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Flexible-Color Tuning and White-Light Emission in Three-, Four-,
and Five-component Host/Guest Co-crystals by Charge-Transfer
Emissions as well as Effective Energy Transfers

Toshikazu Ono,**° Yoshio Hisaeda *?

Three-, four-, and five-component host/guest crystals with multi-color and white light emission is described. Our strategy is
based on confinement of aromatic donor guests in supramolecular acceptor hosts. The supramolecular acceptor hosts (NDI—
TPFB) were composed of N, N’-dipyrid-3-yl-1,4,5,8-naphthalenediimide (NDI) with two tris(pentafluorophenyl)borane (TPFB)
linked by boron—nitrogen dative bonds as Lewis acid—base pairs, which spontaneously formed upon mixing the components.
In the first part, a set of three-component crystals with 14 different aromatic guests were characterized to elucidate the
structure—property relationships. In the latter part, a series of 17 types of four- and five-component crystals were formed
with the use of binary or ternary guest inclusion systems, and their structural and photophysical properties were
investigated. Among them, 14 types of crystals were formed effectively without destroying the crystal structure, as
determined by X-ray diffraction and fluorescence microscope. Notably, flexible color tuning, including white light emission,
was realized by tuning the guest ratio and the combinations. Various intermolecular interactions such as C—HeeeF
interactions, n-m stacking, charge-transfer interactions, and inclusion phenomena were important to forming the crystals.
This approach yields a rational solution of multicomponent crystals could be potentially useful for obtaining novel

photofunctional solid-state systems.

Introduction

The investigation of co-crystals or multicomponent crystals
have been drawing increasing attention owing to their potential
for applications as pharmaceuticals in addition to advanced
optical, electrical, and magnetic materials.> This is due to the
individual molecules have their own unique characteristics but
hidden properties can be revealed when they are hybridized
with other molecules.® 7 One example is an organic solid-state
emissive material for which flexible color tuning has been
achieved.820 Recent advances in supramolecular solid-state
chemistry (crystal engineering) have considerably enhanced our
understanding of molecular recognition and intermolecular
interactions leading to the formation of multicomponent
crystals. Typically, noncovalent interactions including hydrogen
bonds, halogen bonds, C-H— 7t interactions, 7w — 7 stacking,
charge—transfer (CT) interactions,
phenomena and their combinations have been used widely to
direct supramolecular co-crystal formation. 21-26 For example,
Yang and co-workers have reported systematic color tuning of
1,4-bis(4-cyanostylryl)benzene by a co-crystallization method

ion-pairs, and inclusion
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with halogen- and hydrogen-bonds.8 Dong, Hu and co-workers
have reported rational design of optoelectronic co-crystals by
halogen-bond and CT interactions. 12 Kim and co-workers have
reporteda “direct heavy atom effect” principle for the design
and synthesis of color tunable organic phosphors.? Nishida and
co-workers have reported the delayed photoluminescence
properties of phthalimide co-crystals.’> However, except for
notable contributions,?7-3¢ most studies on organic co-crystals
led to the formation of binary organic solids. Examples of
ternary combinations of different molecules are comparatively
rare. Conversely, metal alloys, inorganic compounds, and metal-
organic frameworks (MOFs) or porous coordination polymers
(PCPs) readily form multicomponent solids in the form of solid
solutions. > 37-3%9 However, creating multicomponent crystals of
purely organic molecules Organic
molecules possess a wide variety of sizes, intricate shapes and

remains challenging.4°

complicated weak intermolecular interactions. Hence, slight
modifications of the molecular structures often induce phase
segregation and inhibit their co-assembly. Therefore, crystals
are not so easily tuned as amorphous materials, and effective
co-crystallization of organic components is deemed to be
difficult. Up to now, reports on
multicomponent crystals with a desired crystal structure and

there is nearly no
optical properties. Systematic color-tuning of multicomponent
crystals, including multi-color emission such as white-light
emission, remains a challenging task. Design of white light
emitting materials is not straightforward. Mixing of multiple
emitting materials is rarely successful due to the negative effect
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of the intermolecular interaction and the energy transfer
process. Recently, Lee, Liao and co-workers have reported the
white-light emitting CT microtubes by incorporating a dopant of
pyrene into blue-emitting naphthalene-1,2,4,5-
tetracyanobenzene (TCNB) matrix.1* Similarly, tunable emission
was also achieved by co-crystallization of aromatic molecules
involving TCNB.'> Exploration of design and control of
multicomponent crystals should allow functions of the organic
molecules to be accumulated by the same strategy as employed
with inorganic materials and metal-organic hybrid materials.

To address these challenges, we have recently reported
naphthalenediimide-based host—guest crystals that showed
multicolor photoluminescence by accommodating aromatic
guest molecules.’® These ternary systems consisted of
supramolecular-hosts (NDI-TPFB complexes), N, N’-dipyrid-3-yl-
1,4,5,8-naphthalenediimide (NDI) with two
tris(pentafluorophenyl)borane (TPFB) linked by boron—nitrogen
dative bonds as Lewis acid-base pairs, and aromatic molecules
as the guest (Guest). In a preliminary report, we showed single-
crystal X-ray structure analyses and photophysical properties of
three-component crystals with seven aromatic guests. This
design allowed electron deficient NDI and electron rich
aromatic guest molecules to interact intimately through CT
interactions in the crystals. This combination resulted in guest-
dependent fluorescence emission from deep blue-to-orange
(450-600 nm) depending on the ionization potential (IP) of the
aromatic guest molecules. In contrast to aggregation-induced
quenching, these luminescent materials are non-emissive in
dilute solution, but become highly emissive in the solid state
and can be regarded as a type of aggregation-induced emission
enhancement. 4!

On the basis of these early results, we were motivated to
apply this strategy to a broader range of guests to test the
generality of the preparation of three-component crystals.
Second, we wished to extend the strategy to test whether four-
and five-component crystalline materials could be prepared in
a predictable way. Third, we wished to tune the desirable solid-
state fluorescence emission from deep blue-to-near infrared
(NIR) region and generate white-light under UV light excitation
by a crystal engineering approach. White light emission is
particularly useful for practical applications of organic solid-
state lighting sources and in full-color displays, sensor materials,
and supramolecular chemistry contribute to this field. 14 42-50

Here, we describe a supramolecular approach for the
systematic preparation of three-, four-, and five-component
crystals consisting of supramolecular acceptor-hosts (NDI-TPFB
complexes) and various aromatic guests and their combinations
as shown in Fig. 1. In this article, we report on a set of three-
component crystals with 14 different aromatic guests (1-14)
and full characterization of single crystal structures by X-ray
diffraction, and their color-tunable photophysical properties in
the crystals. In the later part, systematic preparation of a set of
14 types of four- and five-component crystals through the use
of binary or ternary guest inclusion systems, and their structural
and photophysical properties were investigated. Naphthalene
diimide is one of the most studied compounds in the fields of
supramolecular chemistry, catalysis, and sensors. >164 We
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believe that the present study suggests a rational solution to
multicomponent crystals for obtaining novel photofunctional
solid-state systems.
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Fig. 1 (a) Chemical Structure of the multicomponent crystal motif used in this
study. (b) Schematic illustration of three-, four-, and five-component
crystalline materials.

