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CONSPECTUS

Color-Tunable Materials

Emitters for OLEDs - Anion Sensors

hree-coordinate organoboron compounds have recently found a wide range of applications in materials chemistry as non-

linear optical materials, chemical sensors, and emitters for organic light-emitting diodes (OLEDs). These compounds are excel-
lent electron acceptors due to the empty p,, orbital on the boron center. When accompanied by electron donors such as amines,
these molecules possess large electronic dipoles, which promote donor—acceptor charge-transfer upon exditation with light. Because
of this, donor—acceptor triarylboranes are often highly luminescent both in the solid state and in solution.

In this Account, we describe our research to develop donor—acceptor triarylboranes as efficient blue emitters for OLEDs.
Through the use of hole-transporting donor groups such as 1-napthylphenylamines, we have prepared multifunctional tri-
arylboranes that can act as the emissive, electron transport, or hole transport layers in OLEDs. We have also examined
donor—acceptor compounds based on 2,2’-dipyridylamine or 7-azaindolyl donors, several of which have fluorescent quan-
tum efficiencies approaching 100%.

We are also investigating the chemistry of metal-containing triarylboranes. Our studies show that the electron-deficient
boryl group can greatly facilitate metal-to-ligand charge-transfer transitions and phosphorescence. In addition, electroneg-
ative linker groups such as 2,2"-bipyridine can act in synergy with metal chelation to greatly improve the electron-accept-
ing ability and Lewis acidity of triarylboranes.

Donor—acceptor triarylboranes developed in our laboratory can also serve as a series of “switch-on” sensors for fluo-
ride ions. When the donor and acceptor are linked by rigid naphthyl or nonrigid silane linkers, donor—acceptor conjuga-
tion is disrupted and charge transfer occurs primarily through space. The binding of fluoride ions to the boron center disrupts
this charge transfer, activating alternative - — 7* transitions in the molecule and changing the emission color of the sample.

More recently, we have used these nonconjugated linkers to prepare organometallic donor—acceptor triarylboranes in
which fluorescence and phosphorescence can simultaneously be observed from two different chromophores in the same mol-
ecule at ambient temperature. These dual emissive molecules remain sensitive to fluoride ions, and give synergistic
singlet—triplet emission responses when titrated with F~. Fluoride ions can also act as valuable chemical probes, provid-
ing insight into the electronic structure of this new class of optoelectronic materials.

We have demonstrated that donor—acceptor triarylboranes are promising materials in anion sensing and elec-
troluminescent device applications. Nonetheless, despite our work and that of other research groups, there is still much
to be learned about organometallic and multiply emissive triarylboron systems.
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1. Introduction

Triarylboranes have recently emerged as an important class of
molecules with many applications in materials sciences. The
empty p, orbital on the boron center makes these compounds
excellent electron acceptors, which enables their use in such
diverse fields as nonlinear optics,'* anion sensing,>~'4
hydrogen activation and storage,'>'® and as emitters and
electron transport materials in organic light-emitting diodes
(OLEDs).'”~2" When accompanied by an appropriate electron
donor as shown in Chart 1, these compounds possess a large
electrical dipole, which generates a highly polarized and emis-
sive excited state upon excitation with light.

The aryl groups play a key role in stabilizing the radical
anion generated when these compounds are used as elec-
tron transport materials in OLEDs."” 2! Furthermore, Yamagu-
chi, Gabbai, and others have demonstrated that coordination
of an external donor group to the boron center can readily
disrupt this extended z-conjugation, causing distinct changes
in the absorption or emission spectra of the sample,*~'* which
is the basis for their use as anion sensors. Because of the elec-
trophilicity of three-coordinate boron, bulky ortho-substituted
aryls (e.g., mesityl) are often employed to protect the boron
center from nucleophilic attack. Such protected triarylboranes
are usually very robust and stable under ambient conditions.
Furthermore, such steric protection renders the Lewis acidic p
orbital on the boron center inaccessible to all but the small-
est nucleophiles, allowing the use of these triarylboranes as
highly selective sensors for small anions such as fluoride and
cyanide.*~'*

