CIS

A RTTCUL E S

Published on Web 05/22/2009

Shear- and UV-Induced Fluorescence Switching in Stilbenic
m-Dimer Crystals Powered by Reversible [2 + 2] Cycloaddition
Jong Won Chung," Youngmin You," Hyun Sue Huh,* Byeong-Kwan An,’
Seong-Jun Yoon," Se Hun Kim," Soon W. Lee,* and Soo Young Park**

Center for Supra molecular Optoelectronics Materials and Department of Materials Science and
Engineering, ENG445, Seoul National University, San 56-1, Shilim-dong, Kwanak-ku, Seoul
151-744, Korea, and Department of Chemistry, Sungkyunkwan University Natural Science
Campus, 32308 Suwon 440-746, Korea

Received February 2, 2009; E-mail: parksy @snu.ac.kr

Abstract: We have designed and synthesized asymmetric cyano-stilbene derivatives containing trifluoro-
methyl (—CF3) substituents with the aim of producing tightly packed z-dimer systems that as crystals exhibit
reversible [2 + 2] cycloaddition with characteristic fluorescence modulation. (2)-3-(3’,5"-Bis(trifluorometh-
yl)biphenyl-4-yl)-2-(4’-(trifluoromethyl)biphenyl-4-yl)acrylonitrile (CN(L)-TrFMBE) and its derivatives were
found to form antiparallel =-dimer stacks in crystals due to their specific intermolecular interactions, including
C—F---H and C—F---x interactions. The CN(L)-TrFMBE n-dimer crystals (and powder) are not at all
fluorescent initially but switch to a highly fluorescent state (®p. = 24%) when an external shear-strain
and/or prolonged UV (365 nm) irradiation is applied. Our experimental and theoretical investigations show
that the fluorescence modulation in this particular system is due to the external and/or internal (in the case
of UV irradiation) shear-induced lateral displacement of the z-dimer molecular pair, which effectively turns
the fluorescence emission on at the cost of frustrated [2 + 2] cycloaddition. Further, the fluorescence ‘off’
state can be restored by thermal annealing, which regenerates the tightly packed z-dimer by reverse
displacement together with the thermal dissociation of the [2 + 2] cycloaddition product. This system provides
a very rare example of high-contrast reversible fluorescence switching that is driven by a change in the
molecular packing mode in the solid state, which enables piezochromic and photochromic responses.

Introduction

The photophysical properties of a given molecular system in
the condensed phase, such as fluorescence emission and
vibrational relaxation, undergo significant variation according
to the mode of molecular stacking, because intermolecular
interactions invariably alter photophysical processes. Therefore,
understanding and controlling molecular stacking modes and
the consequent intermolecular interactions are very important
for obtaining solid-state material systems with the desired
chemical and physical properties.' In this respect, it is essential
to establish a molecular level understanding of the correlations
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between molecular structure, stacking modes, and photophysical
properties.>*

Solid-state organic reactions have attracted extensive attention
because of their various interesting features that are related to
molecular stacking events, such as high regio- and stereoselec-
tivity and lattice-controlled reactions, and because they can be
carried out in the absence of solvents or catalysts, and requiring
no isolation or purification of the desired products.” In particular,
topochemical [2 + 2] cycloaddition reactions are highly
stacking-mode specific in generating photoadducts.>® Bringing
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two st-bonds into close proximity with the correct orientation
is a key step in the promotion of [2 + 2] cycloaddition reactions
with a high reaction rate in a regio- and stereoselective manner.
For these reactions to occur, the olefin units must be aligned in
parallel and the distance between the two reacting molecules
must be small (ca. <4.2 A), forming a 7r-dimer.° To promote
favorable stacking interactions between small organic molecules,
linear templates® and coordination-driven self-assembly'® have
been used. Molecular structural factors for predicting stacking
interactions have also been extensively investigated.'' !¢ In
particular, specific functional groups and/or intermolecular
interactions have been found to induce tight stacking in
crystalline arrangements. For example, chloro-,'" fluoro-,'*'®
and alkoxyaryl substituents,'® as well as electron donor—
acceptor'® and hydrogen bonding interactions,'> have been used
to induce the tight dimer stacking of olefin molecules in crystals
for [2 + 2] cycloaddition. A m-conjugated molecule with a
fluorine-containing aromatic ring has been reported to favor
either antiparallel molecular stacking'® or offset stacking'’ rather
than the parallel cofacial stacking that is very common in
m-conjugated molecular systems. This unique stacking tendency
is attributed to its specific intermolecular interactions, including
C—F-++-H—C and C—F--+, which are the noncovalent interac-
tions of the highly electronegative fluorine atoms in the CF;
units with either the hydrogen atoms or sr-orbitals in the phenyl
rings of the neighboring molecules.'®
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It is also known that fluorescence emission is altered
remarkably by molecular stacking interactions, such as in the
generation of additional emissions from H- and J-dimer/
aggregates,'® as well as in excimer or exciplex emissions.>>
We have recently demonstrated that the formation of appropriate
molecular stacking can turn on the fluorescence emission from
structurally twisted and thus nonfluorescent molecular materials
such as 1-cyano-trans-1,2-bis-(4’-methylbiphenyl)ethylene (CN-
MBE).?° This “aggregation-induced enhanced emission” (AIEE)
is of great practical importance because of its solid state
applications, particularly in nano-optoelectronic devices.?' Our
extensive studies with various CN-MBE derivatives have shown
that J-type stacking combined with molecular planarization is
responsible for the enhanced emission and the fluorescence
turn-on.”>*>~2° This observation is consistent with the theoretical
prediction of Kasha®’ that the J-aggregate, in contrast to the
more common H-aggregate, preferentially reduces nonradiative
decays in the highly interacting solid state and thus allows red-
shifted and significantly enhanced fluorescence emission. Due
to their strong tendency to form aggregates, AIEE molecules
are easily self-assembled into highly fluorescent nanoparticles®
and nanowires.>> Moreover, fluorescent photochromic nano-
particles,” the array patterning of fluorescent nanoparticles,?*
a fluorescent switchable smart gel,25 and a fluorescent super-
hydrophobic surface*® produced via the structural derivatization
of cyanostilbene-based AIEE molecules have also been reported.

