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Tris(2-hydroxyphenyl)triazasumanene: bowl-
shaped excited-state intramolecular proton
transfer (ESIPT) fluorophore coupled with
aggregation-induced enhanced emission (AIEE)}

Patcharin Kaewmati,® Yumi Yakiyama, €22 Hiroyoshi Ohtsu, '° Masaki Kawano,
Setsiri Haesuwannakij,“ Shuhei Higashibayashi® and Hidehiro Sakurai (2 *@

Tris(2-hydroxyphenyl)triazasumanene ((A)-(+)-1), a bowl-shaped molecule, which possesses 2-(2'-
hydroxyphenyl)pyridine moieties, was successfully synthesised. (A)-(+)-1 showed a single peak emission
in CH>Cl,, which overlapped with the emission of the triazasumanene skeleton and diminished at a high
concentration, corresponding to the formation of the excited enol form. In contrast, single crystals of
(A)-(+)-1 exhibited a dual emission with a large Stokes shift, indicating the presence of the excited keto
form by the excited state intramolecular proton transfer (ESIPT) process. In the solution of (A)-(+)-1
containing a mixture of a large amount of a poor solvent (hexane or MeOH) and a small amount of
CH,Cl,, colloidal aggregates emerged with the continuous increment of emission intensity by further
addition of the poor solvent, demonstrating aggregation-induced enhanced emission (AIEE). The analysis
of the morphology and the structure of the aggregates using a scanning electron microscope (SEM) and
powder X-ray diffraction (PXRD) revealed the well-ordered structure of the aggregates, which possessed
a molecular packing pattern similar to that of an (A)-(+)-1 single crystal.

Introduction

In the molecular design of organic emissive materials, which
are receiving a lot of attention due to their wide application,
one of the most important strategies is to introduce a key struc-
ture that exhibits a unique optical property. Excited state
intramolecular proton transfer (ESIPT)' is a widely studied
phenomenon in terms of its potential application for laser
dyes,” ultraviolet (UV) photostabilizers,® photoswitches* and
electroluminescent materials.”> ESIPT occurs via an ultrafast
reaction process to create a large Stokes shift (6000-12 000 cm™),'*
which often shows dual emission. In general, dual emission
consists of a shorter wavelength one derived from the excited

“ Division of Applied Chemistry, Graduate School of Engineering, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan.
E-mail: hsakurai@chem.eng.osaka-u.ac.jp
b Department of Chemistry, Graduate School of Science and Engineering,
Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551,
Japan
¢ School of Molecular Science & Engineering, Vidyasirimedhi Instituteof Science and
Technology (VISTEC), 555 Moo 1 Payupnai, Wangchan, Rayong 21210, Thailand
dFaculzy of Pharmacy, Keio University, 1-5-30 Shibakoen, Minato-ku,
Tokyo 105-8512, Japan
 Electronic supplementary information (ESI) available. CCDC 1552563. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/c7qm00530j

514 | Mater. Chem. Front., 2018, 2, 514-519

state enol form (E*) and a longer wavelength one due to the
excited state keto form (K*). ESIPT is also well known to be very
sensitive to the surrounding environment, such as the solvent
system and acidic conditions. As a minimum requirement to
realise this unique property of ESIPT, a preformed intra-
molecular hydrogen bond (H-bond) between the proton donor
(-OH, -NH,) and the proton acceptor (-C—0, -N=—) groups
must be in close proximity to each other in a molecule.
Triazasumanene (TAS) is a Cz-symmetric chiral azabucky-
bowl, a nitrogen analogue of sumanene,® and it possesses three
peripheral pyridine skeletons (Fig. 1).” Previously, we reported
on the enantioselective synthesis of trisubstituted C;-symmetric
TAS derivatives with Me$S (2), MeSO, and various aryl groups.”
These were found to have unique properties, such as a deeper
bowl depth (1.30 A for tri-MeSO,; 1.27-1.28 A for tri-(4-CF;Ph)
derivatives) than that of pristine sumanene (1.11 A), and high