The use of triarylboranes in OLEDs was pioneered by Shi-
rota and co-workers'’~2° and led to our research on
donor—acceptor triarylboranes. We were motivated prima-
rily by the need for stable and efficient blue emitters, a key
challenge in OLED research. The blue emitters developed by
us represent our key contribution to this field.>~2” During the
course of our research, we also discovered that it was possi-
ble to create and switch between multiple emission pathways
in a single molecule by controlling the donor—acceptor
geometry,?®2° thus achieving “switch-on” sensors for fluo-
ride. We have also found that metal chelation can greatly
enhance the electron-accepting ability of these materials,>° 32
a key feature required for most applications of triarylboranes.
Furthermore, we have found that triarylboron centers can dra-
matically enhance metal-to-ligand charge-transfer (MLCT) tran-
sitions, creating new opportunities for the development of
bright phosphorescent materials.>%32 This Account provides an
overview of our recent research on donor—acceptor triarylbo-
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ranes, with emphasis on the impact of molecular shape and
metal chelation on the luminescence, electron accepting abil-
ity, and Lewis acidity of this new class of materials. Synthetic
methods for compounds in this Account can be found in the
original publications.

2. Conjugated Donor—Acceptor Systems

2.1. The BNPB System: Efficient Blue Emitters for
OLEDs. The (1-naphthyl)phenylamino group NPB is part of the
widely used “NPB” hole transport material N,N"-di(naphthalene-
1-yl)-N,N-diphenylbenzidine, commonly used in OLEDs. Hence,
this donor group was chosen in order to achieve compounds
that could function as emissive, electron transport, or hole
transport materials in electroluminescent (EL) devices. Five tri-
arylboranes, BNPB-1 to BNPB-5, were obtained and are shown
in Chart 2.22724

All five molecules show reversible oxidation and reduc-
tion peaks in their CV diagrams, reminiscent of the bipolar tri-
arylboranes reported by Shirota et al.'® The LUMO levels of
BNPB-1 and 2 (—2.42 and —2.44 eV) are considerably lower
than those of BNPB-3—5 (—2.13 eV) due to the poor conju-
gation of the duryl-containing molecules. This reduced con-
jugation also greatly lowers the quantum efficiency of BNPB-
3-5 (22%—27%) relative to BNPB-1 and -2 (62%—82%),
making the latter better candidates for applications as emit-
ters in OLEDs. However, the branching in BNPB-4 and -5
makes these compounds more thermally stable (glass transi-
tion temperature, T, 171—173 °C) than their linear counter-
parts (T, 106—110 °C).>*
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ecule BNPB-5 has been found to be an effective hole-trans-
port and hole-injection material in OLEDs.**

Inspired by the earlier fluoride sensing work of Yamagu-
chi and Gabbai,> '° we examined the response of BNPB-1
and -2 toward fluoride. UV—vis, fluorescence, and 'H or '°F
NMR titration experiments showed that both molecules bind
selectively to fluorides with little affinity toward chloride or
bromide, consistent with the steric protection of the boron cen-
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FIGURE 1. Photographs and emission spectra of BNPB-1 and BNPB-2 in various solvents.
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FIGURE 2. The EL device structure (left) and L—J—V characteristics
and EL spectrum (right) of the BNPB-based device.

All five molecules display highly solvent-dependent emis-
sion, characteristic of donor—acceptor charge transfer and a
highly polarized excited state, as shown by the spectra of
BNPB-1 and -2 in various solvents (Figure 1).%%23

The performance of BNPB-2 as an emitter in OLEDs was
investigated because of its blue emission (451 nm) and high
quantum efficiency in the solid state (33%). Simple double-
layer EL devices with structures of indium tin oxide (ITO)/
BNPB-2/tris(8-hydroxyquinolinato)aluminium (Algs)/LiF/Al and
ITO/NPB/BNPB-2/Ag established that BNPB-2 can indeed func-
tion as either a hole transport or a bifunctional electron trans-
port blue-emitting material.>> More sophisticated device
structures led to bright EL devices that are among the most
efficient blue OLEDs reported in the literature.?* An example
is shown in Figure 2, with the structure of ITO/F,TCNQ/NPB/
BNPB-2/TPBi/LiF/Al where F,TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane) is the hole injection layer, NPB the
hole-transport layer, BNPB-2 the emitter, and TPBI (1,3,5-tris(2-
N-phenylbenzimidazolyl)benzene) the electron-transport layer.
This device has a brightness of ~7000 cd/m? at 10 V and cur-
rent and power efficiency as high as 3.5 cd/A and 2.5 Im/W,
respectively, at 200 cd/m? (4.5 V). The large star-shaped mol-

ter by the mesityls.?®2° This is in fact true for all triarylbo-
ranes presented in this Account. The N — B charge-transfer
band in the absorption spectra of both compounds loses inten-
sity with a corresponding quenching of the fluorescent peak
as fluoride ions bind to the boron center (Figure 3). Because
of the quenching response, this group of compounds can be
described as “switch-off” sensors for fluorides.

