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Two novel triphenylamine-o-carborane dyads with donor—acceptor architectures were designed and
synthesized. The photophysical properties were thoroughly investigated. The results demonstrated that
triphenylamine-o-carborane dyads presented locally excited (LE) emission and twisted intramolecular
charge transfer (TICT) induced emission in various polar solvents, in which LE emission was not

dependent on the solvent polarities and TICT emission was consistent with the solvent polarities. The
Recelved 4th June 2017 \vent-dependent TICT emission with a large bathochromic shift exhibited a dramatic d i
Accepted 8th July 2017 solvent-dependen emission with a large bathochromic shift exhibited a dramatic decrease in
emissive efficiency with increasing the solvent polarity. More importantly, the triphenylamine-o-

DOI: 10.1039/c7ra06237k carborane dyads in solid states exhibited highly efficient ICT emissions, in which the ICT characteristics
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Introduction

o-Carborane (1,2-closo-dicarbadodecaborane, C,B1o0H;,) is an
electron-deficient icosahedral carborane cluster with three-
center two-electron bonds, and possesses highly polarizable o-
aromatic characteristics. In the past decades, carborane-based
materials have attracted particular interest in boron neutron
capture therapy,"” heat-resistant agents,*® and coordination/
organo-metallic chemistry as ligands.®™ Although carborane-
organic materials have been developed as novel aggregation-
induced-emission (AIE)-active luminogens, their emissive
mechanisms still remain unclear to date. The reasons are
mainly because the electron-deficient parent carborane clusters
show little or no absorption at >250 nm, nor any emission, and
their emissions were seriously influenced by the external
stimuli.’*"” Taking these into account, to elucidate the emissive
mechanisms of AlE-active carborane based luminogens is
desirable for shedding light on the rational design and devel-
opment of efficient luminogens. Chujo and co-workers have
reported that o-carborane-conjugated systems substituted with
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were confirmed by the experimental data and the density function theory (DFT) calculation results.

various electron-donating and electron-withdrawing aromatic
groups were color-tunable AlE-active, which were the result of
intramolecular charge transfer (ICT) from the m-conjugated
groups to the C1-C2 bond of o-carborane (0-Cab), and emission
originated from the restricted molecular motion of the o-Cab
cage in the aggregated state.®® We have recently explored
a series of ICT-emissive organic materials and carborane-based
phosphorescent iridium(m) complexes that have been success-
fully applied in optoelectronic devices and cellular bioimag-
ing.*”"* Since 2001, various working mechanisms based on AIE-
active materials have been proposed, including conformational
planarization,® j-aggregate formation,* E/Z isomerization,*
and excited state intramolecular proton transfer (ESIPT),***
restriction of intramolecular rotations (RIR),* restriction of
intramolecular vibrations (RIV)*> and restriction of intra-
molecular motions (RIM).** For o-Cab-based materials, when
the aromatic plane is perpendicular to the C1-C2 bond in o-
Cab, the donor-acceptor interactions can be significantly
enhanced. Thus, the ICT emission has a close relationship with
the structure conformation between the connected aromatic
unit and the o0-Cab moiety.*® Fine modulating the molecular
architectures to regulate the intra- or intermolecular charge
transfer properties and aggregation of aryl-o-carborane dyads
would shed light on unravelling the emissive mechanisms of o-
Cab based materials and can afford novel emissive materials.
However, little is known and no work based on triphenylamine-
0-Cab dyads has hitherto been investigated.

Herein, we have designed and synthesized two novel o-Cab-
based molecules (0-1 and 0-2), in which triphenylamine-o-Cab
cages are introduced at 1 and 3 or 4 positions of the phenyl ring.
The resulting triphenylamine-o-Cab dyads presented multicolor
emissions, which were assigned to the radiative decays from the
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locally excited (LE) states and the twisted intramolecular charge
transfer (TICT) states in solutions, in which LE emission was
not dependent on the solvent polarities and TICT emissions
were consistent with the solvent polarities. Moreover, both tri-
phenylamine-o-Cab dyads in solid states exhibited highly effi-
cient ICT emissions, in which the ICT emissive mechanism was
confirmed by both the experimental data and the density
function theory (DFT) calculation results.

