Figure SA) between DCA*NDI-A and CN-NDI-A.

PXRD Analysis has been carried out to verify the reversible cocrystal transformation. After the
DCA-NDI-A film transformed into the yellow-emissive one, the original PXRD peaks for the
DCA-NDI-A cocrystal disappear (Figure S5H), and meanwhile a new set of diffraction peaks
occurs. The resulting PXRD pattern is consistent (Figure SH) with that of the CN*NDI-A
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cocrystal, demonstrating the transformation from DCA*NDI-A film to CN*NDI-A film. This
observation indicates that CN molecules are able to replace DCA molecules to cocrystalize
with NDI-A in the solid state. When the yellow-emissive film recovers to the red-emissive one
upon solvent vapor annealing, the characteristic PXRD peak for the DCA*NDI-A cocrystal is
observed (Figure SH), suggesting the CN-NDI-A film changes back to the DCA-NDI-A film.
These results indicate that these two cocrystals undergo reversible transformation upon
alternating drop casting and solvent vapor annealing. This cocrystal transformation has also
been confirmed by Raman spectroscopy. The vibrational peaks for DCA*NDI-A film at 1269,
1478, 1547 cm™! disappear (Figure 51) upon drop casting of the CN solution, and reappear after
solvent vapor annealing. These results suggest that a cocrystal-to-cocrystal transformation
based on the exchange of electron donor molecules has been achieved successfully, providing

a rare example of dynamic modulation of the solid-state superstructures of cocrystals.

Based on theoretical calculations and superstructures of the two cocrystals, we propose a
possible process for the cocrystal transformation. DCA<NDI-A adopts a porous superstructure
with a relative high guest-accessible void fraction of 36.3%. When the CN solution in MeOH
is dropped on the surface of DCA*NDI-A film, the small CN molecules (Figure S6) are able to
diffuse into the voids of DCA°NDI-A film by physical absorption. Assuming that the total
binding energy between NDI-A and CN molecules is higher than that between NDI-A and DCA
molecules, CN molecules will gradually replace the DCA molecules within the film.
Consequently, the DCA*NDI-A film gradually transforms into the more stable CN*NDI-A film,
leading to the release of DCA molecules that are distributed disorderedly throughout the film.
Upon exposure of the transformed CN<NDI-A film to the vapor of boiling CH>Cl,, CN
molecules will be b’emoved by the rising CH2Cl, vapor from the film on account of the volatile

nature of CN molecules\. The DCA and NDI-A molecules in the film will rearrange in the

atmosphere of the CH>Cl, vapor, leading to the regeneration of DCA*NDI-A cocrystal.
Color-Tunable Upconversion Emission

Due to intermolecular charge transfer interactions between electron donor and acceptors,* the
DCA-NDI-A and CN°NDI-A cocrystals emerge as having good nonlinear optical response. The
two-photon microscopic images reveal that the DCA*NDI-A cocrystal exhibits (Figure 6A)
upconversion emission upon excitation at 1000 nm. Its upconversion emission peak centered
(Figure 6A and S22) on 640 nm, the value of which is analogous to its one-photon excited

fluorescence at 645 nm. The emission intensity shows (Figure 6B and S23) a linear dependence

Commented [GS1]: This makes it sound like the vapor assists
transport. Do you understand the mechanism? It seems like
this is a key point in the mechanism, and yet it isn't clear what
involved.




on the square of incident laser power, suggesting that its upconversion emission originates from
a two-photon absorption process.®“%! CN*NDI-A cocrystal also displays (Figure 6E and S26)
two-photon excited fluorescence with an emission band located at 550 nm (Figure 6D and S25),
matching well with its one-photon excited fluorescence centered on 547 nm. DCA*NDI-A and
CN-NDI-A cocrystals exhibit distinct two-photon excited emission colors, which paves the way

for the construction of color-tunable upconversion emission switches.