Results and Discussion

Three-component Crystals

We selected 14 representative small aromatic molecules (1—
14), which lacked visible fluorescence, to be the guests for
preparation of three-component crystals. The guest molecules
were benzene derivatives with different substituents, ranging
from strongly electron-withdrawing to strongly electron-
donating groups, and all were liquids at room temperature. The
structural features of all the three-component crystals were
successfully examined by single-crystal X-ray structure analyses,
and could be divided into 3 groups based on the crystal system.
Notably, multicomponent crystals obtained in this work were
stable in air for at least 1 year at room temperature. These
properties reveal not only the rigidity of the crystals but also the
promise that these crystals have in for real applications.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Crystal structure of C1-C14, illustrated as a blend of tubular and space-filling representations. The crystal (C1) is composed of NDI, TPFB, and
(trifluoromethyl)benzene (1) in a 1:2:1 molar ratio. The other crystals (C2-C14) are composed of NDI, TPFB, and guest in a 1:2:2 molar ratios. The top
and center panels depict side views. The bottom panels depict top-view. In the top and bottom panels are illustrated as tubular representation, but
hydrogen atoms are omitted for the sake of clarity. The center panels are illustrated as space-filling representation. Color code: C, gray; H, white; O,
red; N, purple; B, pink; F, green. (b) Crystal packing of C6, and (c) C12. The color changed to show the supramolecular acceptor host (blue) and donor

guest (yellow).
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Table 1 Photophysical properties of C1-C14.

No. Guest molecule IP of Amax.em PLQY Aav Kr Knr CIE1931
guest | (m) | @)® | (ns)@ | (sH (s (xy)
(ev)[al
C1 1, (trifluoromethyl)benzene 9.69 412 1.1 <0.1 - - (0.224, 0.222)
C2 2, o-difluorobenzene 9.29 420 3.0 1.3 2.3x107 7.5%x108 (0.241, 0.280)
C3 3, m-difluorobenzene 9.33 420 7.9 1.6 4.9x107 5.8x108 (0.254, 0.353)
Cc4 4, p-difluorobenzene 9.16 424 4.0 25 1.6x107 3.8x108 (0.248, 0.279)
C5 5, fluorobenzene 9.20 448 7.9 5.4 1.5x107 1.7x108 (0.195, 0.209)
C6 6, benzene 9.24 450 16.7 6.6 2.5x107 1.3x108 (0.176, 0.154)
C7 7, o-fluorotoluene 8.92 460 18.9 11.8 1.6x107 6.9x107 (0.178, 0.210)
cs 8, m-fluorotoluene 8.91 466 28.3 14.0 2.0x107 5.1x107 (0.171, 0.219)
c9 9, p-fluorotoluene 8.79 480 6.8 14.1 4.8x108 6.6x107 (0.262, 0.370)
C10 10, toluene 8.83 472 17.3 14.1 6.9x10° 3.3x107 (0.219, 0.364)
C11 | 11, m-xylene 8.56 509 26.2 24.9 1.8x107 5.1x107 (0.282, 0.538)
C12 12, mesitylene 8.40 531 10.8 14.5 2.6x107 2.1x108 (0.402, 0.562)
C13 | 13, m-methylanisole 8.10 600 1.5 4.2 3.8x107 2.5x10° (0.557, 0.436)
C14 | 14, 1,3-dimethoxybenzene 8.00 631 <1 0.4 - - (0.565, 0.362)

[a] The ionization potential (IP) values were taken from refs 70 and 71. [b] Absolute photoluminescence quantum yields (PLQY) were determined using a
calibrated integrating sphere system with excitation at 370 nm. [c] The fluorescence lifetime values of C1-C14 in the crystalline state were measured at
their emission peaks with excitation at 365 nm. [d] k=PLQY/tav, knr=(1-PLQY)/ tav

The multicomponent crystal design element consisted of
three major components: (i) boron-nitrogen (B—N) dative
bonding between Lewis acid-base pairs,®> which formed a
predictable supramolecular acceptor host (NDI-TPFB complex)
(ii) aromatic donor—acceptor (D—A) interactions between
electron-rich aromatic guests and, electron-deficient NDI, and
(iii) inclusion phenomena, which promoted self-assembly/co-
crystallization processes. Notably, this strategy used an
intrinsically rigid supramolecular acceptor-host (NDI-TPFB
complex) to achieve effective molecular recognition and to host
the various types of aromatic guests. Here we discuss the crystal
structures and the intermolecular interactions including

previously reported structures of C1, C5, C6, C8, and C10—C13.
19 62

Crystal Structure of C1

Three-component crystals of C1 consisted of NDI, two TPFBs
and one (trifluoromethyl)benzene molecule, which crystallized
in the triclinic space group P-1 (Fig. 2a). In the NDI-TPFB
complex, the lengths of the B—N dative bonds between the
pyridyl moidety of NDI and TPFB were 1.631 and 1.637 A, as
determined from the crystal structure. The formation of
mutually interdigitated dimeric structures of NDI-TPFB
complexes was observed in the crystals,
(trifluoromethyl)benzene molecule was located in the void
space of the crystals. Judging from the crystal structure, there
were no cT interactions between NDI and
(trifluoromethyl)benzene as a guest in the crystal. It seems that
(trifluoromethyl)benzene lacked sufficient donor ability to
interact with NDI. Hirshfeld surface analysis was also performed
for visualizing and quantifying intermolecular interactions in the

and one

4| J. Name., 2012, 00, 1-3

crystals. The result clearly showed that C—He eeF interactions®®
(2.138 A) and C—He e 0 interactions®’ (2.267 A) were observed
in the crystal structure, which may contribute to the crystal
formation (Fig. S5).

Crystal Structures of C2—C9

Three-component crystals C2—C9 consisted of NDI, two TPFBs
and two guest molecules, which crystalized in the monoclinic
space group P2i/c (Fig. 2a, 2b). It is clear that the NDI-TPFB
complex formed a one-dimensional (1D) column structure,
which accommodated two guest molecules inside the cavity.
The bulky substituents of TPFB contributed to the formation of
an inclusion space associated with steric hindrance.?> The
guests in the crystals were organized by (i) a face-to-face
fashion with the electron-deficient NDI, wherein the guest and
NDI components were separated by c.a. 3.5-3.6 A, and (ii) by
location in the cavity to fill the space. It is likely that CT
interactions between aromatic guests and NDI were formed in
former case, which might contribute to the formation of one-
dimensional crystal lattice structures. For example, C8 is a
three-component crystal in which m-fluorotoluene (8) is
included as a guest molecule. The supramolecular host NDI—
TPFB was connected through a B—-N dative bond (1.626 A and
1.640 A). Hirshfeld surface analysis revealed that a significant
contribution of C—HeeeF interactions between the m-
fluorotoluene and TPFB (2.382 A) and TPFB and pyridyl moiety
of NDI (2.178 A) was observed in the structure (Fig. S5). These
multiple interactions should stabilize the
formation of multicomponent crystals.

intermolecular

Crystal Structure of C10-C14
Three-component crystals C10—-C14 consisted of NDI, two TPFBs
and two guest molecules, which crystalized in the monoclinic

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Height normalized UV-vis diffuse-reflectance spectra of C1-C14 and a guest-free crystal (GF). (b) Height normalized emission spectra of
C1-C14. Excitation at 370 nm. (c) Relationship between the emission energies of the crystals (C2—C14) and the ionization potential (IP) of the guest
molecules (2-14). The linear correlation implies that the CT complexation dominates the emission energies. (d) Emission colors in the CIE 1931
chromaticity diagram of C1-C14. (e) Fluorescence microscopy images of C2, C3, C4, C5, C9, C10, C11, C12, C13, and C14. Excitation at 330-380

nm, emission at >420 nm.

space group P2i/n (Fig. 2a, 2c). Supramolecular complexes
formed between one NDI and two TPFBs linked by B—N dative
bonds as Lewis acid-base pairs in all the crystals. The three CgFs
substituents of TPFB were arranged in a propeller-like fashion
and acted as bulky substituents, enabling the accommodation
of two guest molecules sandwiching the NDI moiety in a face-
to-face manner. It is likely that the guest with the higher donor
ability formed strong CT interactions, which promoted the self-
assembly/cocrystallization processes to form a one-
dimensional crystal lattice. These crystals also contain multiple
C—HeeeF interactions in the solid-state (Fig. S5).