In the course of exploring the effects of various substituents
on the AIEE properties of CN-MBE derivatives, we observed
shear- and/or UV-induced fluorescence emission from two novel
AIEE molecules (1 and 2; see Scheme 1 for their structures)
that have asymmetric substitutions of highly electron-withdraw-
ing CF; units. The reference AIEE compound CN-TFMBE has
symmetric CF; substituents (3; see Scheme 1 for its structure)
and exhibits different behavior, which suggests that asymmetric
substitution induces a stacking mode that is very different from
J-type stacking. In this comprehensive structural and photo-
physical study, we were able to determine that the antiparallel
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Scheme 1. Molecular Structures of Asymmetric (1 and 2) and
Symmetric (3) Cyano-Stilbene Derivatives
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nt-dimer stacking and its shear-induced displacement competing
with [2 + 2] cycloaddition are responsible for the unique
fluorescence behavior of the novel asymmetric AIEE compounds
1 and 2. We have also demonstrated that the photo- and
thermochemically addressable fluorescence changes in these
novel AIEE compounds have a high contrast ratio and are
reversible, which means that they are likely to have practical
applications in optical memory systems.

Results and Discussion

The chemical structures of the newly designed and synthe-
sized asymmetric cyano-stilbene derivatives 1 (CN(L)-TrFMBE)
and 2 (CN(R)-TrFMBE) are shown in Scheme 1. These
compounds were readily synthesized in only three steps ac-
cording to Scheme S1 (Supporting Information) via Suzuki
coupling and Knoevenagel reactions in good yields. They
were characterized by 'H NMR, '3C NMR, mass spectroscopy,
and elemental analysis (see the Supporting Information).

Interestingly, CN(L)-TrFMBE and CN(R)-TrFMBE exhibit
an unusual fluorescence behavior that is different from that of
the AIEE crystal of 3 (CN-TFMBE).?? The latter compound is
very highly fluorescent in the crystalline state but nonfluorescent
in solution, i.e., it exhibits AIEE. In contrast, CN(L)-TrFMBE
and CN(R)-TrFMBE, are virtually nonfluorescent in the crystal
and solution states. Their crystals are easily obtained with
recrystallization techniques because of their strong intermo-
lecular interactions. Surprisingly, however, these nonfluorescent
crystals were found to gradually become highly fluorescent with
strong sky-blue emissions when they are exposed to prolonged
irradiation from a hand-held UV light (1.2 mW+cm™2), as shown
in Figure la. The time-dependent evolutions of the fluorescence
spectrum and absolute photoluminescence (PL) quantum ef-
ficiency (®Pp) of CN(L)-TrFMBE crystal were measured in real-
time at an excitation wavelength of 365 nm and are respectively
shown in b and c of Figure 1. It can be clearly seen that the
intensity of the fluorescence emission in the solid state increases
dramatically upon UV irradiation within several minutes,
resulting in a fluorescence quantum yield as high as 0.24 (Figure
1c). This phenomenon was also observed for CN(R)-TrFMBE
(Table 1 and Figure 1d).