Results and discussion

The synthetic procedures of 0-1 and o-2 are depicted in Scheme
1. 0-Cab was introduced as an electron-deficient acceptor onto
the meta- and para-position of the central phenylene ring,
respectively. Triphenylamine (TPA) functioned as an electron-
donating moiety was attached onto the C1 atom of o-Cab, and
the phenylene ring was used as a connected unit. The resulting
targets are readily soluble in common organic solvents such as
THF, CH,Cl,, CH;Cl and toluene, but insoluble in methanol
and ethanol. The chemical purities and structures were fully
characterized by "H NMR, "*C NMR, "'B NMR and MALDI-TOF-
MS spectroscopy (Fig. S1-87). To investigate the thermal prop-
erties of 0-1 and o0-2, thermo-gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) measurements were
carried out under N, atmosphere with a scan rate of 10 °C
min~". Both 0-1 and 0-2 exhibited good thermal stability with
5% weight loss weight up to 398 °C and 402 °C, respectively.
DSC curves demonstrated that o-1 and 0-2 showed melting
endothermic peaks at 133 °C and 131 °C, respectively (Fig. S97).
TPA-0-Cab dyads are thus thermally stable for practical appli-
cations in the field of organic optoelectronic devices.

To get into the electron-transition behaviours of 0-1 and 0-2,
the electrochemical behaviours were subjected to theoretical
calculation based on ground geometry implemented by DFT in
Gaussian 09 at the B3LYP/6-31G(d) levels to simulate the electron
transition characteristics of the molecules. The highest-occupied
molecular orbital (HOMO) levels for o-1 are mainly localized on
the two TPA moieties, while the lowest unoccupied molecular
orbital (LUMO) levels for o-1 are principally extended over the two
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Scheme 1 Synthetic routes towards o-1 and o-2.
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0-Cab moieties and partial phenyl groups of TPA moieties. The
TPA moieties functioned as electron-donating units, and the o-
Cab moieties acted as electron-withdrawing units. The HOMO —
LUMO electron transitions dominated the lowest-energy S; exci-
tation for o-1, giving rise as a direct evidence for the notable ICT
character of acceptor-donor conjugate (Fig. 4).*>*' 0-2 was also
proved to be ICT-active by DFT calculation (Fig. S13+). According
to the DFT calculation results, HOMO energy levels for 0-1 and o-
2 were determined to be of —5.33 eV and —5.41 eV, respectively,
and the corresponding LUMO energy levels were —1.63 eV and
—1.85 eV, respectively. The theoretical band gaps for 0-1 and 0-2
were thus calculated to be 3.70 eV and 3.56 eV, respectively.
Fig. S147 depicts the cyclic voltammetry (CV) curves for o-1 and o-
2. According to the CV results, HOMO energy levels for 0-1 and o-
2 were calculated to be of —5.58 eV and —5.44 eV, respectively,
and the corresponding LUMO energy levels for 0-1 and o0-2 were
—3.41 eV and —3.32 eV, respectively. The electrochemical band
gaps for o-1 and 0-2 were thus deduced as 2.17 eV and 2.12 €V,
respectively. DFT calculations generally simulate the single-
molecule energy levels and band gaps in gas phase, while
CV measurements reflect the corresponding results in
condensed states. It is believed that such difference is the origin
for the difference of energy levels between DFT calculations and
the CV results. The large difference also suggested distinct
intramolecular/intermolecular interactions occurred for both o-1
and o-2 in condensed states.

To investigate the photophysical properties of o-1 and 0-2, the
absorption and emission spectra were measured in various
solvents, such as n-hexane, cyclohexane, toluene, diethyl ether,
tetrahydrofuran, dichloromethane, acetonitrile, and methanol. As
shown in Fig. 1a and S10a, the absorption spectra of 0-1 and 0-2
in various solvents exhibited the maximum absorption wavelength
at around 331 nm and 328 nm, respectively. The main absorption
peaks were ascribed to the characteristic w-mt* transitions from
TPA chromophores, suggesting that the main absorptions were
slightly affected by the o-Cab in the ground state.**

As shown in Fig. 1b, the weak emission band detected at
352 nm for o-1 was found in a variety of solvents from n-hexane
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Fig.1 (a) UV-vis absorption and (b) emission spectra of o-1 in various

solvents at room temperature.