2.2. The DPA and AZAIN Systems: Metal lon-Binding
Blue Emitters. Our earlier work on 7-azaindolyl (AZAIN) and
2,2’-dipyridylamino (DPA) derivatives established that these
chromophores are very efficient blue emitters when attached
to ions such as zn(ll), B(IIl), or Al(ll).2#~37 Hence, we devel-
oped new triarylboranes that contain either DPA or AZAIN,2>2°
shown in Chart 3. The crystal structures of BDPA-4, BDPA-7,
and BAZAIN-3 determined by X-ray crystallographic analysis
(Figure 4) show that the arylboron unit is completely nonco-
planar with the DPA substituent but approximately coplanar
with the 7-azaindolyl group.® The large branched molecule
BDPA-7 forms an interlocked pair in the crystal lattice.?®

This class of molecules in general possess high melting
points (141—-260 °C), and in some cases, a high T, (e.g.,
BDPA-2, T, = 132 °C). A reversible reduction peak for most
members in this group was observed by cyclic voltammetry.?©
All molecules in this group are blue emitters, with consider-
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FIGURE 3. Photographs and the emission spectral change of BNPB-2 before and after the addition of TBAF in CH,Cl, (all titration spectra

were recorded at ~1.0 x 107> M).
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able variation in emission energy and efficiency. BDPA-1 and
BDPA-3, in particular, are highly efficient emitters with quan-
tum efficiencies approaching 100%.2>2° Compared with the
corresponding DPA analogues (lem = 405—465 nm), the

(BAZAIN-2) -AgNO.,

BODPA-7

FIGURE 4. Crystal structure of BDPA-4, BAZAIN-3, BDPA-7, and
(BAZAIN-2),—AgNO; showing benzene (yellow) inclusion in the
lattice.

AZAIN functionalized molecules emit at much shorter wave-
lengths (lem = 381—417 nm) in solution and the solid state.
Nonetheless, solvent-dependent fluorescence measurements
and DFT calculations established that in both cases, the emis-
sion is due to donor—acceptor charge transfer. The para-sub-
stituted linear molecules were found to have the highest
quantum efficiencies of both the DPA and AZAIN derivatives,
suggesting that intramolecular charge transfer is most favored
in this geometry. The thienyl linker in BDPA-3 was found to
enhance the emission efficiency and lower the emission
energy of BDPA-3 (465 nm, 100%) compared with the phenyl
analogue BDPA-2 (449 nm, 63%) due to improved
donor—acceptor z-conjugation.

Binding by metal ions such as Zn(ll) and Ag(l) diminishes
the charge-transfer emission somewhat, due to mostly elec-
tron donation to the metal ion. In the case of Ag(l), intersys-
tem crossing to the less emissive triplet state could also
contribute to this reduced intensity. Interestingly, however, the
metal complexes of this group of molecules were found to
have the tendency to form porous crystal lattices. An exam-
ple is the crystal lattice of the (BAZAIN-2),—AgNO5; complex
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shown in Figure 4, which hosts benzene molecules selectively,
demonstrating the potential of such a triarylborane—-
metal hybrid framework for selective hosting/sensing of
organic molecules.?>2°

Preliminary evaluation on the performance of BDPA-2 and
-3 in OLEDs was conducted. Blue EL devices with moderate
brightness were achieved with simple device structures of [TO/
NPB/HBL/BDPA-2(3)/LiF/Al, where HBL is a hole blocking layer,
demonstrating that the BDPA molecules can act as bifunctional
blue emitters in OLEDs.?® Optimization of the device struc-
tures for BDPA-2 and BDPA-3 has not yet been performed.

2.3. Heterocyclic Systems: Increasing Donor—Acceptor
Conjugation. Although the molecules in section 2.2 are capa-
ble of binding to metal ions, the donor—acceptor conjuga-
tion and electronic communication between the metal center
and the B center are weak. In search of strongly conjugated
donor—acceptor systems that also promote strong electronic
communication between the boron and the metal center, we
synthesized triarylboranes in which the boron center is
attached directly to an electronegative N-heterocycle. With this
approach, two new classes of triarylboranes based on 2,2’
bipyridine (bpy) and N-(2"-pyridyl)-7-azaindole (NPA) have
been developed by our group (Chart 4).