To investigate the possible origin of this unexpected photo-
chromic behavior,?® we examined the morphological evolution
of the crystal surfaces upon UV irradiation and the results are
shown in Figure 2. Our optical microscopic observations
revealed that there are distinct changes in the coloration and
surface morphology of the irradiated crystals. In particular, the
crystals became opaque with a color change from yellowish
green to off-white upon UV irradiation. Moreover, the SEM
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images show deformations and large internal fractures on the
surfaces of these crystals. As can be seen in panels 3 and 6 of
Figure 2, the crystals of CN(L)-TrFMBE and CN(R)-TrFMBE
have smooth and clear surfaces before UV irradiation, whereas
there is extensive cracking and clefts in the crystal lattices after
exposure to 365 nm UV light for 60 s. These morphological
changes suggest that the fluorescence enhancement upon UV
irradiation is probably caused by reconstructive phase transi-
tion’ in either the molecular conformation or the stacking mode
in the crystal state.®'

Further, we observed that the fluorescence emission from
CN(L)-TrEMBE and CN(R)-TrFMBE can also be switched on
by a small external shear-strain. As shown in Figure 3, the
initially nonfluorescent powdered crystal of CN(L)-TrFMBE
immediately became highly fluorescent when it was briefly
smeared with a spatula. The fluorescence turn-on only occurred
at the smeared area, as indicated by a green arrow in the
photograph in the inset in Figure 3a. A few examples of such
pressure- or shear-induced fluorescence modulation have also
very recently been reported for molecules that are structurally
different from ours.>* >* Although the detailed mechanism of
shear-induced fluorescence modulation is still unclear and is
likely to vary from case to case, it seems plausible that the
mechanical force alters the molecular stacking rather than the
chemical structure. In this context, we carried out a compre-
hensive crystal structure analysis and theoretical calculations
to assess this mechanism (vide infra).

X-ray quality crystals of CN(L)-TrFMBE and CN(R)-
TrFMBE were grown at room temperature with the solution
diffusion technique® in a tetrahydrofuran (THF)/methanol
(MeOH) system. Slow diffusion of THF solutions of CN(L)-
TrFMBE or CN(R)-TrFMBE into MeOH resulted within a week
in the greenish yellow crystals shown in a and b of Figure 2.
Unfortunately, the crystal of CN(L)-TrFMBE decomposed
gradually during the collection of reflections, probably due to
its sensitivity to the light in the X-ray laboratory. For this reason,
we rapidly collected the reflections in a relatively small 0 range
(2.08—20.51) in the dark. Although the rather poor crystal
quality of both crystals reflects on the relatively large R values,
their ORTEP drawings clearly show the overall molecular
geometry with no doubt about the atom connectivity.

CN(L)-TrFMBE and CN(R)-TrFMBE are structural isomers
due to the different positions of the central CN group. The
molecular structure of CN(L)-TrFMBE is shown in Figure 4a.
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Figure 1. (a) Fluorescence images of powdered CN(L)-TrFMBE crystal for various UV irradiation times (0, 1, 5, and 30 min). (b) Fluorescence spectra (Aex
= 365 nm) of CN(L)-TrFMBE bulk crystals on a quartz plate. (c) Absolute PL. quantum efficiencies (®p;) of CN(L)-TrFMBE and (d) CN(R)-TrFMBE as
functions of irradiation time. The photographs in the insets show fluorescence images of large single crystals before and after irradiation.

Table 1. Optical Properties and 'H NMR Assignments of the Monomers and ¢-Dimers of CN(L)-TrFMBE and CN(R)-TrFMBE

UVvis spectroscopy? PL spectroscopy® FT-IR® 'H NMR®
Compound j-max (nm) lmax (nm) IR (Cm71) Holeﬂne (5)/Hammanc (O) Hcyc\ (6)/Haromanc ((3) q’méded (%)
CN(L)-TrFMBE 345 441 2217 7.67/7.74—8.07 0 +£5
o-dimer of CN(L)-TrFMBE 265 314 2234 5.39/7.46—17.99
CN(R)-TrFMBE 347 436 2220 7.67/7.72—8.05 85+5
o-dimer of CN(R)-TrFMBE 265 311 2234 5.38/7.43—8.05

42 x 107 mol-L~

!in tetrahydrofuran (THF). ® In KBr pellets. ¢ In CDCls. ¢ The ratio of products obtained after conversion of the reactant based on

the integration of the product peaks in the '"H NMR and HPLC spectra. Irradiation was carried out for 120 min using a 365 nm hand-held UV lamp (1.2

mW +-cm™2) under atmospheric conditions at room temperature.

Figure 2. Optical and fluorescence images of single crystals of CN(L)-TrFMBE (a) and CN(R)-TrFMBE (b) before irradiation (1, 2) and after irradiation
(4, 5) with 365 nm UV light for 60 s. SEM photographs of the powdered crystals before (3) and after (6) irradiation.

