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ABSTRACT: Four-coordinate organoboron compounds with a
qt-conjugated chelate backbone have emerged recently as highly
attractive materials for a number of applications including use as =P
emitters and electron-transport materials for organic light-emitting

diodes (OLEDs) or organic field transistors, photoresponsive —R— :
materials, and sensory and imaging materials. Many applications U Ry 4

of this class of boron compounds stem from the electronic proper- ETL/EML for OLEDs
ties of the s7-conjugated chelate backbone. Charge-transfer transi-

tions from an aromatic substituent attached to the boron center of the s77-conjugated chelate backbone and steric congestion have
also been found to play important roles in the luminescent and photochromic properties of the four-coordinate boron compounds.
This article provides an update-to-date account on the application aspects of this important class of compounds in materials science

Photochromism

with the emphasis on OLED applications and photochromic switching.

B INTRODUCTION

Four-coordinate boron compounds that have a 77-conjugated
chelate with the general structure shown in Chart 1 have emerged
recently as very attractive materials for various optoelectronic
applications including emitters, electron-transport materials, and
host/hole-blocking materials for organic light-emitting diodes
(OLEDs), sensory and biological imaging materials, and photo-
responsive materials. Our research interest in four-coordinate
boron compounds was driven initially by the need for stable and
highly efficient blue emitters for OLEDs." In the past decade,
rapid research progress and many important discoveries
have been achieved in s-conjugated four-coordinate boron
chemistry.'~* Although four-coordinate boron compounds with
neutral chelate ligands such as 2,2’-bipyridine and interesting
properties are known, these cationic boronium compounds have
not been investigated for optoelectronic applications.® For most
materials applications, the chelate ligand is often a monoanion to
achieve charge-neutral boron compounds. Thus, the key role of
the B atom is to stabilize the anionic chelate ligand by forming
covalent bonds with the chelate and dissipating the negative
charges on the ligand. As a consequence of chelation to boron,
the s conjugation of the chelate is reinforced. The lowest
unoccupied molecular orbital (LUMO) of such four-coordinate
boron compounds is usually localized on the s-conjugated
chelate ligand that achieves a greater stabilization by boron
coordination, which enables use of some of the four-coordinate
boron compounds as effective electron-transport materials. The
highest occupied molecular orbital (HOMO) of the four-
coordinate boron compounds is localized either at the chelate
ligand or the R group, depending on the nature of the R group.
7T — 7r* electronic transitions of the chelate or charge-transfer
transition from the R group to the chelate are usually responsible
for the luminescent properties of this class of molecules. Recent
research has also revealed that, with the appropriate choice of the
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chelate and R groups, four-coordinate boron compounds are also
capable of undergoing facile reversible photothermal isomeriza-
tion, which opens exciting new opportunities in four-coordinate
boron research.

This Forum Article focuses on the applications of 77-conju-
gated neutral four-coordinate boron compounds, especially
those that contain a B—C bond, in OLEDs, photochromic
materials, and sensors. According to the chelate donor atoms,
the four-coordinate boron compounds can be classified as N,O-,
N,N-, N,C-, C,C-, C,0-, and O,0-chelate. The well-known boron
dipyrromethene (BODIPY), a class of highly fluorescent molecules,
with a N,N-chelate ligand and a BF, unit has been covered in a
recent comprehensive review article® and thus will not be discussed
here. Four-coordinate boron-functionalized polymers will also not
be covered here. Interested readers are referred to the recent
comprehensive review articles by Jakle” and Nagai and Chujo.”

B FOUR-COORDINATE BORON COMPOUNDS FOR
OLEDS

OLEDs are electroluminescent (EL) devices that convert electri-
city to light. A typical OLED structure is shown in Figure 1,
where the luminescent molecule (emitter) is sandwiched between
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Figure 1. Typical OLED structure.

a hole-transport layer (HTL) and an electron-transport layer
(ETL) to facilitate charge injection and transport.® The anode is
usually indium—tin oxide (ITO), while the cathode is usually
aluminum. The key applications of OLEDs are information
displays and solid-state lighting, which usually require the avail-
ability of the three basic color components, namely, blue, green,
and red emitters. Because of the poor stability of blue emitters
and the low electron mobility of most organic compounds (the
electron mobility of organic compounds is usually several orders
of magnitude lower than the hole mobility),” much of the current
research in OLED materials focuses on efficient and stable blue
emitters and electron-transport materials. Effective ETL materi-
als require the molecule to have a low LUMO level or a high
electron affinity.