BNPA was developed based on our recent discovery that
NPA reacts with Pt(ll) to form an unstable six-membered N,N-

chelate ring that promotes a facile “roll-over” cyclometalation,
forming a more stable, planar five-membered N,C-chelate
ring*® as shown in Scheme 1. When functionalized with three-
coordinate boron, this architecture would thus provide us with
a versatile framework for the investigation of metal-contain-
ing triarylboranes. B2bpy and BNbpy were investigated3?3"
because of the excellent chelating ability of 2,2"-bipy. The
structures of BNPA and B2bpy determined by X-ray diffrac-
tion are shown in Figure 5. In both cases, the intramolecular
hydrogen bond between the N atom of the N-heterocycle and
the adjacent ortho protons promotes coplanarity of the het-
erocyclic rings and thus conjugation with the B center.

As a consequence of the enhanced z conjugation, BNPA,
B2bpy, and BNbpy are stable toward reduction and display
reversible reduction peaks that are considerably more posi-
tive than those observed in the BNPB or BDPA series. The
B2bpy molecule has two fully reversible reduction peaks at
—1.69 and —2.04 V (vs FeCp,*, Figure 11), while BNbpy has
a single reduction peak at —1.99 V, corresponding to LUMO
energies of —3.11 and —2.81 eV, respectively. Compared with
the biphenyl linker (BMes,—biphenyl—BMes,,?° LUMO ~
—2.84 eV), the bipy linker is clearly more effective in lower-
ing the LUMO level due to its greater electronegativity. The
deep LUMO level makes these molecules good candidates as
electron-transport materials in OLEDs.

FIGURE 5. Crystal structures of BNPA and B2bpy.
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LLIRO
FIGURE 6. HOMO and LUMO diagrams of B2bpy and BNbpy.

Although all three molecules are luminescent, B2bpy has
a very low quantum efficiency (1%) while BNPA and BNbpy
have quantum efficiencies of 25% and 95%, respectively. The
nature of the lowest energy transitions in the three molecules
was determined to be NPA — B (BNPA), NPh, — B-py (BNbpy),
and mesityl — B-bipy-B (B2bpy) by TD-DFT calculations (Fig-
ure 6). Compared with BNPB-2, a biphenyl analogue of BNbpy,
the emission energy of BNbpy is considerably red-shifted and
the emission spectrum has a much greater dependence on
solvent polarity, consistent with its smaller HOMO—LUMO gap
and enhanced donor—acceptor conjugation.

BNPA, B2bpy, and BNbpy each respond to fluoride in both
absorption and emission modes.>°~32 In absorption mode, the
addition of fluoride diminishes the charge-transfer transition
band for all three compounds. Consistent with the strong elec-
tron-accepting ability, the binding constant of BNbpy with flu-
oride (2.5 x 10° M™") is considerably larger than that of
BNPB-2 (1.4 x 10°> M) in CH,Cl,, while a clear stepwise bind-
ing by two fluoride ions is evident in the UV—vis spectrum of
B,bpy (Figure 7) with a very large binding constant (K; = 108
M)

In fluorescent mode, both BNPA and B2bpy undergo
quenching with fluoride, while BNbpy displays an unusual
“turn-on” response that is independent of solvent or excita-
tion energy, as shown in Figure 8. This is likely due to the
presence of a low-energy = — x* emission pathway originat-
ing on the donor-linker sz system, made possible by the highly
coplanar bipyridine bridge. Thus, “turn-on” fluorescent sen-
sors for fluoride can be achieved in conjugated donor—
acceptor organoboron compounds if a sufficiently conjugated
and electronegative linker is employed.

2.4. The BNPA System: Enhancing Metal-to-Ligand
Charge Transfer Phosphorescence. The impact of triarylbo-
ranes on MLCT phosphorescence was first examined using
three complexes, Pt(BNPA)Ph,, Pt(BNPA)Cl,, and [Cu(BNPA)-
(PPhs),]BF4 (Cu-BNPA), shown in Scheme 2.32 The choice of
Pt(I) and Cu(l) was based on the fact that these metal ions are
known to facilitate diimine-based MLCT phosphorescence. The

Pt(BNPA)Ph, complex undergoes cyclometalation in solution to
form the N,C-chelate complex Pt-N,C-BNPA either slowly at
room temperature or rapidly at 60 °C, which can then be
trapped by various donors, such as SMe,.>3

