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Multiple Photoluminescence from 1,2-Dinaphthyl-ortho-Carborane**

Kyung-Ryang Wee, Yang-Jin Cho, Jae Kyu Song, and Sang Ook Kang*

A special feature of multiple photoluminescence in a single
organic molecule is that it is only reported for geometrically
unique systems. These molecules have drawn much attention
because of their paradoxical photophysical behavior, contra-
dicting Kasha’s rule, which is a principle in the excited
molecules.!"! The rule states that photoluminescence occurs in
an appreciable yield only from the lowest excited state.”!
Multiple emissions arise from the corresponding nonequili-
brated excited states, rather than from the most stable excited
state. The existence of energetically feasible excited states
comes from the restricted molecular conformation where
organic functional groups occupy the most favorable geo-
metrical positions at only small energy costs! A few
examples are available in which multiple photoluminescence
are elaborated: adiabatic photoreactions such as excited-state
proton transfer® (ESTPT), and excimer and twisted intra-
molecular charge-transfer!® (TICT) state formation (see each
example in Scheme 1).
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Scheme 1. The preponderances of multiple photoluminescence (ESIPT =excited-state proton

transfer) and TICT = (twisted intramolecular charge transfer).

In line with observing multiple photoluminescence and
understanding the working principle underlining the photo-
luminescence, we paid special attention to the molecular
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entity) which would even further support serial excited
states. We noted recently that ortho-carborane facilitates the
stabilization of an excited state that would otherwise be
unable to be accommodated.”™ Such an excited-state stabili-
zation could provide a new entry of multiple photolumines-
cence.”’! Indeed, when we brought two fluorescence organic
functional (FOF) units into the o-carborane framework,
unprecedented multiple photoluminescence developed.
Scheme 2 shows the involvement of two FOFs on the surface

e

= 1-Naphthylene
FOF

Face-On

2-Naphthalene

Scheme 2. Multiple photoluminescence using ortho-carborane.

of a o-carborane molecule, showing that
a linear array of FOF is transformed to
a “Face-On” conformation upon incorpo-
ration into the o-carborane cage. FOFs
used herein involve two isomeric forms of
naphthalene, 1- or 2-naphthyl, as shown
in Scheme 2.

Naphthalene is one of the well-under-
stood FOF groups.'” By estimating the
geometrical preference of the two naph-
talene units within the o-carborane skel-
eton, we introduced naphthalenes to the
carbon atoms of the o-carborane.
Because of the three-dimensional bonding of o-carborane ')
attachement to the two carbon atoms induces a specific
orientation for the engaging naphthalenes. Later, we estab-
lished an exact conformation created by the two naphtalene
groups from X-ray structural studies to be in a “face-on” (see
Scheme 2) conformation, and this constellation casts multiple
photoluminescence.

As shown in Figure 1, with the variation of a 1- or 2-
isomeric form of naphthalene, 1,2-dinaphthyl-o-carboranes (1
and 2) were prepared according to the acetylene incorpo-
ration protocol™ (see synthetic details in the Supporting
Information). One of the notable features found in each
structure is that the carbon-carbon distances in the o-
carborane cage are significantly elongated™ and 1 has an
even longer distance relative to 2, indicating that 1 signifi-
cantly induces cage deformation.

UV/Vis absorption spectra of 1 and 2 were measured in
solution and compared with those of diphenyl-o-carborane
(Ph-Cb). As shown in Figure S2 and Table S3, the absorption
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bis(1-Naphthyl)-o-carborane, 1

bis(2-Naphthyl)-o-carborane, 2

Figure 1. Structures of 1 and 2. The numbers represent the carbon—
carbon distances in A.

spectra differ from the reference naphthalene!'” and are red-
shifted within 25 nm for the 'L, and 'L, bands with less
vibrational structures, commonly showing m—mt* transitions
originating from naphthalene."*! A distinctive red-shift of
the peaks at around 330-400 nm was observed for 1. From the
spectral comparison between 1 and 2 and Ph-Cb, 1 appears to
have a unique ground state.

The emission spectra of 1 and 2 differ markedly from that
of the naphthalene chromophore upon excitation at
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Figure 2. Multiple photoluminescence from 1 in hexane solution upon
excitation at 325 nm.