Two-photon absorption spectra were collected by in-situ two-photon imaging experiments,
wherein the incident laser power was fixed at 5.3 mW, and the excitation wavelengths were
changed from 700 to 1000 nm. The DCA-NDI-A cocrystal exhibits (Figure 6C and S24) a broad
two-photon absorption with a peak centered on 940 nm. The maximum two-photon absorption
of the CN*NDI-A cocrystal is observed (Figure 6F and S27) at 700 nm, a wavelength which is
shorter than that of DCA-NDI-A cocrystal. Time-dependent density functional theoretical
(TDDFT) calculations reveal that DCA*NDI-A exhibits (Figure S30) a maximum two-photon
absorption cross-section (orpa) 0f 239.2 GM at 600 nm, which is higher than that of CN-NDI-
A (65.0 GM at 600 nm). ’Notably, DCA-NDI-A displays a strong two-photon absorption band

with a maximum otpa of 51.0 GM at 1148 nm in the second near-infrared (NIR-II) region,

while CN°NDI-A shows a maximum otpa of 53.5 GM at 880 nm in the first near-infrared region. J/ [Commented [GS2]: Where is the data that shows this?

Compared to the CN*NDI-A cocrystal, DCA*NDI-A displays a more red-shifted two-photon
absorption with absorption bands reaching into the NIR-II region. These results indicate that
changing the electron donor of the cocrystals provides an alternative strategy for tuning the

nonlinear optical properties of multicomponent crystals.

Taking advantage of the cocrystal-to-cocrystal transformation between DCA°NDI-A and
CN°'NDI-A and the different colors of their upconversion fluorescence, a dual-color
upconversion emission switch has been achieved. Upon excitation at 1000 nm, the initial
DCA-NDI-A film exhibits (Figures 7A, 7D, 7G, S32 and S35) a red upconversion fluorescence
with a peak centered on 640 nm. Upon drop casting of CN molecules on the surface of the film,
its upconversion emission color changes from red to yellow. The corresponding upconversion
emission peak shifts (Figures 7B, 7E and S33) from 640 to 540 nm, an observation which is
assigned to the transformation of DCA:NDI-A to CN*NDI-A film. The upconversion emission
intensity of the transformed CN-NDI-A film correlates (Figures 7H and S36) linearly with the
square of laser power, indicating that its two-photon absorption properties are retained. The
transformed CN'NDI-A film changes back to red-emissive DCA*NDI-A film after solvent

vapor annealing. Its maximum upconversion emission wavelength is red-shifted (Figures 7C,
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7F and S34) to 640 nm, and the emission intensity is proportional (Figures 7i and S35) to the
square of laser power. These results indicate that the color of two-photon excited fluorescence
can be switched between red and yellow by the reversible transformation between DCA-NDI-
A and CN*NDI-A cocrystals, leading to the formation of a color-tunable upconversion emission

switch.
CONCLUSION

A color-tunable upconversion emission switch based on the cocrystal-to-cocrystal
transformation has been designed and fabricated. With a naphthalenediimide-based triangular
macrocycle NDI-A as the electron acceptor, two cocrystals DCA-NDI-A and CN-NDI-A have
been fabricated, which exhibit red and yellow fluorescence, respectively. The red-emissive
DCA-NDI-A cocrystal can transform into a yellow-emissive CN*NDI-A cocrystal by drop
casting of 1-chloronaphthalene molecules, and then recovered by the removal of volatile 1-
chloronaphthalene molecules through solvent vapor annealing. Consequently, a reversible
cocrystal-to-cocrystal transformation based on the exchange of electron acceptor molecules has
been achieved. Attributed to donor-acceptor charge-transfer interactions, the two cocrystals
exhibit improved two-photon excited fluorescence. A high-contrast color-tunable upconversion
emission switch has been achieved by controlling the transformation of the two cocrystals. This
work provides a rare example of precise control of reversible cocrystal transformation based on
the exchange of electron donor molecules, realizing the dynamic modulation of superstructures
in the crystalline state. It affords an in-depth understanding of the rational design and controlled
preparation of multicomponent crystalline materials. Achieving color-tunable upconversion
emission in the crystalline state paves the way for the construction of nonlinear optical materials
with tunable emissions, promoting the development of solid-state intelligent optical materials

and their applications.

EXPERIMENTAL PROCEDURES
Preparation of the DCA-NDI-A Cocrystals

NDI-A (10.4 mg, 10 umol) was mixed with DCA (2.5 mg, 10 pmol) in CH>Cl; (10 mL) and
dissolved by ultrasonic treatment (Figure S1). The solution was filtered with a 0.22-pum syringe
filter to remove the insoluble impurities. With slow vapor diffusion of MeOH into the filtered

solution, high quality red quadrangle-shaped cocrystals formed after one week.