The first low-driving-voltage OLED reported by Tang and co-
workers in 1987 had a double-layer structure with an organic
diamine as a HTL and a N,O-chelate compound Alq; (q =
8-hydroxyquinolate) as an emitter and an ETL.'® Although Alg,
has an excellent performance in OLED:s, it has a few short-
comings, namely, green emission and a poor long-term stability
in the device."" Structural modifications of the h?rdroxyquinoline
ligand and the ancillary ligands around the AI'" ion have been
shown to be effective in tuning the color of this class of
compounds toward either blue or orange.'* Nonetheless, their
tendency to undergo irreversible degradation in OLEDs has been
a major concern. Because aluminum is a member of the group 13
elements, the search for high-performance fluorescent emitters
evolved naturally to the development of boron-based materials.
The key advantage of boron compounds versus aluminum
compounds is the much greater covalency of B—O, B—N, and
B—C bonds than the corresponding Al—-O, Al-N, and Al-C
bonds, which could lead to a greater stability of the boron
compounds.

1. N,O-Chelate Compounds. Three types of N,O-chelate
boron compounds, namely, 8-hydroxyquinolinate, 2-pyridylphe-
nolate, and oxazolylphenolate, have been studied for OLEDs.

8-Hydroxyquinolinate. In 2000, we reported the luminescent
properties of a group of 8-hydroxyquinolinate boron compounds
with the general formula of BR,q, where R = ethyl, phenyl,
1-naphthyl, and 2-naphthyl."* The luminescences of these com-
pounds were found to originate from 7(Ph—O) — 7*(py)
transitions, similar to that of Alqs,'* but their emission color
(Aem = ~ 490—500 nm) is blue-green, about 15—20 nm blue-
shifted from that of Alqs;. This was attributed to the greater
stabilization of the HOMO level of the chelate ligand by boron.
BEt,q is a low-melting-point solid (45 °C), while BPh,q, B(1-
naph),q, and B(2-naph),q have mp > 200 °C. We therefore
investigated the performances of BPh,q, B(l-naph),q, and
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B(2-naph),q in OLEDs. Double- or triple-layer devices with
either N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4-
diamine (NPB) or N,N’-bis(3-methylphenyl)-N,N’-diphenyl-
benzidine (TPD) as a HTL and the boron compound as an
emitter/ETL were fabricated. The devices were, however, not
efficient, with an apparent exciplex emission at the interface of
NPB or TPD and the boron compound. At about the same time,
Anderson and co-workers reported their study on BPh,q and
BPh,(Me-q) and the methyl substitution effect at various
positions.'* They observed that a methyl at the 4 position
induced the largest blue shift of emission (Ao, = 483 nm in
CH,Cl,), while a methyl at the S position induced the largest red
shift (Aem = 529 nm in CH,Cl,). This agreed well with the fact
that HOMO and LUMO of the boron compounds are localized
on the phenoxy and pyridyl rings, respectively, and the general
trend observed for Alq; and derivatives.'* To further tune the
properties of the boron compounds, we examined a group of
8-hydroxyquinoline chelate compounds functionalized by a
5-aryl group shown in Chart 2."** A phenyl, a naphthyl, and a
benzothienyl group at the S position (1—3) were found to greatly
shift the emission color to red (Ao, = 530, 534, and 565 nm,
respectively, in CH,Cl,), consistent with Anderson’s observa-
tion, with significantly diminished quantum efficiencies for 2 and
3, compared to BPh,q. The benzothienyl compounds 4a and 4b
have an emission color and efficiency similar to those of BPh,q.
The key feature of these boron compounds is the presence of a
low LUMO level (~—3.0 eV), which enabled their successful use
as bifunctional materials in OLEDs. Indeed, a simple double-
layer device using NPB as a HTL and 4a as the emitter and an
ETL achieved a brightness of 1050 cd m™>."'>* Some contribu-
tions from exciplex emission were once again observed.