Pt(BNPA)Ph, shows bright yellow phosphorescence at ambi-
ent temperature in CH,Cl; (543 nm, ®p = 0.4%, 7 = 25.0 us)
and in the solid state (519 nm, ®p = 10%, 7 = 10.9 us), char-
acterized by a broad MLCT transition from the Pt center to the
boron-p,, containing LUMO of the ligand. Consistent with the
MLCT assignment, the Pt(BNPA)Cl, complex is not lumines-
cent. The electron-deficient boron was found to be instrumen-
tal in facilitating the MLCT emission, as the boron-free
analogue Pt(NPA)Ph, exhibits only a very weak, structured
emission band similar to that of free NPA (487 nm, t = 18.5
us). Furthermore, addition of F~ to the solution of Pt(BNPA)Ph,
caused quenching of the MLCT band, with appearance of the
NPA-based structured band at 497 nm (r = 10.9 us) as a
result of blocking the boron p, orbital (Figure 9). The lumines-
cence of Pt(BNPA)Ph, is highly sensitive to oxygen, requiring
less than 2% O, to quench ~90% of the emission, which can
be fully restored using nitrogen, making it a potentially use-
ful oxygen-sensing reagent.

As shown by the crystal structures in Figure 10, Pt(BN-
PA)Ph, contains a highly strained six-membered ring that is
puckered out of plane, with a large torsion angle between the
py and 7-azaindolyl rings. In contrast, the Pt-N,C-BNPA com-
pound contains a more stable, planar five-membered chelate
ring, the formation of which provides the driving force for the
C—H bond activation. Consequently, Pt-N,C-BNPA is a much
more efficient phosphorescent chromophore than its N,N-
chelating counterpart with a quantum efficiency ~8 times
greater than that of Pt(BNPA)Ph, (535 nm, 11.9 us, ®p =
3.200).33

The MLCT emission band of Pt-N,C-BNPA changes with flu-
oride in the same manner as the N,N-chelate compound,
switching from yellow MLCT to green NPA-based phosphores-
cence at Amax = 480 nm. We have thus demonstrated that the
MLCT phosphorescence of the Pt(ll) boron-containing com-
pounds can be enhanced by careful control of the chelate
mode and binding geometry around the metal center.

The Cu-BNPA complex also exhibits bright MLCT-based
phosphorescence in CH,Cl, solution (Figure 9) with a 10-fold
increase in quantum efficiency (®p = 4%) over Pt(BNPA)Ph,.
More remarkably, this complex was found to have the high-
est solid-state quantum efficiency of any known Cu(l) com-
pounds (@, = 88%),>> and efforts are underway in our
laboratory to make use of this material in OLEDs.
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FIGURE 7. Absorption spectral change of B2bpy and BNbpy with TBAF in CH,Cl,.

FIGURE 8. Photographs and emission spectral change of BNbpy
before and after the addition of TBAF in CH,Cl,.
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2.5. The Bipy System: Increasing Electron-Accepting
Ability. B2bpy and BNbpy are effective chelate ligands, from
which we synthesized several Pt(ll) and Cu(l) complexes shown
in Chart 5. The structures of Pt(B2bpy)Ph, and Pt(B2bpy)Cl>
determined by X-ray diffraction analyses are shown in Fig-
ure 11.

FIGURE 9. Phosphorescent spectral change of Pt(BNPA)Ph, with F~
in CH,Cl,. The inset shows photographs of Pt(BNPA)Ph, and
|Cu(BNPA)(PPhs),|BF,; before and after F~.
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Like the free ligand, the B2bpy complexes3°3" display fully
reversible reduction peaks but at much more positive poten-
tials (—1.17 to —1.38 V vs FeCp,) than the free ligands (Fig-
ure 11), attributed to the enhanced z-conjugation via metal
chelation and o-donation from the nitrogen atoms to the
metal center. Pt(B2bpy)Cl, has the most positive reduction
potential (—1.17 V), consistent with the weaker trans effect of
the chloride, comparable to that of B(CgFs)3. Another impor-
tant feature of the B2bpy complexes is their intense, ancil-
lary ligand-dependent color due to a low-energy MLCT band
in the absorption spectra (e.g., Pt(B2bpy)Me,, dark green;
Pt(B2bpy)Phs,, dark red; Pt(B2bpy)Cl,, bright yellow in toluene).
Analogous boron-free bipy complexes are either light yellow
or yellow, demonstrating again the key role of the boron cen-
ter in promoting the MLCT transition.
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FIGURE 11. CV diagrams (left) of B2bpy, BNbpy, their metal complexes, and Pt(bpy)Ph, and crystal structures (right) of Pt(B2bpy)Ph, and

Pt(B2bpy)Cl,.
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FIGURE 12. UV-vis titration diagram of Pt(B2bpy)Ph, (left) and
photographs showing the color change of Pt(B2bpy)Ph, and
[Cu(B2bpy)(PPhs),]BF, (right) with F~ in CH,Cl>.