The inset of Figure 3a shows emission decay profiles for
1 monitored at 380 nm, which are commonly fitted to single-
exponential kinetics with lifetimes of 1.8-2.3 ns. Similarly, the
lifetimes of excimer emissions (at 420 nm, Figure S7) in
different solvents were determined as 1.9-2.8 ns. On the other
hand, the CT emission monitored at 508 nm shows consid-

325 nm,"  showing multiple
emissions between 350 and ) b) 4
450 nm and below 500 nm. A % [cTstte ] — e )
multiple emission feature is 2 - I
- S Local Excited
more pronounced for 1; the & £ 5l S 3] State. o
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state of the naphthalene chro- '8 > i ==
mophore and the excimer™  50.14 I ~410nm |
z s
between the two naphthalene = g
. < 1 > 500 nm
groups facing each other, o
respectively. The second broad : : . : :
red-shifted emission of 1 at 0 1 2 3 4 5 0 v

around 508 nm was assigned to
a charge-transfer (CT) excited
state, as shown by the remark-
able solvatochromic shifts of the
emission in Figure S3. Mono-
mer and excimer emissions can be easily overlooked by the
dominant CT emission.

To address the origin of multiple emissions, serial
excitation spectra were taken for 1 at 360, 380, 420, and
508 nm (Figure 2). The excitation spectra of 1 differed
significantly when monitored at 380 nm for the local emission
or at 420 nm for the excimer emission, and at 508 nm for the
CT emission. As shown in Figure S6, the excitation spectrum
monitored at 508 nm approximately traces the absorption
spectrum, particularly at <300 nm, whereas the monomer
and excimer emissions give an excitation spectrum with
a maximum at 350 nm, which substantially differs from the
absorption spectrum. Accordingly, when naphthalene is
covalently bonded to the 1,2-position of o-carborane, a dis-
tinctive CT emission appears with extensive quenching of the
naphthalene fluorescence and the CT state is isolated from
the high-energy local excited states of naphthalene.
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Figure 3. Emission decay profiles of 1 in various solvents monitored at a) the CT emission maxima.
(Inset: at 380 nm) b) Schematic energy diagram for 1.

erably shorter lifetimes (<0.4 ns), as shown in Figure 3a.
Therefore, we assumed that the low energy of the CT states is
isolated from local excited states and shows an independent
behavior, which is well matched with excitation spectra. In
addition, the CT states show a strong dependence on the
solvent polarity; in addition to the red-shift of the emission
wavelength, the lifetime is changed with increasing solvent
polarity (0.2 ns in hexane and 0.4 ns in THF). This behavior
might be interpreted in terms of the solvation-induced
electronic changes of the CT state, which would lead to
a strong solvent dependence of the radiative and nonradiative
processes.

To provide explicit evidence for the energy states, we
performed cyclic voltammetry (CV) experiments and DFT
calculations to confirm the electronic states of 1 and 2. As
shown in Figure S9, 1 and 2 exhibit reversible electrochemical
behavior with two distinctive reduction waves, which corre-
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spond to two sequential electron reduction processes, as
confirmed by coulometry experiments (Figure S10). While
the reduction waves of Ph-Cb and 2 taken at a scan rate of
100 mVs™' consist of one cathodic and two anodic peaks,
measurements at slower scan rates gave two separated
cathodic peaks. However, reduction waves of 1 are invariant
to the scan rate change; this implies the structural rigidity of
1 (Figure S11). In particular, it is worth noting that the
reduction waves appear in the order of Ph-Cb (—1.96 V) <2
(-1.75V) <1 (-1.32 V). As shown in Figures S12-S13, the
electronic structures of 1 and 2 in the ground state were
further analyzed by frontier orbital analysis. Basically,
optimized geometries of 1 and 2 showed excellent agreement
with X-ray single-crystal structures and all isodensity plots are
mainly centered at the naphthalene units with a large
HOMO-LUMO gap in the range of 4.06-5.78 eV. Com-
pound 1, which has a well developed CT state and a low
reduction potential compared with other compounds, was
selected for the electronic structure. This shows that the
LUMO is largely centered at the C—C bond between the o-
carboranyl carbon atom and the naphthyl carbon atom (C_,-
C,pn) and that the low LUMO level is well correlated with the
low reduction potential. Time-dependent DFT (TD-DFT)
calculations were also performed on the optimized geo-
metries of 1 and 2, giving simulated electronic spectra in
excellent agreement with those observed in Figures S12-S13.
The low-energy absorption band (>340nm) observed in
1 may be attributed to transitions from the highest occupied
and next lower occupied orbitals (HOMO, HOMO-1) to the
LUMO, and the m—m* transitions localized on the naphtyl
rings or the st(naphtyl) to C-C (carborane) transitions.