N 1.R = 2-0HPh

N 2: R =MeS
S 3: R=4-CF5;Ph
Sumanene: X=C 4 R=Ph
Triazasumanene: X = N (A)-(+)-1-4 (C-(-)>1-4

Fig. 1 Molecular structures of sumanene and triazasumanenes.
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bowl inversion energy (ca. 40 kcal mol ™" for tri-MeS derivative),
which enables the successful separation of two enantiomers
defined by the inherent bowl chirality of TAS (cf, 20.3 kcal mol "
for pristine sumanene).* These features are attributable to
nitrogen doping on the sumanene skeleton. These findings
encouraged us to further study the functionalisation of the TAS
skeleton with the expectation of identifying additional aspects.
In the present study, we synthesised three 2-hydroxyphenyl
group-introduced TAS as a single enantiomer (A)-(+)-tris(2-
hydroxyphenyl)triazasumanene ((4)-(+)-1). Spectroscopic analyses
revealed that single crystals of (4)-(+)-1 can exhibit the dual
emission caused by ESIPT. This finding was also supported by
the single crystal X-ray analysis, which showed the formation of
strong OH- - -N type hydrogen bonds. Further investigation using
solvent- and concentration-dependent emission spectra led us to
find that (4)-(+)-1 can also exhibit aggregation-induced enhanced
emission (AIEE),® which is one of the effective methods used to
obtain highly emissive solid materials. An AIEE-active system
coupled with ESIPT® is still rare, and this paper presents the first
example of the curved-n molecule-based AIEE-active system
coupled with ESIPT."

Results and discussions
Synthesis and crystal structure of (4)-(+)-1

The synthesis of (4)-(+)-1 was performed using the previously
reported cross-coupling reaction of (4)-(+)-tris(methylthio)-
triazasumanene ((4)-(+)-2) with 2-hydroxyphenylboronic acid.” A
tetrahydrofuran (THF) solution of (4)-(+)-2, Pd,(dba); (20 mol%),
2-hydroxyphenylboronic acid (500 mol%), tri(2-furyl)phosphine
(TFP, 100 mol%) and Cu(i)thiophene carboxylate (CuTC, 500 mol%)
were heated at 50 °C to afford (A)-(+)-1 in 80% yield as a yellow solid
(Scheme 1). In 'H NMR (in CDCl,), the peak assignable to phenol
hydroxyl proton appeared with significant downfield shift at
13.4 ppm, indicating the formation of stable intramolecular
hydrogen bond (ESIt).

Single crystal X-ray analysis revealed the unique packing
structure of (4)-(+)-1 in its crystalline state. In the structure, there
is only one crystallographically independent (4)-(+)-1 because the
three sets of the dihedral angles around the three peripheral
pyridine rings on the TAS skeleton and the three phenol rings
connecting to them were slightly different (Fig. 2a). On the
(A)-(+)-1 skeleton, three intramolecular OH- - -N type hydrogen
bonds were observed between the phenol hydroxy group and
the N atom on the peripheral pyridine skeleton. Their O---N
lengths (2.554(2)-2.588(2) A) were shorter than the general

Pd,(dba); (20 mol%)
TFP (100 mol%)
OH  cuTC (500 mol%)

B(OH), THF, 50 °C, 12h, 80%

(A)-(+)-2
Scheme 1 Synthesis of (A)-(+)-1.
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Fig. 2 Crystal structure of (A)-(+)-1. (a) ORTEP model of (A)-(+)-1. The
brown dotted lines show the intramolecular hydrogen bonds. (b) The
deepest position of the bowl depth. In (a and b), the ellipsoids are shown
in 50% probability. (c) Stacking structure viewed from the b axis with
intermolecular n—-n (yellow solid arrow) and CH---n (grey dotted line)
interactions. (d) One-dimensional channel structure with intercolumnar
CH- - -t interactions. Green molecules correspond to the encapsulated
CH,Cl,. The colour codes in each of the images in this figure are: C, grey;
N, blue; O, red; Cl, light green; however, (e) in (a), the hydrogen atoms are
omitted for clarity.