to methanol and not affected by the polarity of the solvents.
Such emission was presumably originated from the LE state of
TPA moiety.*> This is mainly because the excited state of 0-1 in
a non-polar solvent is in equilibrium with the surrounding
solvent molecules and its planar conformation is stabilized by
the electronic conjugation which results in a sharp LE emis-
sion.* Generally speaking, once the aromatic plane is parallel to
the C1-C2 bond of an o-Cab, ICT efficiently occurs. Once the
aromatic plane was twisted to the C1-C2 bond of o-Cab, TICT
occurs more efficiently than in the parallel conformer.*® Thus,
in a polar solvent, the excited state of o-1 is not in equilibrium
with the surrounding solvent molecules. The rotation of C1-C2
bond in the o-Cab brings o-1 from LE state to TICT state, and
then the electronic charge was separated from TPA unit to the
C1-C2 bond in o-Cab. We can clearly find that o-1 exhibited
a relative strong TICT emission at around 417 nm in n-hexane
and red-shifted by 31 nm in acetonitrile, suggesting that the
TICT states are susceptible to the solvent polarities.*»** Mean-
while, in a non-polar solvent of n-hexane, another broad weak
emission peaked at 613 nm was assigned to TICT emission.
Moreover, with increasing the solvent polarity, the emission
spectra bands of 0-1 were shifted to red region and the emission
intensities decreased remarkably. In acetonitrile with a large
polarity, the emission spectrum was so weak that it became
basically flat line parallel to the abscissa. The large Stokes shift
observed in polar solvents were attributed to TICT processes
from the donor TPA moieties to the C1-C2 bond of the acceptor
0-Cab moieties. Similar solvent polarity-dependent TICT emis-
sions were detected and confirmed for 0-2 (Fig. S10bt).*>**” The
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TICT emissions for o-1 and o0-2 were further verified by the
emission decay lifetimes (Table S1t).>*** With an aim to
understand the solvatochromic luminescence, the Lippert-
Mataga plots were performed with the values of the Stokes shift
against the solvent polarizability, Af, according to the Lippert-
Matatga equation.” As shown in Fig. 2, the slope of the
approximate line plotted from the emission band around
352 nm was almost zero. Meanwhile, prominent keen slope was
found from the profiles with the peak positions detected around
620 nm. Thus, the luminescent bands around 352 nm and
620 nm can be assigned to LE and TICT states, respectively. The
TICT states demonstrated a strong dependence on the solvent
polarity. Similar emission changes were also observed in the
case of 0-2.

When the water fraction (f,,) increased from 0% to 80%, the
emission bands of o0-1 exhibited no obvious change from
350 nm to 600 nm with a characteristic TICT state. Emission
intensity was sharply enhanced after 90% of f,,. It was clearly
demonstrated that a red emission band emerged at 574 nm,
originating from the lowest ICT excited state (Fig. 3a). This
enhanced emission was assigned to the aggregated nano-
particles formation of 0-1, and the aggregation driven growth is
one of the reasons for the emission enhancement.*® Similar
emission behaviours of 0-2 were also identified in THF-H,O
system (Fig. 3b). The above data sufficiently confirmed that the
TICT emissions of 0-1 and o0-2 showed a crucial relationship
between the excited conformation and the electronic distribu-
tion in aggregated states.

To elucidate the relationships between ICT behaviours and
molecular conformations, HOMO and LUMO distributions of o-
1 were performed with the dihedral angles () between TPA and
the C1-C2 bond in the 0-Cab moiety by DFT method. According
to the literature, the HOMO and LUMO distributions show
a close relationship with the molecular conformations.'® The
ICT effect could be significantly strengthened at the perpen-
dicular conformation between the C1-C2 bond in the o-Cab
moiety and the conjugated plane involving the directly con-
nected aromatic unit to o-Cab.*® As depicted in Fig. 4, when the
phenyl ring of TPA group for 0-1 was perpendicular to the C1-C2
bond in o-Cab moiety, the HOMO resided on the TPA moiety
and the connected partial 0o-Cab moiety. Meanwhile, the LUMO
extended over two o-Cab moieties, the central phenylene ring,
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Fig. 2 Mataga-Lippert plot for LE emissions (blue line) and CT emis-
sions (red line) for o-1 in various solvents with different polarity.
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Fig. 3 Emission spectra of (a) 0-1 and (b) 0-2 in THF solution, upon
increasing the water concentration from 0% to 95%; Inset: photograph
of 0-1 and o-2 in THF/H,O mixtures with various water contents (f,,)
taken under UV illustration (356 nm).
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Fig. 4 Calculated HOMO and LUMO distributions of o-1 with the
dihedral angles (y) between the C1-C2 bond of 0-Cab and the phenyl
of TPA of 0°, 90° and 91°. The difference of total energy and energy
levels of each orbital were calculated at the B3LYP/6-31G(d) levels by
DFT calculations.