Both the Cu(l) and Pt(ll) complexes of B2bpy were found to
bind very strongly to fluoride. For example, titration of a
CH,Cl; solution of Pt(B2bpy)Ph, with tetra-n-butylammonium
fluoride (TBAF) gives a sequential color change from red to
orange as 1 equiv of F~ is added and then from orange to yel-
low with addition of a second F~, with binding constants of
>10° and 10°% M~T, respectively, due to the sequential
quenching of the MLCT band (Figure 12). Consistent with the
large binding constant, Pt(B2bpy)Ph, and [Cu(B2bpy)(PPhs),]*
are capable of binding to 1 equiv of fluoride even in the pres-
ence of methanol or water, a significant finding given the high
hydrogen bond enthalpy of the fluoride ion. Hence, com-
plexes of B2bpy were shown to be not only strong electron
acceptors but also highly sensitive visual colorimetric sensors
for fluoride in organic media.

Complexes of BNbpy also showed significantly higher
reduction potentials than the free ligand. However, unlike the
nonemissive B2bpy complexes, BNbpy complexes are lumi-
nescent in solution at ambient temperature, displaying orange
to red phosphorescence under air (Amax = 565 nm, v = 6.80

Pt{BNbpy)Ph;

Pt{BNbpy)Cl;

2F

530 630

700 430 730
Wavelength (nm) Wavelength (hm)

FIGURE 13. Phosphorescent titration diagrams of Pt(BNbpy)Ph,
and Pt(BNbpy)Cl, by TBAF in CH,Cl, under air.

us for Pt(BNbpy)Ph, and 591 nm, = = 7.70 us for Pt(BNb-
py)Cl,). In each case, DFT calculations indicated this transi-
tion to be MLCT in nature, though based on the absorption
spectra they likely involve contributions from intraligand Ph,N
— B charge transfer as well.>'

Interestingly, luminescent titrations of either Pt(BNbpy)Ph,
or Pt(BNbpy)Cl by fluoride under air gave a very dramatic
color change, as the emission in each case was switched from
red-orange to blue-green with a large increase in emission
intensity (Figure 13). This phosphorescent response is remi-
niscent of the fluorescent “turn-on” response of free BNbpy
and attributable to the blocking of the N — B/MLCT transi-
tion with activation of a = — #* transition. This demonstrates
that by incorporating an internal donor—acceptor system into
the chelate ligand, phosphorescent “turn-on” sensors for flu-
oride may be achieved.

3. Nonconjugated Systems

In an effort to understand donor—acceptor charge transfer in
nonconjugated triarylboron systems, we investigated several
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U-shaped and V-shaped molecules, namely the U-BN, Si-BNPB,
and SiBNPA systems in which the donor (N(1-naph)Ph or NPA)
and the BMes, acceptor are separated by either a rigid naph-
thyl or nonrigid silane linker.

3.1. The U-BN System: Through-Space Charge Trans-
fer. Two donor—acceptor molecules, U-BN1 and U-BN2, as well
as the acceptor-only and donor-only analogues U-BB1, U-BB2,
and U-NN (Chart 6) were prepared and examined.?®2° Due to
the steric demands of the linker, the two chromophores adopt a
nonconjugated conformation, and thus each should possess fron-
tier orbitals that resemble those of the parent chromophores. This
rigid linker allows these chromophores to communicate electron-
ically by a weak charge transfer through space. Binding of fluo-
ride to the boron center can then block the charge-transfer
transition, leaving the lowest energy transition of the donor
group as the only source of emission.

In solution, both U-BN1 and U-BN2 display a broad fluo-
rescent peak at 507 nm in CH,Cl, with low quantum efficiency
(@ = 19%, 10% for U-BN1 and U-BN2, respectively) and a
strong dependence on solvent polarity, both characteristic of
charge-transfer emission and further confirmed by DFT calcu-
lations. However, this unique through-space charge transfer is
best demonstrated by comparison with U-BB1, U-BB2, and
U-NN, which all show blue-shifted emission with considerably
higher quantum efficiencies than their donor—acceptor ana-
logues (Chart 6).2°

