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Tuning of the height of energy barrier between
locally-excited and charge transfer states
by altering the fusing position of o-carborane

in phenylnaphthalenet
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We synthesized two types of the regioisomers fused by a phenylnaphthalene ring with variable connection

points to the o-carborane scaffold. In this paper, we describe their photoluminescence (PL) properties and

detailed photochemical mechanisms. According to the series of optical measurements, interestingly, they
showed different PL characters in terms of wavelength and the dual-emission character despite that they
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have the common aromatic unit. Variable-temperature PL measurements and quantum chemical
calculations suggested that the substitution position of aryl groups to o-carborane plays an important role in
determining the energy barrier to the intramolecular charge-transfer (ICT) state at the S; state. Finally, it is

revealed that the relative position of the C-C bond of o-carborane and the aryl center should be

rsc.li/pccp

Introduction

Boron atoms can form various types of cluster compounds con-
structed by three-center two-electron bonds."” Among them,
o-carborane (1,2-dicarba-closo-dodecaborane) has been widely
investigated as heat-resistant materials,” medicinal reagents,* and
photoluminescent compounds® because of its high stability and
wide modifiability. One unique property of o-carborane is flexibility
of the Ceage=Ceage distance (Ceage represents carbon in o-carborane)
which can be varied in response to the external environment
alteration. For example, it is theoretically and experimentally
proved that electron-donating groups on the Cc,g. atom elongate
the Ceage—Ceage distance by a back-donation effect.” More drasti-
cally, o-carborane dianion possessing two cationic groups on the
Ccage atom shows more than 1 A longer Ceage—Ceage distance from
the neutral one.> ™ Such a flexible character has recently been
utilized as uranium capture/release switching triggered by a redox
manipulation.™

The flexible Ccage—Ceage character also plays a critical role in
a photoluminescence (PL) process. In general, aryl-substituted
o-carboranes form an intramolecular charge transfer (ICT) state
at the S, state, showing highly efficient solid-state emission.’
To date, many reports have described that those compounds
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responsible for the photophysical events of aryl-o-carboranes.

show significant structural relaxation around the Ciuge=Ceage
bond after photoexcitation."”*" Typically, quantum chemical
calculations indicate that around 1.66 A Ccage—Ceage distance at
the S, state is elongated to near 2.40 A at the S; state. This
unique structural change inspired us to synthesize and inves-
tigate the Ccage—Beage fused o-carboranes by a biphenyl
skeleton.” The ring-fused structure enabled a highly rigid
structure except for the Ccage—Ceage bond, realizing the targeted
investigation of the Ceage=Ceage €longation. Consequently, it was
experimentally proved that fluorescence annihilation, observa-
ble in many aryl-o-carborane derivatives, should occur from the
Ceage=Ccage Telaxed structure for the first time. Like this,
because the Ccage—Beage fused structure has no rotatable sub-
stituent groups, it can reduce some factors involved in the Sy-S;
(or S;-So) transitions. This should be desirable for the deep
investigation of a PL process of aryl-o-carboranes.

Recently, Lee and coworkers have investigated optical prop-
erties with o-carborane-substituted regioisomers of aromatic
hydrocarbons such as fluorene,'” spirobifluorene,*®** and
pyrene."® These reports clarified that the substitution position
had a great effect on the ICT process, and different PL char-
acters can be observed from regioisomers. The comparison
with o-carborane-tethered anthracene isomers is another case;
1-(9-anthracenyl)-o-carborane*® showed bright ICT-rich emis-
sion (@o1ia: 38%), and 1-(2-anthracenyl)-o-carborane** showed
relatively weaker LE-rich emission (@gjiq: 8.8%). These results
motivated us to investigate the relationship between the sub-
stitution position and optical properties in detail. Herein, we
designed Ceage—Beage fused isomers with the phenylnaphthalene
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Fig. 1 The target two regioisomers obtained by a ring expansion of the
previously reported carbon-boron fused o-carborane.'*

ring (Fig. 1). The two isomers can be distinguished by the
connecting position in the naphthalene ring: on the Ccqge atom
(CNaph) or the B, atom (Bnaph). Interestingly, optical prop-
erties were drastically varied between CNaph and BNaph
despite fact that these molecules have the same chemical
component as well as aromatic ring.