Preparation of the CN-NDI-A Cocrystals



NDI-A (10.4 mg, 10 pmol) was first of all dissolved in PhCl (10 mL) by ultrasonic treatment
(Figure S2). Then the solution was filtered with a 0.22-um syringe filter to remove insoluble
impurities. CN (100 pl) was added to NDI-A solution. With slow vapor diffusion of MeOH into
the PhCl solution (Figure S2), high quality yellow needle-shaped cocrystals formed after one
week.

Two-Photon Microscopy

The two-photon absorption-related measurements were carried out on a Nikon AIR-MP*
Multiphoton Microscope equipped with a tunable Chameleon Vision titanium sapphire laser
from 700 to 1000 nm. Two-photon absorption spectra were collected by in-situ two-photon
imaging experiments, wherein the images were recorded with the laser wavelengths ranging
from 700 to 1000 nm and the laser power fixed at 5.3 mW. Two-photon excited fluorescence
spectra were performed on a Leica DiveB SP8 Multiphoton Microscope equipped with a
Spectra Physics InSight X3 laser. The corresponding two-photon microscopic images were
collected at the fixed laser wavelength and laser power, while the fluorescence detection region

were varied in the range of 380—780 nm.

Density Functional Theory Computational Methods

The structures from the X-ray single crystals were used for the density functional theory®? (DFT)
calculations in the Amsterdam Density Functional program® (ADF, version 2020.102). All-
electron single point calculations were performed with the HSE06 functional, a triple zeta basis
set® with a polarization function (TZP), and Grimme’s third generation dispersion with Becke-
Johnson damping. The molecular orbitals were visualized with ADFView.

We use second linear response time-dependent density functional theory (SLR-TDDFT) to

compute the theoretical two-photon absorption spectra®>%

, and standard linear response
TDDFT for the one-photon profiles. Our calculations are “unrelaxed” for computational
efficiency, but these agree with relaxed calculations to a very good degree (relaxed simulations
are quite computationally demanding for the dimers considered in this work). The PBEO
exchange-correlation functional®”’ was employed in our TDDFT application. The Tamm-
Dancoff method and the basis set/pseudo-potential SBKJC were used as well. The Davidson
threshold used here is 10-2. The two-photon absorption spectra are computed through the well-

known sum-over-states formula®®®

with an intermediate state broadening factor of 0.1 eV and
line-shape broadening of 0.2 eV. Due to the very high number of unoccupied orbitals, for the
DCA-NDI-A calculations we ignore virtual orbitals with energies larger than 6.87 eV with

respect to the highest-occupied orbital.



Reversible Cocrystal-to-Cocrystal Transformation

The transformation from DCA*NDI-A film to CN-NDI-A was induced by employing a drop
casting method (Figure S31). The CN solution in MeOH (CN/MeOH = 1:9 v/v) was dropped
onto the surface of DCA-NDI-A film. With the evaporation of the droplet, the red DCA:NDI-
A film transforms gradually into the yellow CN*NDI-A film. The transformed CN*NDI-A film
can recover to DCA*NDI-A film triggered by solvent vapor annealing (Figure S31).°% Upon
exposure of the transformed CN*NDI-A film to the vapor of boiling CH2Cly, the film recovers
to the initial red DCA*NDI-A film.
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Captions to Scheme and Figures

Scheme 1. Schematic illustration of cocrystal-to-cocrystal transformation and structural
formulas of NDI-A, DCA, and CN. Two cocrystals DCA*NDI-A and CN*NDI-A can undergo

reversible transformation based on the exchange of electron donor molecules.

Figure 1. Microscopy images and solid-state photophysical properties of DCA-NDI-A and
CN-NDI-A cocrystals. (A) Optical microscopy and corresponding fluorescence microscopy
images of DCA-NDI-A cocrystals. (B) Optical microscopy and corresponding fluorescence
microscopy images of CN-NDI-A cocrystals. (C) Solid-state UV-Vis absorption spectra of
NDI-A, DCA, CN*NDI-A and DCA-NDI-A. (D) Solid-state fluorescence spectra of NDI-A,
DCA, CN:NDI-A and DCA:NDI-A.