and phenyl groups of TPA moieties, giving rise as a direct
evidence for the notable characteristic ICT behaviours. When
the dihedral angle was 0°, the HOMO was primarily distributed
on the TPA moieties and partial o-Cab units, and its LUMO was
delocalized over the double o-Cab moieties, the connected
phenylene ring and the other partial TPA groups. Since the
HOMO — LUMO electron transitions determined the lowest-
energy S; excitation, the above calculation results further
confirmed the distinct ICT characters of the resulting donor-
acceptor TPA-0-Cab dyads and suggested that the emission from
the parallel and perpendicular conformers should be derived
from the ICT states. Moreover, the difference of the energy
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levels of each state with respect to the optimized structures was
calculated. When the conformer was parallel or perpendicular
conformation, the rotation barriers were 77.42 kcal mol ' and
82.24 keal mol ™', respectively, confirming that the intra-
molecular rotation was prohibited because of the steric
hindrance of the substituents in 0-Cab.* The ICT behaviours for
0-2 were also related with the conformation change depending
on the dihedral angles () between the TPA and the C1-C2 bond
in the o-Cab moiety by DFT methods (Fig. S131). From these
data, ICT processes should be responsible for the efficient
emissions for 0-1 and o0-2 in solid states.’>>

In film states, o-1 and o0-2 displayed well-defined peaks at
around 334 nm and 337 nm, respectively, and were much
broader and red-shifted with respect to their absorption spectra
in organic solvents, presumably due to the strong - stacking
interactions between the individual molecules.*® Fig. 5a showed
that o-1 film, fabricated by spin-coating 1.0 mg mL " solution
onto quartz substrates, demonstrated dual emission peaks at
417 nm and 620 nm, respectively. The dual emission bands can
be assigned to the TICT and ICT states. Meanwhile, 0-2 in film
states exhibited dual emission peaks at 450 nm and 610 nm,
respectively. Fluorescence lifetimes, t, in air for 0-1 (monitored
at 417 nm: 0.60 ns, 2.26 ns; monitored at 620 nm: 3.09 ns, 9.88
ns) and o0-2 (monitored at 450 nm: 0.49 ns, 1.99 ns; monitored at
610 nm: 1.11 ns, 8.68 ns) fitted to bi-exponential decays (Table
S1t). It was clearly suggested that o-1 and o0-2 in film states
possessed both TICT and ICT properties.
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Fig.5 (a) Absorption and emission spectra of o-1 and o-2 in thin films
at room temperature; (b) emission spectra of o-1 in solid states and in
2-MeTHF solution at 77 K.
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LE emission from o-Cab dyad was generally observed only
under frozen states or structurally-restricted environmental
conditions. In the frozen matrix of 2-MeTHF with 1.0 x 10> M
concentration, the intense ICT emissions for 0-1 and o-2 were
detected at around 632 nm and 628 nm, respectively (Fig. 5b
and S15at). Fluorescence lifetimes for 0-1 and 0-2 were 8.14 ns
and 7.27 ns, respectively, which were fitted to single-exponential
decays, suggesting the existence of ICT excited states
(Fig. S15bt). From emission spectra at 77 K, 0-1 and 0-2 in solid
states presented narrow and sharp bands attributable to the ICT
emissions at 630 nm and 633 nm, respectively. It is likely that
the intramolecular rotation was prohibited because of the steric
hindrances of the substituents in o0-Cab units.*® In other words,
this is why the TPA-0-Cab dyads did demonstrate ICT emission
rather than LE emission in solid states. The emission lifetimes
fitted to single-exponential decays (0-1: 8.76 ns; 0-2: 7.53 ns),
suggesting the existence of ICT excited states.” Moreover, in
solid states, the quantum efficiency for o-1 and o-2 was found to
be 70% and 56%, respectively. From these data, it can be
concluded that o-Cab acts as a versatile “element-block” not
only for constructing ICT emission but also for designing highly
efficient solid-state luminescent dyads.*®

Conclusions

In conclusion, two novel TPA-0-Cab dyads were successfully
designed, synthesized and characterized, in which TPA-0-Cab
cages were introduced onto the meta- and para-positions of
phenylene rings. The resulting luminescent dyads demon-
strated similar photophysical behaviours regardless of different
substituted positions. The TPA-o-Cab dyads in solutions
exhibited LE or TICT emissions dependent on the solvent
polarities. While, both TPA-o-Cab dyads in solid states mainly
exhibited ICT emissions with high solid-state efficiency. The
proposed ICT mechanism was confirmed by the experimental
data and DFT calculation results. TPA-o-Cab dyads are prom-
ising skeletons for constructing efficient AIE-active solid-state
emissive materials based on ICT mechanism.