Thermogravimetry of Three-component Crystals

Thermogravimetric analysis (TGA) was used to determine the
guest inclusion and thermostability of the three-component
crystals. TGA results of C1-C14 are plotted in the temperature
range of 30 to 500°C, as shown in Fig. S6—S8. TGA results of NDI,

This journal is © The Royal Society of Chemistry 20xx

TPFB, and guest free crystal (GF) are also plotted in the
temperature range from 30 to 500°C as reference compounds
(Fig. S9). These results suggest that the NDI decomposed in the
range of 350 to 460°C, TPFB sublimated in the temperature
range of 100 to 200°C, and GF decomposed in the temperature
range of 250 to 350°C. GF showed different thermal durability
from those of both NDI and TPFB itself, suggesting that GF
formed a supramolecular acceptor host (NDI-TPFB complex) by
boron-nitrogen (B—N) dative bonding between the Lewis acid—
base pairs in the solid state. The TGA results confirmed that the
crystal (C1) was composed of NDI, TPFB, and
(trifluoromethyl)benzene in a 1:2:1 molar ratio. The
thermogram of C1 revealed two stages: the first weight loss at
a temperature range from 80 to 120°C corresponded to the
evaporation of one (trifluoromethyl)benzene, and the second
stage was the subsequent weight loss after 300°C
corresponding to the loss of the supramolecular acceptor host

J. Name., 2013, 00, 1-3 | 5
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(NDI-TPFB complex) itself. The TGA results confirmed that C2—
C14 was composed of NDI, TPFB, and the guest in a 1:2:2 molar
ratio. For example, in the case of C8, the first weight loss at a
temperature range from 120 to 160°C corresponded to the
evaporation of two m-fluorotoluene, and the second stage
represents subsequent weight loss after 300°C owing to the
weight loss of the supramolecular acceptor host (NDI-TPFB
complex). Moreover, in the case of C14, the first weight loss at
a temperature range from 160 to 220°C corresponds to
evaporation of two 1,3-dimethoxybenzene, and the second
stage was the subsequent weight loss after 300°C owing to
weight loss of loss of the supramolecular acceptor host (NDI—
TPFB complex). The first weight loss depends on the
thermostability of the three-component crystals (C1-C14),
which essentially
Elemental analyses further supported the formation of three-
component crystals (Table S1).

reflects the type of guest molecules.

Steady-State Absorption and Fluorescence Spectroscopy of
Three-component Crystals

The photophysical properties of the three-component crystals
C1-C14 highlight the uniqueness of the compounds. We
conducted UV-vis diffuse-reflectance spectroscopy
measurements of the C1-C14 and GF using an integrating
sphere, as shown in Fig. 3a. Although GF and C1 showed similar
absorption spectra, C2—C14 showed a new absorption band in
the visible region from 400 to 600 nm, which depended on the
included guest molecules. The positions of the absorption band
red-shifted as the electron donating strength of the guest
molecule increased. This result can be attributed to the
formation of an intermolecular CT complex between the
electron deficient NDI and electron rich guest molecules in the
ground state. The CT band of our system was much higher than
those previous reported for a naphthalenediimide-aromatic
molecule system in the solution phase® or inside porous
coordination polymers.®® Thus, the highly-ordered arrangement
of the NDI and guest in the crystals might contribute to the
strong CT absorption in the ground state.

The three-component crystals (C1-C14) also showed
unique photoluminescence characteristics, which reflected the
type of guest molecule. Fluorescence microscope images based
on light-emission from the three crystals are shown in Fig. 3e.
Under UV light irradiation at 370 nm, color variation over the
range electron-deficient guests such as difluorobenzene (C2—
C4), from visible-to-NIR luminescence was achieved (Fig. 3b).
The CIE (x,y) 1931 chromaticity coordinates were calculated
from the emission spectra and the plots are summarized (Fig.
3d). When fluorobenzene (C5) or benzene (C6) were selected as
guest molecules, blue light emission was observed. In the case
of fluorotoluene (C7—C9) or toluene (C10) guest molecules, cyan
emission was observed. For more electron-rich aromatic guests
such as m-xylene (C11), mesitylene (C12), m-methylanisole
(C13), or 1,3-dimethoxybenzene (C14), green (Amax = 531 nm),
yellow-green (Amax = 531 nm), orange (Amax = 600 nm), or red
(Amax = 631 nm) to near infrared (NIR) broad-emission was
observed. Notably the emission occurred with high quantum
yields (®p.) of 16.7% for C6, 18.9% for C7, 28.3% for C8, 17.3%

6 | J. Name., 2012, 00, 1-3

for C10, 26.2% for C11, 10.8% for C12, in the crystalline state.
This result can most likely be attributed to the crystal structure
and the electronic properties of the guest molecules. In
contrast, the strong electron-donating properties of m-
methylanisole (IP = 8.10 eV) and 1,3-dimethoxybenene (IP =
8.00 eV) might quench the CT based photoluminescence
through the contribution of a radical ion pair state, in which the
total electron transfer from m-methylanisole and 1,3-
dimethoxybenzene to NDI deactivates the excited state by non-
radiative decay. Therefore, low quantum yields (®p) of 1.5%
for C13 and < 1% for C14 were observed. Owing to the weak
contribution to the photoluminescence properties from the CT
state of C14, NDI-based emission (400—-500 nm) was monitored
in the spectra.

These practically important photoluminescence properties
of the multicomponent crystals can be ascribed to the host—
guest interactions between NDI and guest molecules in the
crystals. The emission of C1 yielded weak blue emission (®p. =
1.1%) under UV light irradiation, which likely originates from
NDI itself. The relationship between the emission energy
maxima of the multicomponent crystal (C2—C14) and the IP of
the guest molecules’ 71 is shown in Fig. 3c. The linear
correlation indicates that the ground state CT complexation
between NDI and the guest dominates the photoluminescence
in the crystals.

Fluorescence Lifetime Measurements of Three-component
Crystals.

To obtain additional information on the emissive species and
photophysical processes involved, the profiles were measured
and the corresponding emission decay curves are shown in Fig.
S25 and Fig. S26. The results were summarized in Table S1.
When an electron-deficient guest, such as difluorobenzene (C2—-
C4), fluorobenzene (C5) or benzene (C6), was selected as a guest
molecule, the average lifetimes (A.,) were in the range of 1.3—
6.6 ns. When fluorotoluene (C7-C9), toluene (€C10), m-xylene
(C11), or mesitylene (C12) was selected as a guest molecule,
relatively long average lifetimes (Aay) were observed in the
range of 11.8-24.9 ns. Conversely, strong donating guests such
as m-methylanisole (C13) and 1,3-dimethoxybenene (C14)
showed shorter average lifetimes (A,,) of 4.2 and 0.4 ns. These
indicated that the photoluminescence of C2-C14
derived from fluorescence emission resulting from excited CT
states between NDI and guest molecules in the crystals. The
radiative (K:;) and non-radiative (K.;) rate constant of C2—C13
supported the fact that their
photophysical properties were influenced by guest inclusion

results

were calculated, which
(Table 1). The average lifetime of C1 was less than 0.1 ns. This

result is supported by the fact that blue emission of C1 should
originate from NDI itself.