Results and discussion

The phenylnaphthalene-fused o-carboranes CNaph and BNaph
were synthesized as shown in Scheme 1. The construction of
the o-carborane scaffold was achieved by the alkyne insertion
reaction with decaborane(14), and the following Pd-catalyzed
intramolecular coupling reaction afforded CNaph and BNaph.
Structures of the products were confirmed by 'H, "*C{"H} and
"B NMR spectroscopy, high-resolution mass spectrometory
measurements and single-crystal X-ray crystallography.

From the single-crystal structural data, the ring fusing posi-
tions in CNaph and BNaph were confirmed (Fig. 2). In both
compounds, the main intermolecular interaction was found to be
a CeageH- - -1 interaction as often observed in many o-carborane
derivatives."**> The geometrical differences between the two
isomers affected the relative arrangement of molecules; BNaph
formed a dimer structure by mutual CcagH- - -7 interactions, and
CNaph showed unilateral CcpeH:- 7 interactions. Considering
the fact that other intermolecular interactions such as a n---n
interaction were hardly observed, the Cc.geH: - -7 interaction plays
a significant role in determining the crystal structures.
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Fig. 2 Single-crystal structures of CNaph and BNaph (left) and CcageH- -1
interactions in CNaph and BNaph (right).

UV-vis absorption spectra in CHCI; solutions were almost
identical between CNaph and BNaph. The longest wavelength
absorption band around 319 nm can be attributed to the n-n*
transition at the phenylnaphthalene ring (Fig. 3). This fact
indicates that the connecting position of the naphthalene unit
has electronically little effect in the ground state. The absorp-
tion maxima of CNaph and BNaph were observed in the longer
wavelength region than that of biphenyl-fused o-carborane
(277 nm),"*?® implying the extension of n-conjugation by the
additional benzene ring.

In PL spectra, both CNaph and BNaph showed a broad
structureless band around 600 nm (Fig. 3). To attribute the
emission mechanism, the shift of the PL bands by changing the
solvent polarity was examined. Accordingly, the peak positions
were shifted to the longer wavelength region by increasing
solvent polarity although the absorption peaks were inert to
solvent (Fig. S1 and S2, ESIT). These results clearly indicate that
the PL bands should be attributed to the ICT emission. More-
over, the ICT bands from the crystalline samples (598 nm for
CNaph and 583 nm for BNaph) showed a hypsochromic shift
comparing to those from the solution ones, even in non-polar
methylcyclohexane solvent (599 nm for CNaph and 601 nm for
BNaph). According to many reports from aryl-o-carboranes and
our previous work in which the same trend was observed, it was

Pd(OAc),
P(tBu)sH-BF,

OO B ¢ =<
Br toluene @ Q toluene
reflux, 10 h reflux. 5 h N %
14% 53%
CNaph
Pd(OAC),
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L O

reflux, 4.5 h
79%

Scheme 1 Synthetic routes for CNaph and BNaph.
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Fig. 3 Absorption (abs) and PL spectra of CNaph (top) and BNaph
(bottom).

revealed that this spectral shift should be originated from the
suppression of Ceage—Ceage €longation in the o-carborane unit in
crystal.'* Since structural relaxation in the excited state should
be restricted in the condensed state, luminescence should be
obtained from incompletely-stabilized structures. Finally, emis-
sion bands in the shorter wavelength region can be observed.
Additionally, the fluorescence quantum yield was enhanced by
crystallization in both compounds, indicating that these com-
pounds have the AIE character (Table 1).% It is because ACQ can
be avoided by suppressing intermolecular interactions owing to
o-carborane.

Quantum chemical calculations for the isolated molecules
supported the CT character (Fig. 4). In the ground state, both
the highest occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOs) were on the
aromatic moiety. This is the typical behavior of the locally-
excited (LE) transition observed in the absorption spectra where
the peak position was insensitive in solvent polarity. In con-
trast, LUMOs were localized mainly on the o-carborane unit in
the S; excited state, indicating that o-carborane works as an
electron-acceptor to form the ICT state. In addition, the corre-
lation between the PL wavelength and the Ccage—Ceage €longa-
tion at the S; state was investigated (Table 2). In the case of the

Table 1 Summary of optical properties of CNaph and BNaph

1.0 x 10~°> M CHCI; solution  Crystal
A D™ 20 P
Compound nm nm ns @p° nm “/ns ®p.”
CNaph  275/319 625 n.d.? 0.06 598 8.7 (7%) 0.52
15 (93%)
BNaph  274/319  374/651 n.d.” 0.01 583 3.1 (6%) 0.32
25 (94%)

