Communication
pubs.acs.org/JACS
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Reversible Near-Infrared/Blue Mechanofluorochromism of
Aminobenzopyranoxanthene

Masaru Tamoka,HE Shinichiro Kammof’< Ak Atsuya Muranakaf"§ Yousuke Oo ama,” Hiromi Ota,
Yoshinao Shirasaki,” Jun Horlgome, Masashi Ueda, Masanobu Uchlyama, Daisuke Sawada,
and Shuichi Enomoto*’T’i

TGraduate School of Medicine, Dentistry, and Pharmaceutical Sciences and 1Division of Instrumental Analysis, Department of
Instrumental Analysis and Cryogenics, Advanced Science Research Center, Okayama University, Okayama-shi, Okayama 700-8530,
Japan

iNext-generation Imaging Team, RIKEN-CLST, Kobe-shi, Hyogo 650-0047, Japan

$Advanced Elements Chemistry Research Team and Elements Chemistry Laboratory, RIKEN-CSRS, Wako-shi, Saitama 351-0198,
Japan

IDepartment of Applied Chemistry, Graduate School of Engineering, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8527,
Japan

VGraduate School of Pharmaceutical Sciences, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
#Hitachi High-Tech Science Co., Ltd., Hitachinaka-shi, Ibaraki 312-8504, Japan

© Supporting Information

difference between the fluorescence peaks in the two states are

ABSTRACT: Mechanochromic organic molecules especially required for practical applications.s
(MOMs) that exhibit a large difference of fluorescence Aminobenzopyranoxanthenes (ABPXs), recently developed
wavelength between two states have important potential by our group,® exhibit unique fluorescence and coloration
applications, but few such compounds are known. Here, characteristics in solution as a result of multistep structural
we report a new MOM, cis-ABPX01°, which shows ilibri i iro-ri

_ Tep ) ) changes of three equilibrium species through a spiro-ring
svntchable near-IR and bl'ue ﬂuore:scence e PORSESs opening/closing process in response to chemical stimuli (see
Detailed spectrophotometric and single-crystal X-ray Scheme S1 in the Supporting Information (SI)).” While

analyses revealed that the near-IR fluorescence is

continuing to explore their unique physical/chemical proper-
attributable to fluorescence from slip-stacked dimeric

ties, we serendipitously discovered that one spirolactone form
structures in crystals, while the blue fluorescence is of ABPXS, cis-ABPX01, is a new type of MOM with a large
attributable to fluorescence from the monomer. Switching wavelength difference of fluorescence (near-IR/blue) between
between the two is achieved by dynamic structural two states in the crystal (Figure 1a). Herein, we report on the
interconversior} between the two rgoleculgr .packing unique optical properties of cissABPX01° and the relationship
arrangements in.response (o mechanical grinding and between the molecular packing arrangement and the dual
solvent vapor-fuming, fluorescence character.

cis- and trans-ABPX01° were synthesized by condensation of
2-[4-(diethylamino)-2-hydroxybenzoyl]benzoic acid with re-
l\ /I echanochromic organic molecules (MOMs), which sorcinol in CH;SO;H under heating.®” Single crystals of cis-

change their intrinsic optical properties in response to ABPXO01° were prepared by slow diffusion of less solubilizing
external stimuli such as mechanical grinding and pressure, have solvent EtOAc into a solution of the compound in more
sparked tremendous interest because of their potential for solubilizing solvent CH,Cl,. X-ray crystallography showed that
various applications involving sensors, memory devices, and the crystal included CH,Cl, molecules in the lattice. The

obtained clathrate crystals of cis-ABPX01°/CH,Cl, (1,;) were
colorless under ambient light and appeared deep purple under
UV irradiation (Figure 1b). The solid-state fluorescence and
absorption spectra of 1, are shown in Figure lc. The
absorption of 1, appeared in the ultraviolet (<400 nm) region,

optical displays." A promising strategy to tune the optical
properties of MOMs is control of molecular packing, because
solid-state optical properties strongly depend on molecular
packing arrangements. Therefore, various types of MOMs that

cis

can. change their m(.)lecular packzjng structures have been and 1, showed blue fluorescence at around 450 nm upon
designed and synthesized to date.” Most of these molecules excitation at 365 nm. More importantly, 1, exhibited near-IR
exhibit absorption and/or fluorescence bands in the UV—vis fluorescence (4,,,, = 758 nm) with a very large Stokes shift of
region. Although near-IR technologies are of greatest interest ~400 nm (15000 cm™") from the UV absorption. The quantum
for their potential applications such as information security,

medical imaging, and photodynamic treatment,® near-IR Received: January 28, 2015

responsive materials are rare.* Further, MOMs with a large Published: May 12, 2015
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Figure 1. (a) Chemical structure of cis-ABPX01°. (b) Photographs of
1., obtained by slow diffusion of EtOAc into a CH,Cl, solution under
365 nm irradiation (left panel) and under ambient light (right panel).
(c) Fluorescence (red line) and absorption (blue line) spectra of cis-
ABPX01° in CH,CI, solution (dotted line) and 1, (solid line). (d)
Fluorescence—excitation matrix spectrum of 1.