In 2004, Jakle’s group reported several B(p-i-PrPh)(thienyl)q
compounds with emission at ~510 nm and a quantum yield
of ~0.15 in tetrahydrofuran (THF).'* Jikle’s group also examined
the substitution effect by donor and acceptor groups at the 5
position on the emission 6;l))roperties of B(p-Ph-t-Bu),(5-R-q)
shown in Chart 2 (5—8)."" They observed that electron-with-
drawing groups such as Bpin and pentafluorophenyl blue-shift
the emission color by ~7—20 nm and significantly enhance the
emission efficiency, compared to the nonsubstituted one. Substitu-
tion by a NO, group further shifts the emission energy to the blue
region (A, = 456 nm in THF) but with a great loss of quantum
yield (@ = 0.001). Compounds that have an electron-donating
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group such as p-PhOMe or p-PhNMe, (7 and 8) have been found
to red-shift the emission energy with a much decreased quantum
yield, consistent with our earlier observation. In 2006, Slugovc and
co-workers reported compounds 9—11, which have substituents at
both the 5 and 7 positions.'” Despite the substantial red-shifted
emission energy, relative to the parent molecule, these molecules
were found to have good emission efficiencies (0.22—0.30). By
insertion of a poly(3,4-ethylenedioxythiophene) /poly(styrenes-
ulfonate) layer between ITO and TPD, EL devices using 9—11,
which have a much lower turn-on voltage and a higher brightness
than those we reported, were achieved. Furthermore, no exciplex
emission was evident for this group of compounds. This may be
attributed to the rise of the HOMO level (—5.5 to —5.6 eV),
compared to that of the S-substituted compounds we investigated.
Steric blocking by the aryl group at the 7 position may also play a
role in preventing exciplex formation with the HTL.

To examine the impact of extended 7T conjugation and the
mutual influence of multiple boron centers, we synthesized
compounds 12—15 as shown in Chart 3."*" Because of their
highly anisotropic structures, these molecules stack in the solid
state. Their emission colors are similar to that of 1 (528—
537 nm) with moderate quantum yields. Compound 13 was
found to display a concentration-dependent emission. At con-
centrations below 5.0 X 10~ ® M, 13 has A, at ~465 nm, but at
higher concentrations, the emission ShlftS to alonger wavelength.
The emission energy of 13 at 5.0 X 10~ ® M is at 593 nm, similar
to that of the solid-state emission. This was attributed to excimer
emission due to strong intermolecular interactions at high
concentrations and in the solid state, as confirmed by crystal
structural analysis. Compared to the monoboron compound 1,
the polyboron compounds showed a much greater thermal
stability, with thermal decomposmon temperatures being
~50—100 °C above that of 1.""

2-Pyridylphenolate. The motivation for the study of this class
of boron compounds was to achieve efficient and stable blue
emitters because pyridylphenoxylate is much less conjugated
than 8-hydroxyquinolinate. Wang and his co-workers reported
compoundslsa 16a—16¢ in 2000 and 16d—16g in 2006
(Chart 4)."®® These molecules are blue luminescent with Aoy, =
445—479 nm. Double-layer EL devices of 16a with TPD as a
HTL were fabricated, which were dominated by exciplex emis-
sion at 550 nm. Replacing TPD with poly(N-vinylcarbazole)
eliminated the exciplex emission and a blue EL was achieved,
albeit not bright. EL devices with either a double-layer structure
(NPB as a HTL) or a triple-layer structure with NPB and Alqs as
HTL and ETL, respectively, for 16d—16g were also found to be
dominated by exciplex emission. Insertion of a hole-blocking
layer 4,4'-N,N'-dicarbazolebiphenyl between NPB and the boron
compound eliminated exciplex emission, but the devices were
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not very efficient. Later, a donor-functionalized molecule 17 was
also developed by the same group.'® This compound has a
HOMO energy similar to that of NPB and a LUMO energy
similar to that of Alqs. A single-layer EL device using 17 only was
therefore fabricated and has a max1mum brightness of 1065 cd
m~? and an efficiency of 12 cd A™", which was very impressive,
considering the simplicity of the device. The same group also
reported the bidentate chelate compound 18 and the dimers
19a—19d in Chart 4.'%¢ Compound 18 emits at 481 nm in THF
and at 448 nm in the solid state. The emission color of the dimer
19a is 584 nm in THF and in the solid state, more than 100 nm
red-shifted from that of 18, because of a greater 7 conjugation,
but with similar emission efficiency (® = 0.34 for 18 and 0.29 for
19a). The ethyl analogues 19c and 19d are much less efficient
(® = 0.08). Bright (maximum brightness >8000 cd m™~*) and
efficient (maximum efficiency >2.0 cd A”") OLEDs using NPB
as a HTL and the diboron compound as the emitter and an ETL
were achieved and were much more superior than those using the
monoboron compound 18 with the same device structure,
demonstrating the importance of conjugated diboron systems.'5
Nonetheless, compound 18 was used effectively as a hole-
blocking material in phosphorescent OLEDs."” We reported
compound 20, which has an emission at 497 nm in CH,CI,
and 520 nm in the solid state.”® Chujo and co-workers reported a
10-hydroxybenzo[h]quinolinate BPh, compound recently and
its incorporation in polymers.*' This molecule has an emission at
513 nm and a 0.10 quantum yield.