Figure 2. Solid-state superstructure of DCA-NDI-A cocrystal. (A) Plan view of a capped-
sticks representation showing the face-to-face packing between DCA and NDI-A molecules.
(B) Side-on view of a capped-sticks representation demonstrating that two adjacent NDI-A
macrocycles are connected by [C—H---O] hydrogen bonding. (C) Visualized intermolecular
binding iso-surface between DCA and NDI-A molecules. (D) Visualized intermolecular
binding iso-surface between two adjacent NDI-A macrocycles. (E) Solid-state superstructure
of DCA*NDI-A cocrystal illustrating that DCA molecules and NDI-A macrocycles stack into a

hexagonal superstructure.

Figure 3. Solid-state superstructure of CN:NDI-A cocrystal. (A) Plan view of a capped-
sticks representation showing the face-to-face packing between CN and NDI-A molecules. (B)
Side-on view of a capped-sticks representation demonstrating that two adjacent NDI-A
macrocycles are connected by [C—H---O] hydrogen bonding. (C) Visualized intermolecular
binding iso-surface between CN and NDI-A molecules. (D) Visualized intermolecular binding
iso-surface between two adjacent NDI-A macrocycles. (E) Solid-state superstructure of
CN-NDI-A cocrystal illustrating that CN and NDI-A molecules assemble into a vertex-to-edge
tiling pattern.

Figure 4. Frontier molecular orbital calculations. HOMO and LUMO frontier molecular

orbitals of DCA, DCA*NDI-A, CN*NDI-A and CN.

Figure 5. Reversible Cocrystal-to-Cocrystal Transformation. (A) Schematic illustration of
cocrystal transformation between DCA*NDI-A and CN*NDI-A. Step (i) represents introducing

CN molecules by drop casting. Step (ii) means removing CN molecules by solvent vapor



annealing. (B) Fluorescence microscopy image of initial DCA*NDI-A film. (C) Fluorescence
microscopy image of transformed CN-NDI-A film. (D) Fluorescence microscopy image of
recovered DCA°NDI-A film. (E) Fluorescence spectrum of initial DCA*NDI-A film. (F)
Fluorescence spectrum of transformed CN:NDI-A film. (G) Fluorescence spectrum of
recovered DCA-NDI-A film. (H) Powder X-ray diffraction patterns of CN-NDI-A cocrystal,
initial DCA*NDI-A film, transformed CN°NDI-A film, and recovered DCA*NDI-A film,
showing that cocrystal transformation is reversible. (I) Raman spectra of CN-NDI-A cocrystal,

initial DCA*NDI-A film, transformed CN*NDI-A film, and recovered DCA*NDI-A film.

Figure 6. Photon upconversion properties of DCA-NDI-A and CN-NDI-A cocrystals. (A)
Two-photon excited fluorescence spectrum of DCA*NDI-A cocrystal excited at 1000 nm. (B)
Excitation power dependence of upconversion emission intensity for DCA*NDI-A cocrystal
excited at 1000 nm. (C) Two-photon absorption spectrum of DCA*NDI-A cocrystal measured
with a constant laser power of 5.3 mW. (D) Two-photon excited fluorescence spectrum of
CN:NDI-A cocrystal excited at 800 nm. (E) Excitation power dependence of upconversion
emission intensity for CN-NDI-A cocrystal excited at 700 nm. (F) Two-photon absorption
spectrum of CN*NDI-A cocrystal measured with a constant laser power of 5.3 mW. The insets

are the two-photon microscopy images of each cocrystal sample.

Figure 7. Reversible Upconversion Emission Switch. (A) Two-photon microscopy image of
initial DCA*NDI-A. (B) Two-photon microscopy image of transformed CN-NDI-A film. (C)
Two-photon microscopy image of recovered DCA*NDI-A film. Step (i) represents introducing
CN molecules by drop casting. Step (ii) means removing CN molecules by solvent vapor
annealing. (D) Two-photon excited fluorescence spectrum of initial DCA*NDI-A film. (E) Two-
photon excited fluorescence spectrum of transformed CN-NDI-A film. (F) Two-photon excited
fluorescence spectrum of recovered DCA*NDI-A film. (G) Excitation power dependence of
upconversion emission intensity for initial DCA-NDI-A film excited at 1000 nm. (H) Excitation
power dependence of upconversion emission intensity for transformed CN-NDI-A film excited
at 700 nm. (I) Excitation power dependence of upconversion emission intensity for recovered

DCA-NDI-A film excited at 1000 nm.
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