yield of the whole fluorescence region was 0.009. Fluo-
rescence—excitation matrix (FEM) spectrophotometry of 1
was conducted to examine the relationship between the
fluorescence and absorption bands. The FEM spectrum clearly
indicates that near-IR fluorescence is observed upon excitation
in the whole region of the absorption band of cis-ABPX01°
(Figure 1d). The near-IR fluorescence was not observed in
CH,Cl, solution, while 100 uM cis-ABPX01° showed a broad
absorption band with the maximum at 305 nm, only blue-green
fluorescence was observed with the maximum wavelength of
514 nm (Figure 1c). Even at high concentration (<50 mM), no
near-IR fluorescence was observed (Figure S1). This raises the
question, what causes the near-IR fluorescence of the cis-
ABPXO01° crystal.

Figure 2a shows the molecular packing structure of 1 (see
the SI for crystallographic data of all crystals). cis-ABPX01° in
1, forms intermolecular C—H-+-O hydrogen bonds (2.31 and
2.57 A) and C—Cl--x interactions (3.32 A) with CH,CI,
molecule. cissABPX01° in the 1 crystal adopted a distinct
slip-stacked dimer structure with a considerable offset. The
intermolecular distance between the xanthene rings (C1—C41),
as determined by the least-squares method, was 3.33 A, which is
shorter than the sum of the van der Waals radii of the C atoms
(3.4 A). These antiparallel dimeric units were linearly arranged
without evident intermolecular interactions.

The remarkable near-IR fluorescence is unique to 1. The
absorption spectrum of the crystal of trans-ABPX01°/CH,CIl,
(14as) is similar to that of 1., but 1,,, exhibited only blue
fluorescence (Figure S3). C—Cl---x interactions (3.25 A) were
observed for trans-ABPX01° in 1,,,,, with CH,Cl, molecule. As
shown in Figure 2b, the crystal is composed of the racemic
forms of the enantiomers. The dihedral angles of the two
xanthene rings of the R,R and §,S forms were 66.0°, so that
trans-ABPX01° in 1,,,, did not adopt a slip-stacked dimeric
structure like that of 1. These results indicated that the near-
IR fluorescence might be derived from the dimer configuration
with close packing of the two xanthene rings, while the blue
fluorescence is derived from the monomer configuration of
ABPX01°.

To gain direct evidence in support of this hypothesis, we
prepared clathrate crystals having different molecular packing
arrangements of cis-ABPX01° by the inclusion of various
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Figure 2. Crystal packing structures of (a) cis-ABPX01°/CH,Cl, 1,
and (b) trans-ABPX01°/CH,Cl, 1,,, co-crystallized with CH,Cl,.
The xanthene ring of 1, is shown in red and forms a slipped, stacking
dimer unit with close contacts (in the range of 3.33 A). The xanthene
ring of 1, exists independently as a monomer unit due to separation
of R,R (green) and S,S (blue). Hydrogen atoms are omitted for clarity.

solvents, and we carefully investigated their fluorescence
behaviors and structural characteristics. Figure 3 summarizes
the relationship between molecular packing structure and solid-
state spectra for cis-ABPX01°. The absorption bands of all
crystals mainly appeared in the ultraviolet region.

Crystals of cis-ABPX01°/CHCI; (2), cis-ABPX01°/THF
(3,), cis-ABPX01°/EtOH (4,,), and cis-ABPX01°/1,2-DCE
(5,;) exhibited dual near-IR and blue fluorescence. Most of
solvent molecules in the four crystals were localized near the
spirolactone moiety of cis-ABPX01°. The xanthene ring was
spatially open to form the close slip-stacked dimers with a
considerable offset. The interplanar distances were 3.29—4.86
A, and the dimeric unit was independently formed. The
xanthene ring of 3, had high torsional strain, whereas the
xanthene moiety of the other crystals showed a high degree of
planarity. It is noteworthy that the peak position of the near-IR
fluorescence remained unchanged despite the inclusion of
different solvent molecules. On the other hand, the clathrate
crystals of cis-ABPX01°/cyclohexane (6,) and cis-ABPX01°/
Et,0O (7,,), cis-ABPX01°/CCl, (8,,) showed blue fluorescence
in the monomeric configuration. The X-ray crystallographic
analyses support the idea that the crystal structure composed of
dimers with close stacking of the xanthene rings (interfacial
distance of <5 A) is important for near-IR fluorescence.

To explain these results, we first considered that the near-IR
luminescent band is due to the formation of two triplet
excitons, because slip-stacked dimer structure facilitates a
singlet fission process.® The spirolactone form of rhodamine
101 is known to exhibit phosphorescence at ~670 nm in frozen
solution.” However, the fluorescence lifetime values (7., =
2.71, 823 ns) for 1, at 740 nm indicated that the near-IR
luminescence is attributed to the singlet excited state
fluorescence (see Table S3 of the photophysical properties of
all crystals). Excimer formation between spirolactone forms was
considered as a possible origin, as is the case in pyrene-based
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Figure 3. Relationship between solvent-inclusion-dependent molecular packing structure and solid-state spectra of 2, 3 4 649 7cio and 8 (see
Figure S11 for the data of cis-ABPX01°/1,2-DCE §5;). Solvent molecules and hydrogen atoms are omitted for clarity. Left panels show the crystal
structures of 2,;—8,;. Right panels show fluorescence (red line) and absorption (blue line) spectra of these crystals. 2, 3, and 4 exhibit dual near-
IR and blue fluorescence, while 6, 7 and 8 show blue fluorescence.