Oxazolylphenolate. This class of boron compounds was
reported recently by Kang and co-workers (21 in Chart 4).”*
Because of the much reduced 7 conjugation, many members of
this group of compounds are blue emitters (e.g,, compounds
21a—21¢; Ay = 422—464 nm). However, their quantum
efficiencies are low (0.04—0.15 for 21a—21c). The emission
peak of compound 21e was found to be strongly dependent on
the solvent polarity, consistent with an intramolecular charge-
transfer transition from the amino group to the oxazolylpheno-
late ring. Because of the relatively high emission efficiency of 21f
(Aem = 520 nm and ® = 0.34 in CHCl; and 0.19 in the
solid state), it was evaluated for its performance in an EL device,
but the device was not efficient. Nonetheless, because of
the relatively low LUMO level (ca. 2.8 eV) and the large
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HOMO—-LUMO gaps, this group of compounds has the poten-
tial to function as electron-transport materials.

2.N,N-Chelate Compounds. We initiated the investigation of
blue-luminescent boron compounds based on a 7-azaindolyl
chromophore more than a decade ago.' One advantage of N,
N-chelate compounds is that they are less prone to degradation
in devices via irreversible oxidation than the hydroxyquinoline
compounds are. An ideal blue emitter should have A, at
430—450 nm, although the actual color depends on the emission
bandwidth. During our study of 7-azaindole chemistry, we noted
that 7-azaindole, once deprotonated, emits a bright-blue color.
The anion can be stabilized by binding to Al"* or Zn", although
the resulting compounds have a poor stability under ambient
air."** The most impressive molecules were found to be the
diboron compounds 22 and 23 (Chart §), where the 7-azaindolyl
anion is stabilized by two boron centers. Compound 224, the first
purple-blue-luminescent boron molecule that we reported in
1998, is a bright emitter with 4.y, = 419 nm (422 nm in the solid
state) and @ = 0.47 in toluene.”** It has a remarkable stability
in the solid state toward air and a high thermal stability
(mp ~290 °C) and can be easily sublimed. The phenyl analogue
23a and its isomer 23b were synthesized soon after.**" They were
separated, and their structures were determined by X-ray diffrac-
tion. The two isomers share similar photophysical properties
(bright blue emitters with A.,, = 450 nm) but very different
thermal properties. The zwitterionic isomer 23b has a much
lower thermal stability, decomposing at >150 °C, while 23a has a
mp of 274 °C and can be sublimed readily. A bright-blue EL
device using NPB (doped by 1% 9,10-diphenylanthracene) as a
HTL, 23a as the emitter, and Alqz as an ETL was achieved.**
This device has a turn-on voltage of approximately 7 V and a
luminance of 1024 cd mV > at 14 V.

This success led us to investigate the 7-azaindolyl-based N,
N-chelate compound 24 and the indolyl and benzoimidazolyl
analogues 25 and 26.>° We showed that the location of the N
heteroatom in the chelate ligand can have a significant impact on
the emission color. For example, 26 emits at 445 nm in solution
(® = 0.46) and at 451 nm in the solid state, while 24 emits at a
much lower energy, ~475 nm (® = 0.61), in solution and the
solid state.”>” The more electron-rich indolyl analogue 25 emits
at even lower energy, 516 nm. Computational studies established
that the HOMO level for these molecules is localized on the
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Figure 2. Diagram showing the solid-state emission spectra of the N,N-
chelate compounds in Chart S.