OH- - N type hydrogen bond distance (2.7-2.8 A),** indicating
the presence of a relatively strong attractive force within the
three hydrogen bonds. The bowl depth, which can be defined
by the distance between the centre of the hexagonal ring at the
bottom of the TAS skeleton (blue part in Fig. 2a) and the plane,
consisting of three N atoms (N1, N2 and N3), was 1.34 A
(Fig. 2b). This bowl depth was slightly deeper than the values
that have been previously reported (4)-(+)-2 (1.30 A) and tris(p-
trifluoromethylphenyl)triazasumanene (3) (1.27-1.28 A).” Each
(A)-(+)-1 formed a CH:---t and n-n interaction at the 2-(2’-
hydroxyphenyl)pyridine moieties to give a slippery-stacked
columnar structure along the b axis (Fig. 2c); hence, the TAS
skeleton did not form the direct overlap, which is often found in
sumanene derivatives due to the convex-concave-type stacking
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structure.® These stacking columns resulted in additional
CH-: - -7 interactions among the neighbouring columns to con-
struct a one-dimensional channel structure along the b axis
with the size of 5.8 A x 3.5 A, in which CH,Cl, (0.25 Occ.) was
encapsulated as the crystalline solvent (Fig. 2d).

Photophysical property of (4)-(+)-1

The ultraviolet-visible (UV-vis) spectra of (A)-(+)-1 showed
absorption maxima at 370 nm in the CH,Cl, solution, which
slightly red shifted to 382 nm in the single crystals of (4)-(+)-1
(Fig. 3). The small UV peak shift may be simply attributed to the
intermolecular interactions involved in the J-aggregation-like
stacking structure of 2-(2’-hydroxyphenyl)pyridine moiety in
the crystalline state (Fig. 2 and Fig. S1, ESIt). The emission
spectrum of single crystals of (A)-(+)-1 was significantly different
from the spectrum measured in the CH,Cl, solution. On excita-
tion at 370 nm, the 4.0 x 10> M CH,CI, solution of (A)-(+)-1
showed a single emission peak at 447 nm, and its intensity
significantly reduced at a higher concentration due to the
concentration quenching (Fig. 3 and Fig. S2, ESIt). In contrast,
a large shift (294 nm) in the additional emission band (Amax =
631 nm) was observed for the single crystals of (4)-(+)-1. Conse-
quently, it was expected that (4)-(+)-1 possesses the ESIPT-active
2-(2"-hydroxyphenyl)pyridine moiety,"> which forms strong
OH- - N type hydrogen bonds in the crystal structure (Fig. 2a).
This dual emission can be explained by the ESIPT effect at the
2-(2/-hydroxyphenyl)pyridine moiety of (4)-(+)-1. Therefore, the
lower energy emission at 631 nm can be assigned to the K* form.
The structured higher energy emission at around 410-500 nm
was well overlapped with the single emission observed in the
CH,Cl, solution. Therefore, it might be easy to assign this to the
E* form of emission. However, a similar emission was also
observed in non-ESIPT-active triphenyltriazasumanene (4) and
3 together with another broad band around 540-590 nm (Fig. S3,
ESIT).” All these peaks were attributed to the TAS-skeleton, and
therefore, the structured emission should be assigned to the
mixture of the TAS skeleton-based structures rather than the E*
form. In the CH,Cl, solution, the contribution of the E* form
might be larger than it is in the solid state because the fast
rotation of the 2-hydroxyphenyl ring in CH,Cl, restricts the
ESIPT process via the formation of the OH---N type hydrogen

a) 1.2 b) 420+

— CH,Cl, soluion
— Single crystal

100

80+

— CH,Cl, soluion

— Single crystal 60

40

Normalised Fluorescence Intensity

=
N
h

20+
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Fig. 3 Absorption (a) and emission (b) spectra of (A)-(+)-1 at room

temperature. Red: 4.0 x 107> M CH,Cl, solution. Blue: single crystalline

solid. Aex = 370 nm.
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bond.™ It would be interesting to know if these three OH---N
hydrogen bonds contribute to the ESIPT process of (A)-(+)-1 in a
concerted process or in a stepwise process.'***