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Photophysical Properties of MC1-MC14 in the Crystalline State

No. Molar ratio of Amax Qp P CIE1931
included guests [@ (nm) (%) xy)
MC1 8/15 (97.8/2.2) 466 24.5 (0.235, 0.282)
MC2 8/15 (97.3/2.7) 466, 548 25.3 (0.279, 0.320)
MC3 8/15 (96.7/3.3) 466, 556 19.5 (0.332, 0.373)
MC4 8/15 (95.3/4.7) 466, 562 18.4 (0.361, 0.394)
MC5 8/15 (91.3/8.7) 466, 567 17.0 (0.440, 0.458)
MC6 10/15 (93.5/6.5) 478, 560 16.5 (0.286, 0.394)
MC7 10/15 (92.0/8.0) 478, 552 13.2 (0.342, 0.422)
MC8 10/15 (87.9/12.1) 478, 567 11.1 (0.421, 0.457)
MC9 11/15 (94.8/5.2) 526 16.0 (0.336, 0.526)
MC10 11/15 (93.9/6.1) 545 11.9 (0.383, 0.528)
MC11 11/15 (90.8/9.2) 555 14.1 (0.419, 0.519)
MC12 8/11/15 (89.2/9.1/1.7) 491 23.7 (0.272, 0.437)
MC13 8/11/15 (86.3/12.5/2.1) 513 18.1 (0.332, 0.490)
MC14 8/11/15 (81.0/14.5/4.5) 548 17.6 (0.368, 0.485)

[a] Values in parentheses correspond to ratio of guests determined by *H NMR spectra [b] Absolute
photoluminescence quantum yields (®rL) were determined using a calibrated integrating sphere system with

excitation at 370 nm.

Four-, and Five-component Crystals

The above successful findings motivated us to investigate if the
supramolecular acceptor host (NDI-TPFB complex) could
accommodate multiple guests. Multiple guest systems would
allow flexible photo-functional design to be realized by crystal
engineering approaches. For example, multi-color and white-
light emitting organic solid state materials have attracted
considerable interest in recent years. However, in terms of
research of mixed crystals of purely organic materials, it is
extremely difficult to prepare multicomponent crystals and
solid-solutions composed of four, five, or more components.
Here we demonstrated a series of 14 types of four- and five-
component crystals with flexible color-tuning and white-light
emitting organic solid state crystalline materials through the
combination of two-component supramolecular acceptor hosts
(NDI-TPFB complexes) and binary or ternary guest inclusion
systems. The basic concept of this study is illustrated in Fig. 1(b).
The experimental details are discussed below.

Inclusion Abilities and Solid-state Structures of Four-, and Five-
component Crystals (MC1-MC14)

Among various binary combinations of guests for preparing
four-component solid-solution systems, our first trial was to
prepare white-light emitting materials by mixing of m-
fluorotoluene and m-methylanisole as a binary guest. We
predicted that white light emission could be obtained by
combining cyan and orange emission, from the cyan light
emitting crystals C8 (m-fluorotoluene) and the orange light
emitting crystals €13 (m-methylanisole). Unfortunately,
however, the obtained crystals were not homogeneously guest-
distributed crystals (MC15—MC17), which was estimated from
fluorescence microscope images (Fig. S28). Moreover, the

This journal is © The Royal Society of Chemistry 20xx

quantum yields (P p ) were rather low, namely 2.5% for MC15,
2.2% for MC16, and 0.9% for MC17; however, MC16 showed
white-light emission by emission spectra (Fig. S29). Therefore,
we considered that the luminescent colors of these materials
were controlled by the IP of the guest molecules. The use of
naphthalene (IP = 8.12 eV) as a guest molecule instead of m-
methylanisole (IP = 8.10 eV) gave good results, although three-
component crystals of C15 consisted of NDI, TPFB and
naphthalene (15) are not obtained at this stage. A set of four-
component crystals composed of supramolecular acceptor-host
NDI-TPFB complexes were prepared as a binary host including:
m-fluorotoluene/naphthalene as a binary guest (MC1-MC5),
toluene/naphthalene as a binary guest (MC6-MC8), m-
xylene/naphthalene as a binary guest (MC9-MC11). Moreover,
a set of five-component crystals composed of supramolecular
the acceptor-host (NDI-TPFB complex) as a binary host
including: m-fluorotoluene/m-xylene/naphthalene as a ternary
guest (MC12—MC14), were prepared. The molar ratios of the
multicomponent crystals (MC1-MC14) were confirmed by H
NMR (Fig. S14-S17) and the results are summarized in Table 2.
These results suggested that the molar ratio of the binary- or
ternary- component guest systems was regulated by the
experimental conditions. TGA of the multicomponent crystals
supported the inclusion of the guest molecules and formation
of supramolecular acceptor host (NDI-TPFB complex), which
corresponded to a decomposition temperature in the
temperature range of 250 to 350 °C (Fig. S10-S13). Moreover,
X-Ray diffraction (PXRD) patterns of the
multicomponent crystals including m-
fluorotoluene/naphthalene as a binary guest (MC1-MC5),
toluene/naphthalene as a binary guest (MC6-MC8), m-
xylene/naphthalene as a binary guest (MC9-MC11), and m-
ternary guest

Powder

fluorotoluene/m-xylene/naphthalene as a
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Fig. 4 (a) Height-normalized emission spectra of three- (C8, C11, C12), four- (MC1-MC11), and five-component crystals (MC12-MC14). Excitation at
370 nm. (b) Emission colors in the CIE 1931 chromaticity diagram of C8, C11, C12, and MC1-MC14. (c) Fluorescence microscopy images of C8, MC2,
MC3, MC4, MC5, MC7, MC11, MC12, MC13, and MC14. Excitation at 330-380 nm. Emission at >420nm. (d) Powder X-Ray diffraction (PXRD) pattern
of multicomponent crystals. (a) C8 and MC1-MCS5, (b) C11 and MC6-MCS8, (c) C12 and MC9-MC11, and (d) C8 and MC12-MC14.

(MC12—-MC14), agreed well with those of the corresponding
single-guest, monoclinic bulk crystals [Fig. 4(d)]. Notably, the
addition of multiple guests did not disrupt the original crystal
structures. We can infer that the inclusion of two and three
guests in the supramolecular-acceptor host (NDI-TPFB
complex) did not induce phase segregation in these
multicomponent crystalline systems. The multicomponent
crystals were stable in air for at least 1 year at room
temperature.

Steady-State Absorption and Fluorescence Spectroscopy of
Five-, and Four-component Crystals (MC1-MC14)

The photophysical properties of the four- and five-component
crystals MC1-MC14 highlight the unique features of these
compounds. We measured the UV-vis diffuse-reflectance
spectra of MC1-MC14 using an integrating sphere, and the

8| J. Name., 2012, 00, 1-3

results are shown in Fig. S21-S24. The four-component crystals
MC1-MC5 showed similar absorption profiles to those of the
corresponding crystal (C8), MC6—MC8 also showed a similar
spectral shape to the corresponding crystal (C11), and MC9—
MC11 showed a similar spectra shape to the corresponding
crystal (C12). The five-component crystals MC12—MC14 showed
spectra shape to the corresponding crystal C8.
Considering the binary and ternary guest composition ratios
confined in the multicomponent crystalline systems (MC1—
MC14), the absorption spectra might be expected to be
influenced by the majority of guests. The emission properties of
m-fluorotoluene/naphthalene binary guest systems MC1-MC5
yielded cyan (466 nm) and yellow-orange (c.a. 560 nm) emission
[Fig. 4(a)]. White light emission was observed for MC2 [A max =
466 and 548 nm; CIE 1931 color coordinates: (0.279, 0.320)],
MC3 [A max = 466 and 556 nm; CIE 1931 color coordinates:

similar
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(0.332,0.373)], and MC4 (A max =466 and 562 nm; CIE 1931 color
coordinates: (0.340, 0.375)). Notably, these emissions were
close to ideal white light emission CIE 1931 color coordinates
(0.33, 0.33). Obviously, under excitation by UV light, uniform
white light was emitted from the crystals. As described above,
the molar ratio of m-fluorotoluene/naphthalene was 97.8/2.2
for MC1, 96.7/3.3 for MC2, 96.3/3.7 for MC3, 95.9/4.1 for MC4,
and 91.3/8.7 for MC5, as determined by H NMR. These results
strongly suggest that the photoluminescence colors could be
tuned by adjusting the guest inclusion ratios. Additionally,
relatively high photoluminescence quantum vyields (®p ) were
exhibited: ® p = 24.5% for MC1, @ p_ = 25.3% for MC2, Op =
19.5% for MC3, @ p = 18.4% for MC4, and P p_ = 17.0% for MC5
in the crystalline state. Combined with the above mentioned
PXRD results, these results indicate that m-
fluorotoluene/naphthalene binary guest systems
randomly and homogeneously dispersed into supramolecular-
acceptor hosts (NDI-TPFB complex), and the unique color-
tuning and white light emission originated from excited
electronic CT states as well as effective energy transfer in the
crystals. In addition, when the above emission spectra were
transformed to CIE 1931 chromaticity coordinates, we
confirmed that the emission color of the m-
fluorotoluene/naphthalene binary guest systems derive from
color mixing of cyan and yellow at different guest ratios [Fig.
4(b)]. A nearly straight line could be drawn across all points of
CIE chromaticity coordinates, from point C8 (0.171, 0.219), MC1
(0.235, 0.282) to point MC5 (0.440, 0.457) in the CIE 1931
chromaticity space. The above straight line also crossed the
white region. Therefore, it is possible to tune the emission color
to white light by simply changing m-fluorotoluene/naphthalene
binary guest systems: MC2 (0.279, 0.320), MC3 (0.332, 0.373)
and MC4 (0.340, 0.375) in the CIE 1931 chromaticity diagram.
This concept might enable the preparation of multicomponent
crystals in which luminescent colors are easily mixed by

clearly
were

selecting and combining guest molecules. Toluene/naphthalene
binary guest systems (MC6—MC8), and m-xylene/naphthalene
binary guest systems (MC9—-MC11) show that color tuning of
different luminescent materials is possible, as shown in the CIE
1931 chromaticity coordinates, by optimization of the mixing
ratio of guests. Furthermore, five-component crystals were
successfully prepared by mixing m-fluorotoluene/m-
xylene/naphthalene ternary guest systems (MC12-MC14).
Different luminescent crystalline materials were obtained, as
shown by optimal mixing of guests such as green-blue for MC12
[A max = 466 nm, 548 nm; CIE 1931 color coordinates: (0.279,
0.320)], green-yellow for MC13 [A nax = 466 and 548 nm; CIE
1931 color coordinates: (0.279, 0.320)] and yellow MC14 [ nax
=466 nm, 548 nm; CIE 1931 color coordinates: (0.279, 0.320)]
light emission. Additionally, relatively high photoluminescence
quantum yields (® p ) were exhibited including 23.7% for MC12,
18.1% for MC13, and 17.6% for MC14 in the crystalline state.
These results suggest that appropriate guest selection and
combination could enable further optimization of the emission
color of multicomponent crystalline systems. Notably,
preparation of multicomponent crystals in this work showed

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Time-resolved emission spectra of MC3 at different times after
the pulse (365 nm). Excitation at 365 nm. (b) Emission decay curves of
the MC3 monitored at different wavelength. IRF: m, 440 nm: o, 500 nm:
A, 520 nm: x, 540 nm: e, 630 nm: /. Excitation at 365 nm. IRF
corresponds to instrument response function. (c) Schematic
representation of the energy transfer in MC3. Photograph shows
fluorescence microscopy images of white-light emission of MC3.

quite-high reproducibility and repeatability under the same
experimental conditions.

Fluorescence Time-Resolved Spectroscopy of Four-component
Crystals (MC3)

To investigate the excited states of white-light emitting crystals
(MC3), we performed further
emission spectra at room temperature using nanosecond time-

nanosecond time-resolved

correlated single photon counting (TCSPC). The corresponding
relaxation dynamics were then analyzed at each wavelength to
reconstruct the temporal evolution of the emission spectrum
[Fig. 5(a)]. As time elapsed, the short wavelength emission
bands (420-520 nm) gradually decreased and red-shifted,
long wavelength emission (520-720 nm)
continuously increased and reached its maximum intensity at

whereas the
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around 600 nm. The wavelength dependence of the emission
decay curves of MC3 are shown in Fig. 5(b), while pertinent data
are listed in Table 3. In the deep blue region at 440 nm, the time
resolved fluorescence consisted of two decay components of
4.0 and 8.2 ns, which were faster than those at longer
wavelengths (i.e., lower energy). Upon monitoring at 500, 520,
and 540 nm, a rise time of ~40.0 ns appeared. At the longest
wavelength monitored (630 nm), the overall kinetics could be
well fitted by a rise (4.0 ns and 8.2 ns) and a decay (33.0 and
48.0 ns) component, in which the rise of 4.0 and 8.2 ns exactly
matched the decay component of the short wavelength at e.g.
500 nm. Such delayed growth (Fig. 5b, inset) strongly suggests
that energy transfer from the higher (blue emission) to the
lower (orange emission) energy sites occurred. The relatively
longer lifetime may arise from CT states. The possible energy
transfer process is shown in Fig. 5c. As shown in the schematic,
an appropriate distance between the donor and acceptor was
reached owing to a trace of naphthalene molecules well-
dispersed in the m-fluorotoluene/naphthalene binary guest
systems.

Discussion

An overview of the multi-component crystals in this series
shows remarkable variation in emission, using host—guest
chemistry in the crystals. Deep blue and cyan emissions are
achieved in C1-C10. A range of green, yellow-green, orange, or
red to NIR broad-emission are achieved in C11-C14. By varying
the guest ratio and combinations, a wide range of optical
properties can be achieved as clearly visible from Fig. 4. White-
light emissions are achieved in MC2-MC4. The emission
intensity and the color-tuning are realized by utilizing CT
interaction, and effective energy transfer in the crystals. The
distribution of the components in MC1-MC14 remains an open
question. The evidence thus far is consistent with random
dispersions, but small scale segregation or ordering may occur.
Moreover, co-crystals can not be prepared in a predictable way
in some cases depending on the size and composition ratio of
guest molecules (C15 and MC15-MC17). However, slight
modification of host molecules (NDI or TPFB) should alter the
inherent porosity of crystals, which should enable
accommodation of other guest molecules and combinations.
Recent advances in supramolecular chemistry allow unique
micro-/nano-scale structures include DNA assemblies,’2 73
supramolecular materials,*® organogels,’ 75 and
inorganic/organic hybrids7¢ that realize the high-efficiency
emission properties by hybridization of various components. In
the same direction, the multi-component crystals are useful
platform to provide hybrid solid-state materials with a variety
of compositions for novel photofunciton design.