All four rings are significantly twisted from each other: one
pair (C2—C7; C8—C13) with a dihedral angle of 30.8(4)° and
the other pair (C17—C22 and C23—C28) with that of 36.6(3)°.
The molecular structure of CN(R)-TrFMBE is presented in
Figure 4b, which also shows significantly twisted rings: one
pair (C2—C7; C8—C13) with a dihedral angle of 33.0(2)° and
the other pair (C17—C22 and C23—C28) with that of 34.6(2)°.
It is worth noting that the torsion angles of C4—C5—C8—C9
and C19—C20—C23—C24 in CN(L)-TrFMBE are 30(1) and
—35(1)°, respectively, whereas those in CN(R)-TrFMBE are
—31(1) and 34(1)°. These torsion angles suggest that both
structures are related in terms of conformation. If we put the
central fragment {—C¢H;—C(CN)—CH—(—C¢Hy)} of both
compounds in the same orientation, we can readily recognize
the relative orientations of the terminal groups (C¢H;—CF; and
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CsH—(CF3),) with respect to the central fragment. The terminal
groups in CN(L)-TrFMBE can go to the corresponding groups
in CN(R)-TrFMBE by counterclockwise rotating the C¢H,—CF;
fragment by 61° (with respect to the central moiety) and the
C¢H3-(CF3), fragment by 69°. This phenomenon can be vividly
illustrated by the space-filling moles of both structures with
respect to the central fragment (Figure S4 in the Supporting
Information).

The most significant structural feature of CN(L)-TrFMBE and
CN(R)-TrFMBE shown in Figure 4 is the presence of antipar-
allel s-dimers (also known as head-to-tail (HT) s-dimers®),
which comprise very close pairs of stilbenic C=C bonds with
center-to-center distances of 3.785 (Figure 4c) and 3.889 A
(Figure 4d). It is evident from the 7-dimer geometries shown
in Figure 4 that the three asymmetrically substituted CF; units
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Figure 3. (a) Fluorescence turn-on of a powdered CN(L)-TrFMBE crystal on a quartz plate after smearing with a metal spatula. The inset shows a fluorescence
image of the powdered crystals on a quartz plate. The green arrow indicates the area smeared with the spatula. (b) Normalized PL spectra after mechanical

smearing (blue dashed line) and UV irradiation (sky-blue line).

Figure 4. X-ray crystallography of single crystals of the asymmetric cyano-
stilbene derivatives: ORTEP drawings of CN(L)-TrFMBE (a) and CN(R)-
TrFMBE (c) with 50% probability thermal ellipsoids. The center-to-center
distances between the stilbenic double bonds in the zz-dimers are 3.785 A
(b) and 3.889 A (d) respectively.

are the key elements of antiparallel ;r-dimer formation because
of the resulting C—F++*H—C and C—F---z interactions'¢ in
addition to the favorable ;7—s and dipolar interactions. The pair
of molecules in the antiparallel ;t-dimer are related by a center
of symmetry and maintain close contact to enable [2 + 2]
cycloaddition. For the topochemical [2 + 2] cycloaddition

Table 2. Crystallographic Details of the Asymmetric
Cyano-Stilbene Derivatives?®

CN(L)-TrFMBE CN(R)-TrFMBE
empirical formula C;0H 6FoN C;0H;FoN
fw 561.44 561.44
temperature, K 293(2) 293(2)
crystal system triclinic triclinic
space group P1 P1
a, A 8.7256(3) 8.626(2)
b, A 10.1686(4) 10.283(2)
¢, A 15.1679(5) 15.342(4)
a, deg 74.382(2) 75.91(2)
p, deg 81.966(2) 79.12(2)
v, deg 84.065(2) 82.83(2)
Vv, A 1280.34(8) 1291.7(5)
Z 2 2
ey, g cm™3 1.456 1.443
u, mm™! 0.131 0.13
F (000) 568 568
0 range (deg) 2.08—20.51 2.05—25.00
no. of reflns measured 11180 4805
no. of reflns unique 2564 4487
no. of reflns with I > 20(I) 2084 3164
no. of params refined 361 362
max., in Ap(e A7%) 0.723 0.655
min., in Ap(e A7) —0.498 —0.427
GOF on F? 1.086 1.09
distance of center-to-center (A) 3.798 3.889
R® 0.1131 0.1053
wR2¢ 0.3149 0.3167

“Single crystals of these compounds were grown at room
temperature by using the solution diffusion technique within a
tetrahydrofuran (THF)/methanol (MeOH) system. * R = Z[IF,| — IF)/
SIF,]. © WwR2 = S[w(F,2 — FA)X/ZE[w(F,2)*Y.

reaction to occur in the crystalline state, it is known that the
center-to-center distance between the reactive double bonds
should be less than 4.2 A° and that there should be a high degree
of overlap between the sz-orbitals of the reactive partners, which
is determined by the geometrical parameters 6, 0,, 65, and d>8
with ideal values of 0, 90, 90°, and 0 A, respectively. The
crystallographic parameters of CN(L)-TrFMBE and CN(R)-
TrFMBE are summarized in Table 2 and depicted in Figures 4
and S2,S3 (see the Supporting Information).