Experimental section
Instruments and materials

'H, B, and "*C NMR spectra were recorded on a Bruker Ultra
Shield Plus 400 MHz NMR operating at 400, 128, and 100 MHz,
respectively. All ''B chemical shifts were referenced to BFs-
-O(C,Hs), (0.0 ppm) with a negative sign indicating an up-field
shift. Matrix-assisted laser desorption time of flight mass
spectrometry (MALDI-TOF-MS) was carried out on Bruker Dal-
tonics Ultraflex MALDI TOF Mass Spectrometer. UV-vis
absorption spectra were recorded on a PerkinElmer Lambda
35. Electrochemical behaviors were carried out by cyclic vol-
tammetry (CV) with a standard three-electrode electrochemical
cell in a 0.1 M tetra-n-butylammonium hexafluorophosphate
(BuyNPFy) in the anhydrous acetonitrile at room temperature
under nitrogen atmosphere with a scanning rate of 50 mvs . A
platinum working electrode, a glassy carbon electrode, and an
Ag/AgNO; (0.1 M) reference electrode was subjected to cyclic

This journal is © The Royal Society of Chemistry 2017
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voltammetry. The fluorescence quantum yields were deter-
mined by full-featured steady state/transient fluorescence
spectrometer FLS-920 from Edinburgh Instruments. PL decays
were measured with an Edinburgh FLS-920 spectrometer. All
fluorescent lifetimes were determined from the data using the
Edinburgh Instruments software package. All commercially
available chemicals were of A.R. grade, and all the reagents used
were purchased from Sigma-Aldrich, J&K or Xiya Reagent
(China). When necessary, solvents and reagents were purified
using standard procedures.

Synthesis and characterization

Synthesis of o0-1. To a stirred toluene solution of decaborane
(B1oH14) (200.00 mg, 1.64 mmol) at room temperature was slowly
added N,N-dimethylaniline (271.00 mg, 2.24 mmol), and then
refluxed for 2 h. After cooling down to 40 °C, 4,4'-(1,3-phenyl-
enebis(ethyne-2,1-diyl))bis(N,N-diphenylaniline) (475.00 mg,
0.75 mmol) was added in one portion and the final mixture was
refluxed for 12 h. After being cooling to room temperature, the
mixture was quenched by addition of methanol (20 mL). The
organic phase was separated and the aqueous layer was extracted
with CH,Cl, (3 x 50 mL). The organic phases were combined,
washed with brine, dried over anhydrous Na,SO, and concen-
trated in vacuo. The residual was purified by column chroma-
tography on silica gel (gradient of petroleum ether (bp 60-90 °C)/
EtOAc, 95/5 to 80/20, v/v) to afford the title product as a pale white
powder in 70% yield. "H NMR (400 MHz, CDCly): 6 7.41 (s, 2H),
7.27-7.21 (m, 10H), 7.10-7.05 (m, 8H), 6.97 (d, J = 7.9 Hz, 8H),
6.64 (d, J = 8.9 Hz, 4H), 3.51-1.76 (br, 20H, B-H) ppm. *C NMR
(128 MHz, CDCl;): 6 149.68, 146.24, 132.36, 132.29, 131.34,
131.11, 129.57, 128.26, 125.80, 124.53, 121.73, 119.48, 86.28,
83.82 ppm. "'B NMR (128 MHz, CDCl,): 6 —3.06, —11.04 ppm.

Synthesis of 0-2. The synthesis approach of 0-2 is similar to
o0-1. "H NMR (400 MHz, CDCl,): 6 7.26-7.21 (m, 12H), 7.09-7.04
(m, 8H), 6.96-6.91 (m, 8H), 6.62 (d, J = 8.9 Hz, 4H), 3.52-1.75
(br, 20H, B-H) ppm. *C NMR (100 MHz, CDCl;): 6 149.71,
146.51, 132.75, 131.39, 130.21, 129.58, 125.36, 124.32, 122.20,
120.45, 86.05, 83.45 ppm. "'B NMR (128 MHz, CDCl,): 6 —2.72,
—10.67 ppm.
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