The emission spectra of (4)-(+)-1 were also recorded for
different compositions of the CH,Cl,-hexane or MeOH mixtures
(100:0 to 2:98; v/v) (Fig. 4 and Fig. $4, S5, ESIt). In the process of
adding hexane, the emission intensity at around 430 nm, derived
from both the TAS skeleton and the E* form, did not change
much until the volumetric ratio was 80:20 (hexane:CH,Cl,).
However, after the ratio was 90: 10, the emission peak intensity at
430 nm suddenly increased and a new emission peak appeared at
634 nm, which was attributable to the K* form of (A)-(+)-1.
Furthermore, at the same hexane:CH,Cl, (90:10) ratio, we
confirmed in the UV cell that the colloidal aggregates of
(A)-(+)-1a dispersed homogeneously just after the appropriate
amount of hexane was added to the CH,Cl, stock solution.
The amount of aggregates and the emission peak intensities at
both 430 nm and 634 nm continuously increased as the ratio of
hexane increased, indicating that (4)-(+)-1 is AIEE active. The
relative ratio of both emission intensities was completely differ-
ent from those of the crystalline sample (Fig. 3). This can be
explained by the fact that the emission at around 430 nm
includes the emission from the aggregates as well as the emis-
sion from the saturated CH,Cl, solution of (4)-(+)-1. In the case
in which MeOH was added, we also confirmed that the AIEE
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Fig. 4 Aggregate formation study of (A)-(+)-1 in (a) hexane/CH,Cl,,
(b) MeOH/CH,Cl, systems. Zex = 370 nm. The annotation indicates the
volumetric ratio of CH,Cl, in each mixture. Dotted lines (y axis: right side)
indicate the dried aggregates.
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Fig. 5 SEM images of the dried-aggregates of (A)-(+)-1. (a) From the
hexane/CH,Cl, mixture. (b) From the MeOH/CH,Cl, mixture.

phenomenon showed a continuous increment of the emission
peaks at both 430 nm and 634 nm after the MeOH : CH,Cl,
volumetric ratio was 90 : 10. However, the emission from the K*
form at 634 nm in the MeOH-CH,Cl, mixture was much weaker
than that of the hexane-CH,Cl, mixture, and the magnitude of
the intensity increment was very small even in the 98:2 MeOH-
CH,CIl, solution. This can simply be explained by the high
polarity of MeOH, which disturbs the formation of the K* form
by covering the hydrogen bonding moiety to exhibit the emission
from the E* form dominantly after photo irradiation."®

Fig. 4 also shows the emission spectra of the aggregates after
the removal of the solvent (dotted lines). Both dried aggregates
exhibited dual emission spectra similar to that of the single
crystals. In the emission spectra of both dried aggregates, the
emission peak corresponding to the K* form was also observed
at around 625 nm. Their relative intensity against the emission
at around 430 nm was much stronger than in the case of non-
dried aggregates. Meanwhile, the higher energy emission bands
of the dried aggregates at around 430 nm were broader than
those of the non-dried aggregates, also indicating that the
intermolecular interaction between (4)-(+)-1 and the solvents
has a strong impact on their emission properties. In addition,
these results indicate that both of the dried aggregates, wher-
ever they formed, constructed specific molecular arrangements,
inducing AIEE.