These parameters indicate that the antiparallel 7z-dimers have
[2 + 2] cycloaddition reactivity: the actual values of the center-
to-center distance, 0, 0,, 03, and d are 3.785 A, 0°, 101.95°,
84.51°, and 0.784 A for CN(L)-TrEMBE, and 3.889 A, 0°,
113.69°, 89.40°, and 1.563 A for CN(R)-TrFMBE. Therefore,
it is expected that the initial antiparallel m-dimers will
be transformed into covalently bonded ‘o-dimer ([2 + 2]
cycloadducts)’ via [2 + 2] cycloaddition when the crystals are
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illuminated with UV light. This expectation is consistent with
the initial nonfluorescent state of the single crystals and also
the crystal cracking visible in Figure 2. The rationale for the
former observation is that the absorbed UV photon contributes
exclusively to the [2 + 2] cycloaddition rather than photolu-
minescence generation. The volume of the o-dimer is larger
than that of the 7-dimer, which explains the latter observation.
The remaining puzzle is then why the photoluminescence
increases with both prolonged UV irradiation or an external
shearing action.

The shear-induced emission (SIE) observed in Figure 3
suggests that the fluorescence “turn-on” is probably associated
with the shear-induced displacement of the 7z-dimer pair, which
increases the rate of photoluminescence at the cost of frustrated
[2 + 2] cycloaddition. As for the prolonged UV irradiation
effect, perhaps the same process occurs due to the ‘internal shear
force’ generated by the expanding volume of the o-dimer. We
carried out comprehensive structural, optical, and crystal-
lographic analyses to assess this idea, as described below.

The pure o-dimers were obtained in high yield by carrying
out UV irradiation for 3 h. The remaining monomer was
removed with column purification and recrystallization from
MeOH. The resulting materials were then characterized with
"H NMR, FT-IR, HPLC, mass spectroscopy, and DSC analysis.
These data are in good agreement with data reported for other
o-dimer systems.”* In the '"H NMR spectrum of the CN(L)-
TrFMBE monomer, the vinylic protons of the monomer resonate
in the range at 6 8.08—7.66 ppm mingled with aromatic protons.
These monomer signals (red arrow, top of Figure 5a) are not
present, however, in the spectrum of the o-dimer, which contains
a characteristic singlet at 6 5.39 ppm (red arrow, bottom of
Figure 5a) due to the cyano-substituted cyclobutane ring. The
longer wavelength band (at 345 nm) due to stilbenic conjugation
in the monomer is completely absent from the UV/vis absorption
spectrum of the o-dimer, and there is a much shorter wavelength
band characteristic of the o-dimer at 265 nm (Figure 5b).
Accordingly, the color of the o-dimer is off-white, as shown in
Figure 6a, in contrast to the yellowish green color of the
monomer. The fluorescence emission spectra of the monomer
and the o-dimer of CN(L)-TrFMBE in THF solution are shown
in Figure 5b. The monomer is barely fluorescent in solution
(note that this behavior is similar to that of other AIEE dyes
like CN-TFMBE?*) with an emission maximum at 441 nm,
whereas the CN(L)-TrFMBE o-dimer exhibits very weak
emission centered around 314 nm when excited at 265 nm,
which is attributed to the biphenyl unit in the o-dimer.
Consequently, the exceptionally strong 478 nm emission from
the UV-irradiated crystal shown in Figure 1 does not come from
the photoproduced o-dimer, but from other species influenced
by the [2 + 2] cycloaddition. The optical properties and 'H
NMR assignments of the monomer and o-dimer are summarized
in Table 1.

In the course of the topochemical [2 + 2] cycloaddition of
the s-dimer, it is most probable that the formation of the
sterically bulkier o-dimer results in strain and pressure in the
crystalline lattice that exerts an internal shear-force on
the neighboring 7-dimer pair. Shear-induced deformation of the
mt-dimer, including changes in the center-to-center distance and
other geometrical features required for [2 + 2] cycloaddition,”®
then results in fluorescence turn-on at the cost of frustrated [2
=+ 2] cycloaddition. This idea is supported by the identical effects
of external shear force and UV irradiation on the photolumi-
nescence turn-on, as shown in Figure 3b, and also by the crystal
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Figure 5. Results for the CN(L)-TrFMBE monomer and the o-dimer: (a)
"H NMR spectra of the monomer (above) and the o-dimer (below) in CDCls3
at room temperature; (b) UV/vis absorption spectra (open symbols) and
PL spectra (filled symbols) of the monomer (triangles) and the o-dimer
(circles); (c) FT-IR absorption spectra (KBr pellets) of the z-dimer
(monomer) and the o-dimer. The inset and the red arrow show the nitrile
stretching peaks of the m-dimer and the o-dimer.

cracking upon UV irradiation shown in Figure 2. Further, the
degree of crystallinity decreases after UV irradiation, as shown
by powder X-ray diffraction measurements (see the Supporting
Information, Figure S1).