10 | J. Name., 2012, 00, 1-3

Table 3. Fitting results of TCSPC spectroscopic measurements for
MC3 at room temperature.
)vprobe
(nm)
440 11: 4.0 (45.2), 12: 8.2 (54.8)
500 11: 4.0 (39.0), 12: 8.1 (53.6), 13: 38.0 (7.5)
520 11: 4.0 (27.9), t2: 8.1 (38.5), 13: 38.0 (33.5)
540 11: 4.0 (8.0), 12: 8.1(15.3), 13: 33.0 (58.4) , 4: 48.0 (18.3)
630 11: 4.0 (-1.3), 12: 8.1 (-0.1), ta: 33.0 (80.1) , t4: 48.0 (21.3)

Population decay (ns)

Conclusions

In conclusion, we have demonstrated a rational strategy to
design three-, four-, and five-component crystals that can be
tuned to produce solid-state fluorescence emission from the
deep blue-to-NIR region, including white-light under UV light
irradiation. Our strategy is based on the idea of confining small
aromatic guest molecules in the supramolecular acceptor hosts
(NDI-TPFB complexes), which is suggestive of inclusion
phenomena of a crystal engineering technique. The unique
luminescence color originated from CT interactions between
NDI-to-guest molecules as well as effective energy transfers in
the crystalline state, which was fully characterized by X-ray
diffraction and solid-state optical spectroscopy. Flexible color
tuning and white light emissions were achieved in
binary/ternary guest mixed systems, indicating that color
emissive crystals can be obtained using multicomponent
crystalline systems. These multi-assembly systems open up a
principle for luminescent CT
combinations in a host framework and guest recognitions,
with
the field of
intermolecular CT crystals or salts mostly focused on high
organic ferroelectrics
properties, 77 78 and luminescence CT complex is still rare.
Although, crystal structure-optical property relationships are
difficult to predict, this represents a unique strategy for
designing novel photofunctional solid-state systems.

new design arranging

offering crystallization induced emissive materials

designable functions. To our knowledge,

conductivity, superconductivity, or

Experimental Section

Materials and Chemicals.

(trifluoromethyl)benzene (1), o-difluorobenzene (2), m-
difluorobenzene (3), p-difluorobenzene (4), fluorobenzene (5),
benzene (6), o-fluorotoluene (7), m-fluorotoluene (8), p-
fluorotoluene (9), toluene (10), m-xylene (11), mesitylene (12),
m-methylanisole (13), 1,3-dimethoxybenzene (14) and
tris(pentafluorophenyl)borane (TPFB) were purchased from
Tokyo Chemical Industry Co., Ltd. (Japan). Naphthalene (15) was
purchased from Kishida Chemical Co., Ltd. (Japan). All of them
were used directly without further purification. The NDI was
synthesized according to previous reports.1?

Crystal Growth and Characterization.

Three Component Crystals.

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 16



Page 11 of 16

C1, NDI:TPFB:(trifluoromethyl)benzene (1:2:1) co-crystal. NDI
(50 mg, 1 eq.), TPFB (125 mg, 2.1 eq.) and
(trifluoromethyl)benzene (10 g, excess) were mixed in a sample
tube. The mixture was heated up to close to the boiling point,
then cooled at 4 ° C to obtain colorless crystals. Crystal
parameters for C1: [Ce7H17B2F33N404]. Colorless block (0.10 X
0.10 X 0.28 mm). Triclinic, P-1, a = 13.4427(13), b =
14.1320(14), c = 15.7877(15) A, o= 85.810(2), = 84.834(2), )=
88.496(2) °, V=2978.5(5)A3,Z2=2, T=100K, pearc = 1.773Eg cm-
3, 4 =0.181 mm. Of a total of 31902 reflections that were
collected, 10516 were unique. Final R; = 0.0492 and wR; =
0.1213. GOF = 1.000. CCDC 1473405 contains the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

C2, NDI:TPFB:o-difluorobenzene (1:2:2) co-crystal. NDI (50 mg,
1 eq.), TPFB (125 mg, 2.1 eq.) and o-difluorobenzene (10 g,
excess) were mixed in a sample tube. The mixture was heated
up to close to the boiling point, then cooled at 4 °C to obtain
colorless crystals. Colorless block (0.21 X 0.34 X 0.46 mm).
Monoclinic, P2(1)/c, a = 20.0151(14), b = 19.7169(13), ¢ =
16.4873(11) A, o= 90, S=102.4660(10), s&=90 °, V = 6353.1(7)
A3,72=4,T=100K, pac= 1.7498g cm3, 1= 0.177 mm-=. Of a
total of 82950 reflections that were collected, 15138 were
unique. Final R; = 0.0395 and wR, = 0.1076. GOF = 0.999. CCDC
1474114 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

C3, NDI:TPFB:m-difluorobenzene (1:2:2) co-crystal. NDI (50 mg,
1 eq.), TPFB (125 mg, 2.1 eq.) and m-difluorobenzene (10 g,
excess) were mixed in a sample tube. The mixture was heated
up to close to the boiling point, then cooled at 4 °C to obtain
colorless crystals. Colorless block (0.13 X 0.16 X 0.61 mm).
Monoclinic, P2(1)/c, a = 19.909(4), b = 19.531(4), ¢ = 16.642(3)
A, a =90, f3=100.891(3), =90 °, V = 6355.(2) A3,2=4, T =
100 K, pcaicP= 1.748Bg cm-3, 1= 0.177 mm-1. Of a total of 59977
reflections that were collected, 10172 were unique. Final R; =
0.0500 and wR; = 0.1353. GOF = 0.992. CCDC 1474116 contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

C4, NDI:TPFB:p-difluorobenzene (1:2:2) co-crystal. NDI (50 mg,
1 eq.), TPFB (125 mg, 2.1 eq.) and p-difluorobenzene (10 g,
excess) were mixed in a sample tube. The mixture was heated
up to close to the boiling point, then cooled at 4 °C to obtain
colorless crystals. Colorless block (0.10 X 0.10 X 0.28 mm).
Monoclinic, P2(1)/c, a = 19.7642(14), b = 19.9220(14), ¢ =
16.6275(12) A, =90, §=102.3960(10), &= 90 °, V = 6394.3(8)
A3,2=4, T=100K, peaf=1.7378g cm3, 1= 0.176 mm-L. Of a
total of 71846 reflections that were collected, 12640 were
unique. Final R; = 0.0432 and wR; = 0.1023. GOF =1.021. CCDC
1474118 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

C5, NDI:TPFB:fluorobenzene (1:2:2) co-crystal. NDI (50 mg, 1
eq.), TPFB (125 mg, 2.1 eq.) and fluorobenzene (10 g, excess)
were mixed in a sample tube. The mixture was heated up to

This journal is © The Royal Society of Chemistry 20xx
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close to the boiling point, then cooled at 4 °C to obtain pale
yellow crystals. Colorless block (0.18 X 0.25 X 0.50 mm).
Monoclinic, P2(1)/c, a = 19.958(3), b = 19.786(3), ¢ = 16.513(2)
A, a=90, £=102.162(2), /=90 °, V=6374.4(14) A3,2=4,T=
100 K, ocalclZ= 1.706Bg cm3, 1= 0.170 mm-*. Of a total of 62895
reflections that were collected, 10488 were unique. Final R; =
0.0547 and wR; = 0.1460. GOF = 1.052. CCDC 1559549 contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

C6, NDI:TPFB:benzene (1:2:2) co-crystal. NDI (50 mg, 1 eq.),
TPFB (125 mg, 2.1 eq.) and benzene (10 g, excess) were mixed
in a sample tube. The mixture was heated up to close to the
boiling point, soon after the pale yellow crystals were
precipitated. Colorless block (0.10 X 0.10 X 0.28 mm).
Monoclinic, P2(1)/c, a = 19.915(3), b = 19.847(3), ¢ = 16.513(3)
A, a=90, £=102.719(3), /8= 90 °, V=6366.7(19) A3,2 =4, T=
100 K, ocalclP= 1.6708g cm3, 1 = 0.164 mm-2. Of a total of 64135
reflections that were collected, 10739 were unique. Final R; =
0.0529 and wR, = 0.1211. GOF = 0.994. CCDC 1053318 contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

C7, NDI:TPFB:o-fluorotoluene (1:2:2) co-crystal. NDI (50 mg, 1
eq.), TPFB (125 mg, 2.1 eq.) and o-fluorotoluene (10 g, excess)
were mixed in a sample tube. The mixture was heated up to
close to the boiling point, soon after the pale yellow crystals
were precipitated. Colorless block (0.14 X 0.19 X 0.45 mm).
Monoclinic, P2(1)/c, a = 20.0647(16), b = 20.4856(16), ¢ =
16.4295(13) A, a= 90, f=104.9420(10), =90 °, V = 6524.8(9)
A3,72 =4, T=100K, peacl=1.6958g cm3, 1= 0.168 mm-L. Of a
total of 88211 reflections that were collected, 16180 were
unique. Final R; = 0.0545 and wR; = 0.1542. GOF = 1.029. CCDC
1474119 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