To obtain further insights about the structure of the aggre-
gated products of (4)-(+)-1, scanning electron microscope (SEM)
measurements and powder X-ray diffraction (PXRD) studies were
performed (Fig. 5 and Fig. S6, ESIt). The SEM images of the
aggregates prepared from both the MeOH-CH,Cl, and hexane-
CH,Cl, mixed solutions of (4)-(+)-1 revealed the formation of
microcrystals. The PXRD analysis of all the dried aggregates,
which showed diffraction patterns indicating the presence of the
crystalline species, also supported the SEM observations. Their
diffraction patterns were similar to that of the simulated pattern
obtained from the single crystal data, indicating that all the
aggregates possess a molecular packing structure similar to that
of the single crystal of (4)-(+)-1, which realised the solid-state
emission.

Conclusion

As described in this paper, we successfully synthesised tris(2-
hydroxyphenyl)triazasumanene (A)-(+)-1 as a new non-planar
ESIPT fluorophore model of a curved-n molecule-based

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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AIEE-active system coupled with ESIPT. The single crystal
analysis revealed the J-aggregation-like packing pattern of
2-hydroxyphenyl moieties on (4)-(+)-1 to prevent the formation
of a strong -7 stacking column in the TAS skeleton. This single
crystalline (4)-(+)-1 showed dual emission due to the ESIPT
process. This solvent- and concentration-dependent emission
study exhibited that (4)-(+)-1 achieved AIEE at the large volu-
metric ratio of the poor solvent. The SEM and PXRD measure-
ments of the aggregates of (4)-(+)-1 revealed the formation of
crystalline materials with a molecular arrangement similar to
that of single crystalline state, which exhibits a solid-state
emission.

Experimental section
General information

Chemical reagents and solvents were commercially purchased
and purified according to the standard methods, if necessary.
Air- and moisture-sensitive reactions were carried out using
commercially available anhydrous solvents under an inert
atmosphere of nitrogen. 'H and "*C NMR spectra were recorded
on 400 MHz JEOL JNM-ECS400 NMR spectrometer (1H: 400 MHz
and "C: 100 MHz). Chemical shifts (5) are expressed relative to
the resonances of the residual non-deuterated solvent for 'H
(CDCl3: "H(8) = 7.26 ppm) and for **C (CDCls: *C(d) = 77.0 ppm).
Solution state UV-vis absorption and emission spectra were
recorded on a JASCO V-670 spectrophotometer and a FP-6500
spectrofluorometer using 1 cm ™" path-length quartz cells, respec-
tively. Solid state UV-vis absorption spectra of the single crystals
of (A)-(+)-1 dispersed in BaSO, powder was recorded on a JASCO
V-670 spectrophotometer with an integrating sphere. High-
resolution fast atom bombardment (FAB) mass spectra were
measured on a JEOL JMS-700 spectrometer. Melting points were
determined on a Stanford Research Systems Optimelt MPA100
and were uncorrected. The SEM images were measured on a JEOL
JSM-7610F field emission scanning electron microscope. Powder
diffraction X-ray analysis (PXRD) data were recorded by using
Rigaku RINT-2000 using graphite-monochromitized Cu-Ko radia-
tion (1 = 1.54187 A) at room temperature. The preparative TLC
(PTLC) purification was conducted using Wakogel B-5F PTLC
plates. The quantum chemical calculation was performed at the
CAM-B3LYP/6-31G+(d,p) level'” with Gaussian 09 program."®

Synthesis of tris(2-hydroxyphenyl)triazasumaene (4)-(+)-1

A solution of Pd,(dba); (2.3 mg, 0.0025 mmol) and tris(2-furyl)-
phosphine (2.8 mg, 0.012 mmol) in THF (200 pL) was added to
a mixture of tris(methylthio)triazasumanene ((4)-(+)-1)* (5.0 mg,
0.012 mmol), 2-hydroxyphenylboronic acid (8.5 mg, 0.062 mmol)
and CuTC (11.8 mg, 0.0617 mmol) in THF (3 mL) under N,
atmosphere. The mixture was stirred at 50 °C under N, condition
for 12 h, then cooled to room temperature and quenched with
28% NH; aqueous solution in brine (1:1 (v/v), 10 mL). The
mixture was then stirred for 10 min and extracted with CH,CI, for
3 times. The combined organic layer was dried over anhydrous
Na,SO,, filtered and concentrated under reduced pressure.