If the fluorescence is turned on according to this mechanism,
there should remain a finite amount of emitting CN(L)-TrFMBE
monomer (deformed 5r-dimer incapable of cycloaddition) in the
crystal after UV illumination. To clarify this point, we monitored
the evolution of the chemical structure of the crystal as a
function of UV irradiation time by using 'H NMR, UV/vis
absorption, and HPLC. To ensure complete topochemical [2 +
2] cycloaddition, we irradiated the powdered CN(L)-TrFMBE
crystal for as long as 2 h; i.e. we took into account the
fluorescence saturation behavior shown in Figure 1. As expected
from the very favorable crystal structure (vide supra, Figure 4
and related discussion), [2 + 2] cycloaddition proceeds ef-
ficiently in the crystalline phase. Figure 7a shows the '"H NMR
spectra for CN(L)-TrEMBE and the o-dimer recorded after
various irradiation times at room temperature. The spectrum at
the top of Figure 7a is for the parent, CN(L)-TrFMBE, prior to
irradiation. As the [2 + 2] cycloaddition proceeds, the corre-
sponding intensities of the vinyl proton signal (inverted triangles)
assigned to the monomer decrease with a gradual increase in
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Figure 6. (a) Photograph of pure o-dimer powder of CN(L)-TrFMBE after column purification. (b) Optical microscopy image (the circled inset photographs
show the birefringence under crossed polarizers) and (c) fluorescence microscopy (under 365 nm UV light) image pure o-dimer of the CN(L)-TrFMBE,

obtained by using column purification and recrystallization.
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Figure 7. Fluorescence enhancement as the result of an internal shear force
via [2 + 2] cycloaddition. "H NMR and UV/vis absorption spectra for the
conversion of monomer to o-dimer in the solid state as a result of irradiation
with 365 nm hand-held UV light (1.2 mW-cm™2) at 25 °C: (a) 'H NMR
spectra after various irradiation times (0 to 2 h, vinyl protons (V) and protons
of the cyclobutane ring (*)); (b) UV/vis absorption spectra of CN(L)-
TrFMBE powdered crystal recorded in THF (2 x 107> mol-L™"). The inset
shows the absorption band of the monomer remaining after irradiation. The
black arrow indicates the decrease in the signal intensity of the monomer
on irradiation for O to 2 h. The inset shows the absorption spectrum of the
remaining monomer (after 2 h, black circles).

the intensity of the new proton signals (stars) due to the
cyclobutane ring, which indicates the concomitant formation
of a [2 + 2] cycloadduct. The bottom of Figure 7a indicates
almost complete conversion to the o-dimer, with only a small
amount of emitting CN(L)-TrFMBE monomer possibly remain-
ing. The proportion of the remaining monomer was determined
from the integration of the proton peaks in the "H NMR spectra
to be approximately 5%. This value is in good agreement with
that obtained from HPLC analysis (see the Supporting Informa-
tion, Figure S5).

In addition, the presence of the emitting CN(L)-TrFMBE
monomer, i.e., the sheared/displaced monomer pair immune to
[2 + 2] cycloaddition and generated by o-dimer formation in

its neighborhood, was further confirmed with spectroscopic
analysis. Powdered crystals of CN(L)-TrFMBE were irradiated
with UV for varying durations and then dissolved in THF for
the recording of their UV/vis absorption spectra. As shown in
Figure 7b, the intensity of the absorption peak of the CN(L)-
TrFMBE monomer at 345 nm (black arrow) gradually decreases
with increasing UV irradiation time, whereas that of the o-dimer
(red arrow) at 265 nm increases simultaneously. Note that the
latter peak exactly matches the absorption maximum wavelength
of the purified o-dimer compound (Figure 5b). Importantly, the
presence of the emitting CN(L)-TrFMBE monomer, i.e., the
sheared/displaced monomer pair immune to [2 + 2] cycload-
dition, can be confirmed from the remaining monomer emission
(see the inset in Figure 7b) after prolonged UV irradiation for
2 h. All these experimental results support our proposed
mechanism: the turn-on fluorescence in solid-state is attributed
to SIE through the molecular displacement frustrated [2 + 2]
cycloaddition, which favors activation of radiative decay to the
ground state.

In order to further investigate the fluorescence turn-on
mechanism, we carried out quantum chemical calculations based
on density functional theory (DFT, B3LYP/6-31G** level
implemented with Gaussian 03*¢) with particular emphasis on
the electronic interactions within the crystals upon optical
excitation. The geometries of the antiparallel szz-dimers were
extracted from the crystal structures. The geometries of the
o-dimer and a single molecule (isolated state) of CN(L)-
TrFMBE were subjected to iterative optimization to determine
the low-energy structures. In addition, the geometries of 10
singlet states were calculated using the time-dependent DFT
(TD-DFT, B3LYP/6-31G**) method; the first and second singlet
excited states are shown in Figure 8. The isolated single
molecule has a well-defined highest occupied molecular orbital
(HOMO) and a well-defined lowest unoccupied molecular
orbital (LUMO), which result in benzenoid and quinoid isoden-
sity plots respectively. The corresponding first singlet excited
state has an excitation energy of 3.26 eV, which is in good
agreement with the observed m—s* transition band in the
absorption spectrum (345 nm, Figure 5b). An interesting result
is that greater stabilization of the excited states is predicted for
the 7z-dimer than for the isolated state: the respective stabilization
energies are 0.25 eV for state S; and 0.76 eV for state S,. This
difference is due to the prominent in-phase interaction between
the LUMOs of the two molecules in the s-dimer. As shown
schematically in Figure 8, this interaction significantly distorts
the shape of the LUMO and finally results in an intermolecular
bonding interaction. Note also that the geometric position of
this bonding interaction coincides with that of the [2 + 2]