C8, NDI:TPFB:m-fluorotoluene (1:2:2) co-crystal. NDI (50 mg, 1
eq.), TPFB (125 mg, 2.1 eq.) and m-fluotoluene (10 g, excess)
were mixed in a sample tube. The mixture was heated up to
close to the boiling point, soon after the pale yellow crystals
were precipitated. Colorless block (0.10 X 0.18 X 0.26 mm).
Monoclinic, P2(1)/c, a = 20.0295(19), b = 20.6089(19), ¢ =
16.3863(15) A, a = 90, B = 105.0920(10), @@= 90 °, V =
6530.7(11) A3,Z = 4, T =100 K, peaidl@= 1.693Fg cm-3, 1= 0.168
mm-1. Of a total of 89224 reflections that were collected, 16627
were unique. Final R; = 0.0656 and wR; = 0.1709. GOF = 0.998.
CCDC 1053321 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre.

C9, NDI:TPFB:p-fluorotoluene (1:2:2) co-crystal. NDI (50 mg, 1
eq.), TPFB (125 mg, 2.1 eq.) and p-fluotoluene (10 g, excess)
were mixed in a sample tube. The mixture was heated up to
close to the boiling point, soon after the pale yellow crystals
were precipitated. Pale yellow block (0.23 X 0.35 X 0.40 mm).
Monoclinic, P2(1)/c, a = 20.1002(13), b = 20.5714(14), ¢ =
16.2701(11) A, & =90, A3= 105.0990(10), =90 °, V = 6495.3(8)
A3,2=4,T=100K, peacf=1.7028g cm3, 1= 0.169 mm-1. Of a
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total of 92038 reflections that were collected, 17653 were
unique. Final R; = 0.0425 and wR; =0.1177. GOF = 0.989. CCDC
1474120 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

C10, NDI:TPFB:toluene (1:2:2) co-crystal. NDI (50 mg, 1 eq.),
TPFB (125 mg, 2.1 eq.) and toluene (10 g, excess) were mixed in
a sample tube. The mixture was heated up to close to the boiling
point, soon after the yellow crystals were precipitated. Yellow
block (0.17 X 0.25 X 0.76 mm). Monoclinic, P2(1)/c, a =
20.0230(14), b = 20.3398(14), ¢ = 16.3764(11) A, o = 90, 8 =
104.4960(10), s@= 90 °, V = 6457.2(8) A3, Z = 4, T = 100 K,
Pealc@= 1.655Bg cm3, u = 0.161 mm?. Of a total of 93764
reflections that were collected, 18736 were unique. Final R; =
0.0488 and wR; =0.1169. GOF = 0.974. CCDC 1053322 contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

C11, NDI:TPFB:m-xylene (1:2:2) co-crystal. NDI (50 mg, 1 eq.),
TPFB (125 mg, 2.1 eq.) and m-xylene (10 g, excess) were mixed
in @ sample tube. The mixture was heated up to close to the
boiling point, soon after the yellow crystals were precipitated.
Yellow block (0.18 X 0.20 X 0.38 mm). Monoclinic, P2(1)/n, a
=11.374(2), b=20.799(4), c = 14.400(3) A, o= 90, £=99.032(3),
J@=90 ©, V =3364.3(11) A3, 2 =2, T=100 K, pearcB= 1.635 g cm-
3, 4 = 0.158 mm. Of a total of 46011 reflections that were
collected, 8539 were unique. Final R; = 0.0539 and wR; =
0.1123. GOF = 1.035. CCDC 1053323 contains the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

C12, NDI:TPFB:1,3,5-trimethylbenzene (1:2:2) Cocrystal. NDI
(50 mg, 1 eq.), TPFB (125 mg, 2.1 eqg.) and 1,3,5-
trimethylbenzene (10 g, excess) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the yellow crystals were precipitated. Yellow block (0.14
X 0.18 X 0.40 mm). Monoclinic, P2(1)/n, a = 11.1604(11), b =
21.035(2), ¢ = 14.8978(15) A, a = 90, 8= 99.764(2), /&= 90 °, V
=3446.7(6) A3,Z =2, T=100 K, peaid@= 1.623g cm3, = 0.156
mm-1. Of a total of 40997 reflections that were collected, 7108
were unique. Final R; = 0.0398 and wR; = 0.1075. GOF = 1.024.
CCDC 1053324 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre.

C13, NDI:TPFB:m-methylanisole (1:2:2) co-crystal. NDI (50 mg,
1 eq.), TPFB (125 mg, 2.1 eq.) and m-methylanisole (10 g,
excess) were mixed in a sample tube. The mixture was heated
up to close to the boiling point, soon after the orange crystals
were precipitated. Orange block (0.10 X 0.15 X 0.44 mm).
Monoclinic, P2(1)/n, a = 11.4404(9), b = 20.9135(16), ¢ =
14.3076(11) A, a =90, A= 99.7200(10), j&@= 90 °, V = 3374.1(5)
A3,2 =2, T=100K, peaclfi= 1.6628g cm-3, 1= 0.162 mm-L. Of a
total of 47201 reflections that were collected, 8726 were
unique. Final R; = 0.0441 and wR; = 0.1140. GOF = 1.003. CCDC
1053325 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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C14, NDI:TPFB:1,3,-dimethoxybenzene (1:2:2) co-crystal. NDI
(50 mg, 1 eq.), TPFB (125 mg, 2.1 eq.) and m-methylanisole (10
g, excess) were mixed in a sample tube. The mixture was heated
up to close to the boiling point, soon after the orange crystals
were precipitated. Orange block (0.20 X 0.20 X 0.25 mm).
Monoclinic, P2(1)/n, a = 11.269(8), b = 21.529(15), ¢ =
14.2601(10) A, o= 90, = 95.458(8), y= 90 °, V = 3444.(4) A3,
Z2=2,T=100K, pcaid@= 1.6598g cm™3, = 0.162 mm-1. Of a total
of 24187 reflections that were collected, 8854 were unique.
Final R; =0.0449 and wR,; =0.1539. GOF =0.941. CCDC 1474122
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

4-2-2. Four- and Five-component Crystals.

MC1, NDI:TPFB:m-fluorotoluene:naphthalene (1:2:1.956:0.044)
co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), m-
fluorobenzene (19.5 g) and naphthalene (0.5 g) were mixed in a
sample tube. The mixture was heated up to close to the boiling
point, soon after the pale yellow crystals were precipitated.
Molar ratio of guest molecules was determined by 'H-NMR
measurement.

mMcC2, NDI:TPFB:m-fluorotoluene:naphthalene
(1:2:1.940:0.060) co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg,
2.1 eq.), m-fluorobenzene (19.0 g) and naphthalene (1.0 g) were
mixed in a sample tube. The mixture was heated up to close to
the boiling point, soon after the pale yellow crystals were
precipitated. Molar ratio of guest molecules was determined by
1H-NMR measurement.

MC3, NDI:TPFB:m-fluorotoluene:naphthalene
(1:2:1.934:0.066) Cocrystal. NDI (100 mg, 1 eq.), TPFB (250 mg,
2.1 eq.), m-fluorobenzene (18.5 g) and naphthalene (1.5 g) were
mixed in a sample tube. The mixture was heated up to close to
the boiling point, soon after the pale yellow crystals were
precipitated. Molar ratio of guest molecules was determined by
1H-NMR measurement.

mMc4, NDI:TPFB:m-fluorotoluene:naphthalene
(1:2:1.906:0.094) co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg,
2.1 eq.), m-fluorobenzene (15.0 g) and naphthalene (5.0 g) were
mixed in a sample tube. The mixture was heated up to close to
the boiling point, soon after the pale yellow crystals were
precipitated. Molar ratio of guest molecules was determined by
1H-NMR measurement.