@ Excited at 290 nm. ? Not determined. ¢ Determined as an absolute
value.
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Fig. 4 Frontier orbitals of CNaph and BNaph in both Sy and S; states.
H and L represent HOMO and LUMO, respectively.

isolated molecule, the Cgqge—Ccage length increased by about
0.7 A from the S, to the S, state. On the other hand, the degree
Of Ceage—Ceage €longation was restricted by the surrounding
molecules when the molecular coordinates of the single-
crystal structure were extracted and treated by the QM/MM
model (see Experimental section for detail). Although QM/MM
results did not realize the qualitative tendency between CNaph
and BNaph, the mechanism on the hypsochromic shift of
emission bands in crystal from solution could be justified
(Fig. 3). In summary, optical measurements and quantum
chemical calculations showed a good correlation.

Although there were some similarities in the two regioi-
somers as shown above, it is notable that only BNaph in the
solution state possessed the dual emission properties. Since the
peak position of the emission band at around 374 nm was not
influenced by solvent polarity, this band is attributable to LE
emission (Fig. S2, ESIT). In contrast, the emssion band in the
longer wavelength region is attributable to ICT emission
because of the solvatochromic behavior (Fig. S2, ESI}). To
gain insight on the difference in the LE/ICT balance, PL
measurements in frozen glass matrices in methylcyclohexane
(1.0 x 107> M) at 77 K were conducted (Fig. S3, ESI{). The LE
emission band of BNaph became dominant at 77 K under the
frozen condition in contrast to the ICT-rich spectra at room
temperature. This result implies that there should be a sig-
nificant energy barrier between the LE and ICT states.'>?*%772°
On the other hand, the PL spectrum of CNaph was still
dominated by ICT emission even in the frozen state, suggesting
that a faint LE-ICT energy barrier should exist. These data
represent that the regioisomeric ring fusing position has little
effect on the electronic state of the ground state, while that has
a drastic effect on the relaxation process in the excited state. On
the basis of these results, the lower fluorescence quantum yield
of BNaph than CNaph (Table 1) can be partially explained by
quenching from the LE state as a trapping site. However, some
aryl-o-carboranes possessing little LE/ICT barrier®® also showed
moderate ®py, values, suggesting there should be an additional

Phys. Chem. Chem. Phys., 2023, 25, 11839-11844 | 11841
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Table 2 Relationship between Ccage—Ccage bond length and PL wavelength
One molecule Crystal
Calcd. Calcd. Exp. Calcd. Calcd. Exp.
Compound Ceage=Ceage PL PL Ceage=Ceage PL PL
CNaph Sy:1.65 A 587 nm (ICT) 625 nm (ICT)* S,:2.31 AP 485 nm” 598 nm
S,:2.43 A
BNaph Sp:1.63 A 343 nm (LE) 374 nm (LE) S,:2.29 AP 504 nm” 583 nm

S,(LE):1.65 A

: 561 nm (ICT)
S,(ICT):2.35 A

“ Measured in CHCl; (1.0 x 10~° M). ? Estimated by QM/MM analyses.

factor relating to nonradiative decay from the ICT state to
comprehend the overall PL process.>’

Next, temperature-dependent PL spectra in CHCl; were
collected for further investigation of the excited state
(Fig. 5a). CNaph consistently exhibited only the ICT emission
band, confirming the barrierless character between the LE and
ICT states. The PL intensity got lower at higher temperature
probably because the nonradiative decay process should be
accelerated. In contrast, dual-emissive BNaph showed a gradual
change in the LE/ICT balance. The PL spectra normalized at the
LE region demonstrated the increase in the ICT emission ratio
in the higher temperature region, corresponding to the
assumption that there should be the significant LE/ICT energy
barrier in the structural relaxation process in the excited state.
Motivated by these results, we prepared the Stevens-Ban plot of
BNaph (Fig. 5b).>! Generally, this plot can be divided into two

(a) CNaph BNaph
E
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(b)
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1000/ T
Fig. 5 (a) PL spectra of CNaph and BNaph in 1.0 x 10~> M CHCls solution

measured at 223-323 K in steps of 10 K. (b) Stevens—Ban plot of BNaph in
CHCls solution and the fitting line.
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651 nm (ICT)*

regions. If the LE and ICT states are in thermal equilibrium, a
positive slope is obtained as eqn (1):