(36) Frisch, M. J.; et al. Gaussian 03 Gaussian, Inc.: Wallingford CT, 2004.
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Figure 8. Proposed mechanism for the shear-induced emission of asymmetric cyano-stilbene in the solid state.

cycloaddition, as discussed above. In contrast, the S; and S,
states of the o-dimer are predicted to have energies that are
1.15 and 0.54 eV higher, respectively, than those of the isolated
state. This result makes sense because the intramolecular
conjugative plane is disconnected at the ex-cyanovinyl position.
The results of these calculations support our mechanism for
the enhanced fluorescence and the photochemical [2 + 2]
cycloaddition in the solid state. In the well-ordered crystalline
state containing s-dimer pairs, once the CN(L)-TrFMBE
molecule is optically excited, two different photophysical
pathways are available: a nonradiative [2 + 2] cycloaddition
with the ;r-dimer partner, and a radiative fluorescent transition.
Since virtually no fluorescence is observed during the initial
stages of irradiation, the former pathway is preferred, resulting
in the high-energy o-dimer which cannot accept the excited-
state energy exothermically. In addition, during the [2 + 2]
cycloaddition process, the s-dimer state plays the role of an
energy sink that blocks the fluorescing radiative decay of the
excited molecule. However, as irradiation and the formation of
the o-dimer progresses, shear-displaced CN(L)-TrFMBE mol-
ecules are gradually generated and the 7z-dimer energy sink is
removed, which results in enhanced fluorescence emission.
With fluorescence switching applications in mind, we inves-
tigated the stability and reversibility of the [2 + 2] cycloaddition
and the relevant fluorescence changes. The shear-induced and
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UV-induced “turn-on” states of the CN(L/R)-TrFMBEs were
found to be stable for over 1 year if stored even under
atmospheric conditions. It was also found that thermal heating
of the irradiated powder to melting temperature (240 °C) fully
restores the original “turn-off” state due to the thermal dis-
sociation of the cyclobutane ring,?” which regenerates the pure
nonfluorescent powdered crystal with st-dimer stacking. We also
confirmed the structure of the restored s-dimer and the total
disappearance of the o-dimer by using 'H NMR, mass spec-
troscopy, and UV/vis absorption spectroscopy. As shown in
Figure 9a, there is a strong endothermic peak at 193 °C in the
DSC analysis of the o-dimer due to cyclobutane ring dissocia-
tion, which generates in CN(L)-TrFMBE monomers. To directly
monitor the recovery of z-dimer stacking from the o-dimer,
X-ray diffraction (XRD) patterns of powder crystal samples at
three different treatment stages (before and after UV irradiation
and subsequent thermal heating) have been measured and
compared from each other (see Figure S6 in the Supporting
Information). On irradiation, the characteristic diffraction peaks
(black arrows in Figure S6) attributed to the well-ordered
m-dimer packing disappeared, remaining no sharp signal behind
(gray line in Figure S6). After a subsequent thermal heating,

(37) Novak, K.; Enkelmann, V.; Wegner, G.; Wagener, K. B. Angew.
Chem., Int. Ed. 1993, 32, 1614-1616.
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Figure 9. (a) DSC curves showing the thermal transition of the CN(L)-TrFMBE monomer (before irradiation, red open circles), o-dimer (after irradiation,
filled circles), and monomer (after thermal heating, black open circles) obtained with a heating rate of 10 °C/min. (b) This fluorescence modulation spectrum
shows the reversibility of the PL intensity of the z-dimer packing mode and the irradiated states. The photographs in the insets show the fluorescence

emission of the turn-on and turn-off states of CN(L)-TrFMBE.

however, it is clearly noted that the original peaks of the
monomer (7z-dimer packing) were restored to show sharp
characteristic peaks again (sky-blue line in Figure S6). The XRD
patterns of CN(L)-TrFMBE before UV irradiation as well as
after thermal heating comprise the peaks of the single crystal
CN(L)-TrFMBE, although the crystallinity of the powdered
crystals is not likely to be very high. All these data strongly
support a reversible switching between the nonfluorescent
nt-dimer and the fluorescent mixed o-dimer states via UV/shear
and heating (Figure 9b).