For many applications of luminescent materials, it is desit-
able to have a high quantum efficiency, but this is not always
necessary for sensor applications as demonstrated by U-BN1
and U-BN2. When titrated with TBAF in CHxCl,, the charge-
transfer band in both compounds is quenched, with the
appearance of a much brighter = — 7~ emission band at 460
nm for U-BN1 and 453 nm for U-BN2. Addition of F~ thus
switches the emission color of the solution from green to blue
(Figure 14). In contrast, when U-BB1 and U-BB2 are titrated
with TBAF, the emission is simply quenched, establishing
unequivocally that the activated emission originates on the
donor group (Scheme 3). However, the U-shaped U-BN1 and
U-BN2 have been found to have much lower binding con-

U-BN2

380 460 540 620
Viavelength (nm)
FIGURE 14. Fluorescent titration diagrams of U-BB2 and U-BN2 by
TBAF in CH,ClL.

SCHEME 3

stants with fluoride (K = 1.4 x 10* and 4.0 x 10* M7,
respectively, in CH,Cl,) than the conjugated molecule BNPB-2
(K= 1.2 x 10° M~ in CH,Cl,), despite their similar reduc-
tion potentials. This can be attributed to the steric conges-
tion in the U-shaped molecules.?”

3.2. The SiBNPB System: Optimizing “Switch-On”
Fluoride Sensing. After studying the U-BN system, we investi-
gated nonconjugated donor—acceptor systems based on flexi-
ble tetrahedral silanes. Compounds Si-BNPB1 and -2 were
prepared in order to determine the effects of donor—acceptor
separation distance on the charge transfer transition.?° The
acceptor-only molecule Si-BB was also synthesized for compari-
son (Chart 7).2”

Si-BNPB1 exhibits through-space charge-transfer emission
similar to U-BN1 and U-BN2. Si-BNPB2, however, showed this
charge transfer only as a weak shoulder band to a much
stronger w — r* transition, the position of which was relatively
invariant with solvent polarity. Si-BNPB1 also shows the = —
ar* transition as a shoulder band to the charge transfer, giv-
ing these compounds increased overall quantum efficiencies
(27—36%) relative to the U-BN system. DFT calculations gave
donor—acceptor distances for Si-BNPB1 and -2 of 10.1 and
13.9 A, respectively, supporting that increasing the
donor—acceptor separation distance weakens the charge-
transfer interaction while strengthening = — =* emission. This
separation distance can thus be used to control the relative
strengths of these competing emission pathways in noncon-
jugated triarylboranes.

Like the U-BN system, Si-BNPB1 and -2 act as “switch-on”
sensors for fluoride, changing emission color from green to
blue in the presence of F~ (Figure 15), with a large increase in
emission intensity. However, these flexibly linked molecules
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CHART 7
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bind to fluoride much more strongly than their rigid naph-
thyl counterparts, with binding constants similar to that of
BNPB-2. As expected, the acceptor-only molecule Si-BB expe-
riences fluorescent quenching only with the addition of fluo-
ride. Hence, the V-shaped donor—acceptor molecules make
excellent “turn-on” sensors for F~ in organic media. The dual
emissive pathways exploited for this purpose are illustrated in
Scheme 4. These studies have thus established that by con-
trolling the donor—acceptor geometries in triarylboranes,
“switch-on” sensors for fluoride can be achieved.

3.3. The Si-BNPA System: Singlet—Triplet Dual
Emission. We recently synthesized the V-shaped molecule Si-
BNPA, which includes a triarylboron center and an NPA che-
late linked together by a tetraphenylsilane. This molecule
takes advantage of the optimal geometry for “switch-on” flu-
oride sensing while allowing us to study the impact of the
N,N-NPA and N,C-NPA chelate modes in a nonconjugated
geometry.33

Si-BNPA is fluorescent in the solid state and solution at
ambient temperature (405 nm, ®¢ = 129%). Addition of F~
causes quenching of this peak with the appearance of a new,
blue-shifted peak at 362 nm (Figure 16). Based on the ener-
gies and solvent dependence of these transitions, they have
been assigned to Mes — B charge transfer and NPA-based =«
— x* emission, respectively (Scheme 5). The “turn-on”

S-BNPB1

Si-BNPB2

634 350 450 550 85

334 424 534
Wavslenath (nmi Wavelength (nm)

FIGURE 15. Fluorescent titration spectra of Si-BNPB1 and Si-BNPB-2
with TBAF inCH,Cls.

sive NPA chromophore, which shares a common excitation
wavelength with the BMes, group.