MOMs,**" but the large spectral shift and relatively sharp
band are not typically seen in the case of excimer fluorescence.

We consider that the near-IR fluorescence is related to the
structural changes through the temporary spiro-ring opening/
closing process by photoexcitation (see Figure S18). It was
found that spiro C—O bond lengths of near-IR-emissive crystals
were somewhat longer than those of blue-emissive ones (Table
S4). The longer C—O bond length may give easy cleavage of
the bond upon excitation to open the spiro-ring resulting in
quinoidal zwitterionic form. When 1, was irradiated upon the
xenon lamp light at 365 nm, the temporary coloration of 1 at
the irradiated spot was indeed observed, and the intensity of
near-IR fluorescence at 750 nm was saturated within 10 s.
These preliminary results suggest that more or less colored
zwitterionic forms of ABPX01% or ABPX01%** are photochemi-
cally generated, as is seen in conventional rhodamines,'! from
the colorless ABPX01° dimer. We calculated the absorption
spectra of the monomeric and dimeric configurations extracted
from the crystallographic data of 2, (in which the
intermolecular distance between two xanthene rings 1s the
shortest) and 6, (in which the distance is the longest)."”
visible or near-IR absorption was predicted for any conﬁg
urations of the spirolactone form, which supports the above
interpretation (see Figure S19).

Surprisingly, we found that the dual blue and near-IR
fluorescence of 1, is changed by external stimuli, ie.,
mechanical grinding and subsequent solvent vapor fuming, as
shown in Figure 4a. When 1, was ground in a mortar, the near-
IR fluorescence was suppressed and the blue fluorescence was
enhanced with increasing the grinding time. The absorption
band remained in the ultraviolet region after grinding of 1
(see Figure S21), and the fluorescence color was altered from
deep purple to sky blue (Figure 4b and video in the SI). The
powder X-ray diffraction (XRD) pattern of ground 1, did not
show noticeable reflection peaks compared with the XRD
pattern of 1, (Figure 4c). It is noted that the grinding-
dependent fluorescence and morphological changes were
similarly observed in the solvent-desorbed crystals of 1
which are indicative of mechanofluorochromism of 1, (see
Figures $22—523). The crystalline form was restored by fuming
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Figure 4. (a) Solid-state fluorescence spectra of 1. The fluorescence
intensities at 450 and 750 nm were not normalized. Black: 1. Red:
ground powder of 1. Blue: powder after fuming CH,Cl, for 3 h. (b)
Photographs were taken in a mortar under 365 nm irradiation. (c)
Powder XRD patterns of 1. (d) Fluorescence repeatability of the
response of 1 to external stimuli of grinding and CH,Cl, fuming.

the ground powder of 1,; with CH,Cl,. "H NMR spectra of 1
in CDCI, indicate that mechanical grinding induces desorption
of CH,Cl, molecules from 1,. CH,Cl, molecules were
subsequently resorbed by ground powder of 1. upon
CH,Cl, fuming (see Figure S24). These results also suggest
that the near-IR fluorescence changes are related to the
crystalline dimer structure. Other clathrate crystals of 2—8;
exhibited the mechanofluorochromic properties, although their
near-IR fluorescence intensity was weaker than 1. (see Figure
$25). We next investigated the “fluorescence repeatability” of
the mechanochromic response of 1. The ratio of fluorescence
intensity at 750 nm to that at 450 nm was reproducible over at
least five cycles under our conditions' (Figure 4d). A
ratiometric detection system utilizing this dual fluorescence
would be useful for precise sensing to eliminate background
noise arising from the matrix. Furthermore, the near-IR-
emissive crystals of 1,;—S,;, were stable when the crystals were
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exposed to high temperature conditions (see Figure $26). cis-
ABPXO01° is a mechano- and vapofluorochromic material that is
characterized by the reversible structural conversion between
dimer and monomer by grinding and fuming with solvent
molecule."”

In conclusion, cis-ABPX01° is a new type of MOM with a
remarkable dual fluorescence characteristic. Several clathrate
crystals of cis-ABPXO01° exhibit a sharp near-IR fluorescence
band despite the fact that no absorption band is seen in the
visible-near-IR region. X-ray analysis of clathrate crystals with
various solvents revealed that slip-stacked dimer structure is
related to the near-IR fluorescence. The fluorescence properties
can be reproducibly cycled by repeated mechanical grinding
and solvent vapor fuming. We are currently investigating several
applications of ABPXs as well as the origin of the near-IR
fluorescence of cis-ABPX01° dimer.
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