Conclusion

We have designed and synthesized asymmetric cyano-stilbene
derivatives containing trifluoromethyl (—CF;) substituents that
exhibited unique shear- and/or UV-induced fluorescence turn-
on with reversible switching manner via thermal treatment.
Based on structural, optical, and DFT studies, we found that
these crystals contain sz-dimer molecular pairs with a strong
tendency to [2 + 2] cycloaddition, which results in the formation
of volume-expanded o-dimers on irradiation with UV light. The
shear- and/or UV-induced fluorescence turn-on can be explained
in terms of the lateral displacement of the s-dimer molecular
pairs, which results in enhanced fluorescence emission at the
cost of frustrated [2 + 2] cycloaddition.

Experimental Section

General Considerations. Starting materials were purchased from
Alfa Aesar Co. and Sigma Aldrich Chemical Co. and used without
further purification unless otherwise stated. The synthetic routes
and characterizations of CN(L)-TrFMBE and CN(R)-TrFMBE are
described in the Supporting Information. UV/vis absorption spectra
were recorded on a Shimadzu UV-1650 PC spectrometer using
samples in solution. Fluorescence spectra were recorded on a
Shimadzu RF 5301 PC fluorescence spectrometer using samples
in the solution or solid state. The absolute photoluminescence
quantum efficiency (®p) of the crystal was measured using an
integrating sphere (Labsphere Co., 600 diameter) as described in
ref 38. A continuous wave Xe-lamp (500 W, Melles Griot Co.)
was used as the excitation light source, and a monochromator
(Acton Research Co.) attached to a photomultiplier tube (Hamamat-
su) was used as the optical detector system. All of the systems
were calibrated using a tungsten—halogen standard lamp and
deuterium lamp (Ocean Optics LS-1-CAL and DH-2000-CAL,
respectively). ®p. was calculated based on the de Mello method.3®
"H NMR spectra were recorded on DPX Bruker 300 (300 MHz)

(38) (a) Palsson, L.-O.; Monkman, A. P. Adv. Mater. 2002, 14, 757-758.
(b) de Mello, J. C.; Wittmann, H. F.; Friend, R. H. Adv. Mater. 1997,
9, 230-232.

and Bruker Avance 500 (500 MHz) spectrometers. All NMR spectra
were referenced to the solvent. *C NMR spectra were also
measured. Proton (0.1 ppm) chemical shifts were measured with
respect to internal TMS in CDCl;. '3C chemical shifts were reported
in ppm relative to CDCl;. TLC analyses were carried out on
aluminum sheets coated with silica gel 60 (Merck 5554). Column
chromatography was performed on Merck silicagel 60. Mass spectra
were measured using a JEOL, JMS AX505WA mass spectrometer.
Elemental analysis was carried out using a CE instruments, EA110
elemental analyzer. SAXS measurements were performed using a
Bruker GADDS equipped with a 2D area detector, operating at 3
kW. Differential scanning calorimetry (DSC) was performed on a
Perkin-Elmer DSC7 instrument at a heating rate of 10 °C min~".
High performance liquid chromatography (HPLC) measurements
were carried out using a Shimadzu LC-20AD chromatograph with
an injection volume of 1 um. Field emission scanning electron
microscopy (FE-SEM) images were obtained with a JSM-6330F
(JEOL) FE-SEM at an acceleration voltage of 12 kV, after sputter
deposition of a thin conductive platinum coating onto the films.

Irradiation Procedure. The 7-dimer finely powdered crystal
and single crystal samples of CN(L)-TrFMBE and CN(R)-TrEMBE,
placed at a distance of ~10 cm from the 365 nm hand-held UV
lamp (1.2 mW-cm™2) under atmospheric conditions at room
temperature, were irradiated simultaneously for 3 h. Irradiation was
continued until there was no further increase in product formation.
The progress of the reaction was monitored by 'H NMR. After
irradiation, the 7r-dimers were purified by column chromatography
over silica gel and recrystallization from MeOH.

Optical Properties. The asymmetric compounds were irradiated
in the solid state. After irradiation, the powdered crystal was
dissolved in THF and the spectrophotometric analysis was carried
out.

X-ray Crystallography or Crystal Structure Determination.
Single crystals of all the CN(L)-TrFMBE or CN(R)-TrFMBE
compounds were obtained by dissolving the compounds (200 mg)
in a minimum quantity of tetrahydrofuran (10 mL), followed by
addition of methanol (20 mL) from the edges of the glass tube
(radius of 20 mm). The glass tube was sealed and covered with
black paper without disturbing the solvent layers and was kept in
a dark place. The resulting crystals were washed several times with
methanol and dried under vacuum. All X-ray data were collected
using a Siemens P4 diffractometer equipped with a Mo X-ray tube.
No absorption corrections were made. All calculations were carried
out using SHELXTL programs. The structure was solved by direct
methods. All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were generated in ideal positions and refined in a
riding mode. Details on the crystal data, intensity collection, and
refinement are given in Table 2. Crystallographic data for structures
reported in this paper have been deposited as CIF files into the
Cambridge Crystallographic Data Center as supplementary publica-
tion numbers CCDC 689876 and 689877.
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