7-azaindolyl, benzoimidazolyl, or indolyl ring, while the LUMO
level is mostly on the pyridyl ring. The widening of the HOMO
—LUMO gap, 25 < 24 < 26, was attributed to the increased
stabilization of the HOMO level. The replacement of the pyridyl
ring in 25 by a smaller thiazole ring (27) was found to blue-shift
the emission energy by ~30 nm. Extending the 77 conjugation of
the pyridyl ring to a quinolyl ring caused a sharp drop of the
LUMO level and an increase of the HOMO level, resulting in
orange and red emission colors for compounds 28 and 29,
respectively. Because of the low LUMO levels (—2.7 to —3.2
eV), this class of compounds can also function as a ETL. EL
devices using 24, 25, and 29 as the emitters or emitters/ETL
were fabricated successfully,”® but further optimization of the
devices is necessary to establish their true potential for OLEDs.

We examined the effect of the substituents on the emission
color and the quantum yield of compound 25.**° Not surpris-
ingly, electronegative groups such as fluoro and chloro were
found to shift the emission maximum to blue by ~20 nm (30a
and 30b), although substitution by chloro reduced the emission
efficiency by about one third. Substitution by multiple fluoro
groups on the indolyl ring further shifted the emission to blue
(31a—31d) and doubled the emission efficiency to 0.65 and 0.60
for 31c and 31d, respectively. Electron-donating groups such as
OMe shifted the emission energy to red by ~15 nm with a
reduction of the emission efficiency by ~90%. Thus, color tuning
from blue to red was achieved for this class of compounds, as
shown by the emission spectra shown in Figure 2.

Chi et al. investigated the pyrrolyl—py chelate boron com-
pounds 32—34 shown in Chart 6.>°* The lowest-energy electro-
nic transition in these compounds was found to be 7(pyrrolyl) —
7r*(pyridyl), similar to the indolyl—pyridyl chelate compounds
that we investigated. The much reduced conjugation of 32,
compared to that of 25, caused a blue-shift of the emission
energy by ~25 nm (4., = 490 nm and @ = 0.52). Extending
conjugation of the pyridyl in 32 to the quinolyl in 33 led to a red-
shift of the emission energy to 510 nm. The addition of an
electronegative N atom to the quinolyl ring further shifted the
emission energy to red (572 nm) because of stabilization of the
LUMO. A bright-red-orange EL device using NPB as a HTL, 34
as the emitter, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline as
the hole-blocking layer, and Alq; as an ETL was fabricated
successfully. It has the maximum brightness of 5000 cd m > at
15 V. The same team also investigated the pyrazolyl—py chelate
compounds 35 and 36.> In the solid state, these compounds
display a single fluorescent peak with A, in the region of
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360—510 nm (36d), attributed to a 7t — 7* transition localized
on the chelate ring, and the general emission energy trend agrees
well with that of the N,N-chelate compounds discussed above.
However, compounds 36a—36¢ were found to display intriguing
temperature-dependent dual emission in solution with a high-
energy emission band that is similar to the solid-state emission
band and a low-energy emission band at 505, 488, and 512 nm,
respectively. The low-energy emission band was attributed to a
photoinduced electron transfer from the phenyl to the 7* orbital
of the N,N-chelate. The appearance of this charge-transfer
emission band may be caused by the large m—7* gap of the
chelate ligands that is close to or greater than the emission energy
of the charge-transfer transition.

Chen and co-workers reported compounds 37—39 and their
EL devices.”” However, the origin of emission by this group of
compounds appears to be complex and poorly understood. For
example, compound 37 was reported to emit at 395 nm at 1 X
10"* M and at 495 nm at 1 x 10~ * M in N,N-dimethylforma-
mide (DMF) and 610 nm in the solid state. This emission energy
dependence on the concentration was attributed to excimer
formation at the higher concentration. However, the exception-
ally high energy emission of this group of compounds (e <
400 nm in DMF) at low concentrations is puzzling and does not
agree with the general trend observed for compounds 24—34.
For example, the pyridyl analogue 26 with a much smaller chelate
than that of 37 emits at 445 nm in CH,Cl, and at 451 nm in the
solid state. The strange behavior of compounds 37—39 could be
related to their instability in DMF, especially wet DMF.