AH 1

=

R T

) Iict keier
n—m —

Ig

Toie (1)
where I is fluorescence intensity, k. is the radiative decay
constant, AH is the enthalpy difference between LE and ICT
states, and R is the gas constant. On the other hand, the
nonequilibrium region between the LE and ICT states can be
expressed as eqn (2):

E, 1

RT

1 Ler
n—  —

ILg

keicr 1
In——— — In— 2
kr,LE T ( )

where E, is the activation energy, and r is the lifetime of the ICT
state. Stevens-Ban plot of BNaph can be fitted by eqn (2)
considering the nonequilibrium character. Besides, assuming
that & icr/k:,1 g ratio is constant over a measured temperature
and 7 gets shorter at the higher temperature, the lower limit of
E, can be expressed as eqn (3):

dln kr,ICT J 1

a+ r.LE_ ‘5>

G
T T

estimating that E, should be more than 3.75 k] mol .

The difference in the energy barrier between CNaph and
BNaph was reproduced by a quantum chemical calculation. We
optimized the molecular structures both at the S, and S; states
with fixing the Ccage—Ceage distance in steps of 0.1 A. The
obtained energies were plotted, indicating that only BNaph
had the energy barrier in the S; state between the
Franck-Condon structure and the global minimum structure
(Fig. 6 and Fig. S6, ESIf). Although the scanned curve along
Ceage—Ceage distance does not necessarily represent the actual
relaxation pathway, the estimated E, value 8.77 k] mol " can be
interpreted as an upper limit. This value is higher than the
experimentally-obtained lower limit (3.75 k] mol '), suggesting
the true energy barrier should be between them. In addition,
the plot clarified that the longer PL wavelength from BNaph
than CNaph is due to the instability in S, energy at the S;-
optimized structure in BNaph.

Finally, the difference in dual-emission character is verified
by considering ICT efficiency. In the ICT systems, it is generally
known that the effective distance between donor and acceptor
units is an important factor in determining ICT efficiency.*?

This journal is © the Owner Societies 2023
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Fig. 6 Energy levels at the Sp and S; states of CNaph (orange) and BNaph
(blue) with variable Ccage—Cecage distance.

Considering the electron-accepting character of o-carborane via
the Ccage=Ceage Tegion and the electron-donating character of
the aryl group, the relative position of the Ccage—Ceage bond
and the aryl center should be critical for determining the LE/
ICT balance of o-carboranes.*® On the basis of this idea, we
prepared the Lippert-Mataga plot to estimate the differences in
the dipole moments (Au) between the ground and excited states
(Fig. S4, ESIT). Consequently, a greater Au value was obtained
from BNaph (12.06 debye) than CNaph (8.41 debye). The more
significant PL quenching of BNaph than CNaph in polar
solvents (Fig. S2, ESIt) can also be attributed to the larger Au
value of BNaph. Moreover, the natural transition orbitals
(NTOs) are also consistent with the larger effective ICT distance
of BNaph than CNaph (Fig. S5, ESIT). First, the distribution of
electron is mainly on o-carborane and partially on the benzene
ring connected to the Ccyge atom in both compounds. On the
other hand, the hole is distributed over a whole molecule, and
the contribution of the o-carborane moiety is larger in CNaph
than BNaph, probably because of the effective electronic com-
munication between o-carborane and naphthalene than o-
carborane and benzene.** Consequently, the effective distance
in ICT of CNaph should get shorter than that of BNaph. These
results support the experimental and computational data that
showed smaller ICT efficiency in BNaph.

Conclusion

On the basis of the detailed investigation of the two phenyl-
naphthalene ring-fused regioisomers CNaph and BNaph, it is
demonstrated that the substitution position of the aryl group in
o-carborane plays a critical role in regulating the energy barrier
between LE and ICT states. In particular, the temperature
dependency of LE/ICT balance, the potential energy curves
obtained by DFT calculation, NTO analysis, and the estimated
Ap values from the Lippert-Mataga plot totally supported the
weakened ICT efficiency in BNaph. In other words, the height

This journal is © the Owner Societies 2023
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of the energy barrier and the dual-emission character were
proved to be successfully tuned by modulating the positional
relation between o-carborane and the aryl substituent. We
believe our findings could be of significance for establishing
the rational molecular design for constructing not only o-
carborane-based emitters but also stimuli-responsive lumino-
chromic materials.
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