Mater. Chem. Front., 2018, 2, 514-519 | 517
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The residue was purified by silica gel preparative TLC using
CH,Cl, as eluent to afford (4)-(+)-1 (5.3 mg, 80% yield) as a
yellow solid. Single crystals for X-ray structure analysis were
obtained by slow evaporation method from CH,Cl,.

R¢ = 0.60 (CH,Cl,); m.p.: 139 °C (dec.); [¢] = +278 (c = 0.12,
CH,Cl,); '"H NMR (400 MHz, CDCl,) § (ppm) 13.42 (s, 3H), 7.80
(dd,J=7.6,1.6 Hz, 3H), 7.33 (ddd, = 16.8, 8.4, 1.6 Hz, 3H), 7.03
(ddd, 16.0, 8.4, 1.6, 3H), 6.99 (dd, J = 7.6, 1.6 Hz, 3H), 5.32 (d, ] =
19.2 Hz, 3H), 3.59 (d, J = 20.0 Hz, 3H); *C NMR (100 MHz,
CDCl;) 6 (ppm) 172.3, 160.7, 160.0, 158.2, 140.4, 135.6, 132.2,
130.1, 119.6, 119.1, 118.5, 45.5; IR (KBr): v (cm™ ') 2956, 1616,
1577, 1548, 1463, 1396, 1363, 1295, 1249, HRMS (FAB) m/z calcd
for C36H,,N; [M + H']: 544.1661. Found: 544.1679.

Crystal data for (4)-(+)-1

The diffraction data for (4)-(+)-1 was recorded on a ADSC Q210
CCD area detector with a synchrotron radiation (1 = 0.70000 A)
at 2D beamline in Pohang Accelerator Laboratory (PAL) at 100 K.
The diffraction images were processed by using HKL3000. The
structures were solved by direct methods (SHELXS) and refined
by full-matrix least squares calculations on F* (SHELXL) using
the Olex2 program package.

C36H,1N303(CH,Cly)o.24, My, = 564.36, crystal dimensions
0.04 x 0.03 x 0.02 mm?® monoclinic, space group = P24, a =
14.1631(1) A, b = 6.8184(1) A, ¢ = 15.4813(1) A, § = 109.465(3)°,
V = 1409.58(3) A, T = —173 °C, Z = 2, peatea = 1.330 g cm ™,
1 =0.91 cm ', 7287 unique reflections out of 8036 with I > 24(1),
410 parameters, 2.657° < 0 < 29.523°%, R, = 0.0403, WR, = 0.1087,
GOF = 1.063. Flack = —0.02(4). CCDC 1552563.7

Solid UV-vis and fluorescence spectra

Aggregate formation study. Stock CH,Cl, solution of (4)-(+)-1
(2 mM) was prepared. An aliquot (10 pL) of the stock solution
was transferred to a 4.5 mL quartz cell. After adding an
appropriate amount of CH,Cl,, poor solvent (hexane or MeOH)
was added to furnish 40 uM CH,Cl,/hexane or CH,Cl,/MeOH
mixtures where the poor solvent fractions was 0-98 vol%. The
mixtures were stirred for 5 min at room temperature before
recording fluorescence spectra.'® The aggregates were collected
by filtration using membrane filter, dried under reduced pressure
and then used for emission spectra measurement. The resulting
solids were also used for SEM and PXRD measurements.
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The fluorescence intensity continued to increase even more
than 6 h after the sample preparation (Fig. S7, ESIT). For data
collection, we stirred the mixtures for 5 min and quickly
applied to measure emission spectra.
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