On the basis of these experimental observations, the most
probable mechanism of multiple emissions from the 1,2-
dinaphthyl-o-carborane compound is shown in Figure 3b.
1 and 2 not only show local excited emission with extensive
quenching and excimer emission, but also a distinctive broad
CT emission at the longer wavelength exhibited. Further-
more, it is worth noting that the CT state, which is generated
by the o-carborane cage, is isolated from the high energy of
the naphthalene local excited states and the independent CT
state energy level is strongly dependant on the aryl species or
substituent positions, as can be seen from the comparison
between 1 and 2.

To understand the origin of the CT state and electronic
perturbations induced by o-carborane, we focused on the
CeageCrapn bond.l' This is because the LUMO is largely
centered on this bond and we assumed that the orbital overlap
between the m-orbital of the naphthalene unit and the o-
orbital of the carbon atom of o-carborane is well developed
through the C,.-C,,,» bond in the ground state geometry.
Therefore, we attempted to change the orbital overlap by
changing the torsion angle between the naphthalene plane
and the carboranyl C—C bond using DFT calculations. The
energetically stabilized naphthyl orientations and HOMO-
LUMO isodensity plots depending on the torsion angles (10—
170°) are shown in Figure 4. Based on the calculations, we
indicated that the angles of energetically stabilized naphthyl
orientation at lower than A=0.5eV for 1 are limited in the
range of 60-100°. A rigid geometry with a perpendicular
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Figure 4. Theoretical calculations for energetically stabilized naphthyl
orientations of 1 and 2. (Inset: The HOMO-LUMO of 1 depending on
torsion angles of 30°, 90°, and 150°.)

characteristic between the naphthalene and carboranyl C—C
bonds, including the well-developed orbital overlap, is
expected in both ground and excited state structures, while
a less sterically restricted geometry is expected in 2 from the
wide range of angles (40-140°) in stabilized naphthyl ori-
entation (A <0.5eV). In addition, as shown in the inset of
Figure 4 and in Figures S14-S15, the LUMO isodensity plots
are clearly dependant on the naphthyl conformers in both
1 and 2. This demonstrates that the perpendicular structures
have large LUMO contributions at the C,p.-C,,,, bond, while
there is no torsion angle dependence on the HOMO and only
the naphthalene-localized HOMO can be found.

These theoretical observations strongly support the well
developed CT state and the lower reduction potential for 1 by
rigid geometry with a perpendicular manner and stabilized
LUMO by o-carborane. For example, different CT emission
quantum yields (QY) depending on the 1- and 2-naphthalene
substitution are explained by the rigidity of the naphthyl
geometry with a degree of orbital overlap; this shows a higher
CT emission with lower local emission QYs in 1. Moreover,
the low reduction potential with distinctive two reduction
waves and elongated o-carboranyl C-C distance of 1 are also
possibly explained by the well-developed orbital overlap
between the naphthalene and carboranyl C—C bonds.

To confirm our speculation, as shown in Figure S5, we
measured the low temperature (at 77 K) in 2-methyltetrahy-
drofuran (2-MeTHF) solution and the neat film PL spectra
for fixation of naphthyl conformers and observed enhanced
CT emissions in both 1 and 2, while there was no emission in
Ph-Cb. In addition, almost similar CT emissions are shown
between the 2-MeTHEF solution (536 nm for 1, 506 nm for 2)
and the neat film (530 nm for 1, 500 nm for 2). From these
results, we assumed that there are no intermolecular inter-
actions in aggregated states and emission originates only from
the intramolecular charge transfer (ICT) state,®!”! that is,
from the intramolecular through-bond interactions between
the naphthalene unit and o-carborane cage. Furthermore, the
different maximum ICT emissions between 1 and 2 are well
correlated with the reduction potentials observed in the CV
experiments, showing a lower reduction potential of 1. As
a result, we suggest that the multiple photoluminescence in o-
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carborane originates from the orbital overlap between the
naphthyl w-orbital and the carboranyl o(C-C) orbital allowing
the formation of a new type of ICT state.

Experimental Section

Synthesis: 1,2-Bis(1-naphthyl)-ortho-carborane (1) and 1,2-bis(2-
naphthyl)-ortho-carborane (2) were synthesized from 1- or 2-bromo-
naphtalene by reaction of 1,2-di(naphthalen)ethyne with decaborane
in two steps, as shown in Scheme S1. All products were isolated using
flash column chromatography and further purified using train
sublimation in a moderate yield. Full experimental details can be
found in the Supporting Information.
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