At 77 K, Si-BNPA emits white light both in the solid state and
in solution under UV irradiation, which visibly persists as green
emission for ~3 s once the irradiation source is switched off (Fig-
ure 17). This green emission shows a band structure similar to
that of frozen NPA solution, with a long decay lifetime (2.2 s).
Together with the fluorescence (359 nm, r = 2.0 ns) from the
BMes, group, this singlet—triplet dual emission gives rise to white
light. The singlet and triplet emission peaks share the same exci-
tation energy, which is responsible for the unusual singlet—triplet
dual emission. To achieve ambient temperature singlet—triplet
dual emission, we then explored Si-BNPA metal complexes.

Reaction of SiBNPA with [PtPh,(SMe,)], at —10 °C gave Pt-
N,N-SiBNPA as the Kinetic product (Scheme 6), which shows
weak green phosphorescence in the solid state, but in solu-
tion, the emission spectrum is characterized by two well-re-
solved bands. The singlet Mes — B 'CT peak observed in the

= Ex, Em=405 nm
Ex, with xs TBAF, Em=360 nm

TATensity (3.u.)

325 375 425 475

FIGURE 16. Fluorescent spectral change of Si-BNPA with TBAF in
CHyCl,.

SCHEME 5
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FIGURE 17. (a) Emission spectrum of Si-BNPA at 77 K in CHxCl>. (b)
The normalized emission spectra of Pt-N,N-SiBNPA, and Pt-N,C-
SiBNPA at ambient temperature in CH,Cl..

SCHEME 6
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free ligand is preserved in the Pt complex, albeit with lower
quantum efficiency (399 nm, @ = 29%). In addition, a struc-
tured phosphorescent band at 494 nm (®p = 0.7%, 7 = 12.2
us), as a result of an NPA-based 37 — #* transition, is also
observed. Thus, metal chelation enhanced the emission from
the triplet state of the free ligand sufficiently to allow obser-
vation of singlet—triplet dual emission at ambient temperature.

Consistent with the BNPA system, the Pt-N,C-SiBNPA com-
plex has a much greater phosphorescent emission efficiency
(495 nm, ®p = 2.5%, v = 12.1 us) than the N,N-complex,
such that the dual emission is now dominated by the phos-
phorescent band (Figure 17). The fluorescent quantum effi-
ciency, however, remains unchanged, further supporting its
boron-centered origin. One surprising finding was the
response of Pt-N,C-SiBNPA to fluoride.?® Unlike the N,N-che-
late complex, which responds weakly to fluorides, addition of
~2 equiv of TBAF to a CHyCl; solution of Pt-N,C-SiBNPA causes
a huge increase in phosphorescent intensity (Figure 18),
accompanied by a switch to lower wavelength of the singlet
peak, giving a synergistic, dual-emissive response to F~. Block-
ing of the boron center likely makes the NPA-centered 'x —
ar* transition the next lowest energy transition in the mole-
cule, thus enhancing its population, which in turn increases the
population of 37 — 7* due to efficient intersystem crossing

1594 = ACCOUNTS OF CHEMICAL RESEARCH

FIGURE 18. Emission spectral change of Pt-N,C-SiBNPA with TBAF
at ambient temperature.

promoted by the Pt(ll) atom. This demonstrates the feasibility
of using spatially separated chromophores that share a com-
mon excitation energy to achieve singlet—triplet dual emis-
sion in a single molecule and the strategy of switching/
enhancing singlet and triplet emission selectively by using
metal chelate and fluoride ions.

4. Conclusion and Outlook

We have demonstrated that donor—acceptor triarylboranes
are promising materials in anion sensing and electrolumines-
cent device applications. We have shown that the electron-
accepting ability of these molecules can be increased by
incorporating electronegative linkers and metal ions into the
donor—acceptor sw-conjugated backbone. Furthermore, with
careful control of molecular geometry, a wide range of fluo-
rescent and phosphorescent materials with one or more emis-
sion bands can be achieved. The combination of the Lewis
acidity/electron-transporting properties of triarylboranes with
the rich photochemical and photophysical properties of tran-
sition metals will certainly lead to many new applications and
avenues for research. Besides our work, several groups have
recently shown that triarylboron-functionalized metal com-
plexes can be used in OLEDs and sensing.*°~** Nonetheless,
this field remains largely unexplored. There is still much to be
learned about dual- and multiply-emissive triarylboron sys-
tems. Therefore, we will continue our efforts in understand-
ing the relationship between molecular geometry, metal
chelation, and luminescence in donor—acceptor triarylboron
systems.
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