MCS5, NDI:TPFB:m-fluorotoluene:naphthalene
(1:2:1.828:0.172) co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg,
2.1 eq.), m-fluorobenzene (19.5 g) and naphthalene (0.5 g) were
mixed in a sample tube. The mixture was heated up to close to
the boiling point, soon after the pale yellow crystals were
precipitated. Molar ratio of guest molecules was determined by
1H-NMR measurement.

MC6, NDI:TPFB:toluene:naphthalene (1:2:1.870:0.130) co-
crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), toluene
(19.5 g) and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MC7, NDI:TPFB:toluene:naphthalene (1:2:1.840:0.160) co-
crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), toluene
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(19.5 g) and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MCS8, NDI:TPFB:toluene:naphthalene (1:2:1.816:0.184)
Cocrystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), toluene
(19.5 g) and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MC9, NDI:TPFB:m-xylene:naphthalene (1:2:1.896:0.104) co-
crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), m-xylene
(19.5 g) and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MC10, NDI:TPFB:m-xylene:naphthalene (1:2:1.878:0.122) co-
crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), m-xylene
(19.5 g) and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MC11, NDI:TPFB:m-xylene:naphthalene (1:2:1.816:0.184) co-
crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.), m-xylene
(19.5 g) and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MC12, NDI:TPFB:m-fluorotoluene:m-xylene:naphthalene
(1:2:1.784:0.182:0.034) co-crystal. NDI (100 mg, 1 eq.), TPFB
(250 mg, 2.1 eq.), m-fluorobenzene (18.0 g), m-fluorobenzene
(2.0 g), and naphthalene (0.5 g) were mixed in a sample tube.
The mixture was heated up to close to the boiling point, soon
after the pale yellow crystals were precipitated. Molar ratio of
guest molecules was determined by IH-NMR measurement.

MC13, NDI:TPFB:m-fluorotoluene:m-xylene:naphthalene (1:
2:1.726:0.250:0.042) co-crystal. NDI (100 mg, 1 eq.), TPFB (250
mg, 2.1 eq.), m-fluorobenzene (18.0 g), m-xylene (1.0 g) and
naphthalene (1.0 g) were mixed in a sample tube. The mixture
was heated up to close to the boiling point, soon after the pale
yellow crystals were precipitated. Molar ratio of guest
molecules was determined by TH-NMR measurement.

MC14, NDI:TPFB:m-fluorotoluene:m-xylene:naphthalene
(1:2:1.620:0.290:0.090) co-crystal. NDI (100 mg, 1 eq.), TPFB
(250 mg, 2.1 eq.), m-fluorobenzene (17.0 g), m-xylene (1.0 g)
and naphthalene (2.0 g) were mixed in a sample tube. The
mixture was heated up to close to the boiling point, soon after
the pale yellow crystals were precipitated. Molar ratio of guest
molecules was determined by TH-NMR measurement.

MC15, NDI:TPFB:m-fluorotoluene:m-methylanisole
(1:2:1.800:0.200) co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg,
2.1 eq.), m-fluorobenzene (19.5 g) and naphthalene (0.5 g) were
mixed in a sample tube. The mixture was heated up to close to
the boiling point, soon after the pale yellow crystals were
precipitated. Molar ratio of guest molecules was determined by
1H-NMR measurement.

This journal is © The Royal Society of Chemistry 20xx
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MC16, NDI:TPFB:m-fluorotoluene:m-methylanisole
(1:2:1.560:0.440) co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg,
2.1 eq.), m-fluorobenzene (19.0 g) and m-methylanisole (1.0 g)
were mixed in a sample tube. The mixture was heated up to
close to the boiling point, soon after the pale yellow crystals
were precipitated. Molar ratio of guest molecules was
determined by IH-NMR measurement.

MC17, NDI:TPFB:m-fluorotoluene:m-methylanisole (1:2:1.400:
0.600) co-crystal. NDI (100 mg, 1 eq.), TPFB (250 mg, 2.1 eq.),
m-fluorobenzene (18.0 g) and m-methylanisole (2.0 g) were
mixed in a sample tube. The mixture was heated up to close to
the boiling point, soon after the pale yellow crystals were
precipitated. Molar ratio of guest molecules was determined by
1H-NMR measurement.

Characterization

PXRD data were collected using a Rigaku SmartLab system
(Rigaku) diffractometer with a copper K-alpha source. The
crystals that were used for the PXRD measurement were gently
ground by agate mortar and pestle. The simulated patterns
were obtained from single-crystal X-ray analysis. TH NMR
spectra were recorded on a Bruker AV300 NMR spectrometer
(300 MHz) and Bruker AVANCE-500K-S NMR spectrometer (500
MHz). Tetramethylsilane (TMS) was used as an internal
standard (0 ppm). The TGA measurements were carried out
using a TG/DTA7300 system (Seiko Instruments Inc.) in the
temperature range of 303-773 K under flowing N, gas at a
heating rate of 10 K min-1.

X-ray crystal structural analysis.

The crystals were mounted on a loop. Diffraction data for the
crystal samples was collected at 100 K on a Bruker SMART APEX
CCD detector with graphite-monochromated Mo Ka radiation
(A =0.71073 A). From the collected data, unit cell, integration,
absorption correction, and space group were determined using
the Bruker APEX3 software package.’”® The data frames were
integrated using SAINT and merged to give a unique data set for
the structure determination. Empirical absorption corrections
by SADABS were carried out. Hydrogen atoms were located at
calculated positions and included in the structure factor
calculation but were not refined. Crystallographic data have
been deposited with the Cambridge Crystallographic Data
Centre. The data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)
1223-336-033; email: deposit@ccdc.cam.ac.uk).

Optical Characterization

UV-vis diffuse reflectance measurements were recorded
using a JASCO V-670 spectrometer (JASCO) with an integration
sphere attachment. Fluorescence excitation and emission
spectra were collected at room temperature on a Hitachi F-7000
fluorescence spectrometer. Emission spectra were collected in
the range between 380-720 nm, with a scan speed of 240
nm/min, and the slits were set at 5.0 nm (excitation slit) and 5.0
nm (emission slit) unless otherwise noted. The excitation
wavelength is 370 nm. The absolute photoluminescence
quantum yields (® p.) were determined as a solid state using
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absolute PL quantum vyields measurement system C9920-02
(Hamamatsu photonics) after excitation at 370 nm. Time-
resolved photoluminescence lifetimes were curried out by using
time-correlated single photon counting lifetime spectroscopy
system, Quantaurus-Tau C11367-02 (Hamamatsu photonics).
The decay constants and fitting parameters (T1,a72,5T3,aTa, A1, Az,
As, A,) for transient decays were determined using the
embedded software of Quantaurus-Tau. For the time-resolved
spectroscopy, the emission decay curves were recorded as a
function of the emission wavelength in the 420—-720 nm range
(the wavelength increment was 5 nm) for a fixed recording time
(200 s per wavelength). The emission spectra at different times
after excitation were obtained by averaging the integrated
intensity for different time windows at every
wavelength after the excitation pulse. Fluorescence images
were visualized under fluorescence microscope (Carl Zeiss Axio
Imager.A2). The excitation source was a xenon lamp equipped
with a band-pass filter (330-380 nm).

emission
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A series of multi-color and white-light photoluminescence host/guest co-
crystals were prepared by cooperative multi-molecular assembilies.
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