Gardinier and co-workers reported 2-(pyrazolyl)aniline-based
chelate compounds 40 (Chart 7).”** This group of compounds
emit bright-blue or green color, depending on the nature of the R
group on the aniline with high efficiencies. The HOMO is
localized on the aniline ring, while the LUMO is delocalized
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on the entire chelate group. It was found that electron-with-
drawing groups shift the emission maximum to blue and increase
the stability of the compound toward hydrolysis when exposed to
air, while electron-donating groups shift the emission to green
and destabilize the compound toward hydrolysis. The solution
(CH;CN) and solid-state luminescence agree well for this class
of compounds. Nonetheless, they were not investigated for
OLEDs, perhaps because of their poor stability toward hydro-
lysis. Compounds 41 were also reported by Gardinier and co-
workers and showed a much improved stability and an interest-
ing dynamlc exchange by the bound and nonbound pyrazolyl
groups.”®® Chujo and co-workers investigated the green-lumi-
nescent 8-aminoquinoline boron compounds 42 (the monomer
with R = Me and Ar = Ph was found to have A.,,= 504 nm and
® =0.24 in CH,Cl,) and their incorporation into polymers, but
no EL evaluation was performed.”

3. N,C-Chelate Compounds. The other types of chelate
boron compounds investigated for potential applications in
OLEDs are N,C-chelate compounds. Yamaguchi and co-workers
reported the three isomers of diboron compounds 43a—43c
based on the building block monomer 43 (Chart 8) in 2006.%
These were believed to be the first examples of four-coordinate
boron chelate compounds with two bulky mesityl groups. The
luminescent quantum yields of this group of compounds are low
(<0.10). However, they have a low LUMO energy level and a
good electron mobility, with ¢ = 1.5 x 10~ * ecm® V"' s~ ! being
observed for 43b. The high electron mobility of thlS group of
compounds was attributed to the extended 77 conjugation and the
boron chelation. Recently, Wakamiya et al. reported compounds
44 and 45 which were also found to display a high electron
affinity.%°

The other class of luminescent N,C-chelate boron compounds
is based on either azobenzene or imine derivatives such as 46 and
47 shown in Chart 9, investigated extensively by Kawashima and
co-workers.>"* The fluorescences of these molecules were
found to originate from a 5t — sr* transition localized on the
conjugated chelate backbone. For 46a, the replacement of the
CgFs groups by two p-fluorophenyl groups rendered the mole-
cule as nonemissive, which was attributed to the change of the
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HOMO level from the chelate backbone to the phenyl ring, with
the lowest-energy transition being a charge transfer from the
phenyl group to the chelate 7* orbital®'® The azobenzene
compounds 46 emit from 500 to 634 nm in hexanes, depending
on the nature of the R and R groups. The brightest emitters were
found to be molecules with R’ = H and R = NMe, (46-NMe,,
Aem = 566 nm, and ® = 0.52); R’ = H and R = OMe (46-OMe,
Aem = 524 nm, and ®@ = 0.70), and R’ = H and R = OSiMe, (t-Bu)
(46-0O8i, Ao = 524 nm, and ® = 0.90).>'® However, it was
reported that some members of the azobenzene compounds such
as 46-NMe, are not emissive at all in the solid state. The brightest
imine compounds are 47-PhNMe, (R = p-PhNMe,, A.,,, = 500
and 527 nm, and @ = 0.73) and 47-An (R = 2-anthryl, 1., = 497
and 531 nm, and ® = 0.39).>* Garcia-Herndndez and Gabbai
reported the sterically congested molecules 48, which are
fluorescent (e = 504—512 nm and @ = ~0.09), despite the
fact that the lowest-energy transition of 48 was found to be from
the mesityl group to the chelate ring.*® This group of compounds
has not been investigated for applications in OLEDs; some of
their members, however, have found applications in sensing and
ima.ging.m3

4. Other Chelate Compounds. Yamaguchi and co-workers
reported highly emissive C,C-chelate boron compounds 49 and
50 shown in Chart 9. In these molecules, the positively charged
phosphonium chelate units balance the negatively charged borate
units (49 and 50).>* These molecules emit in the orange-red
region with a high quantum yield (~0.40) in solution. They also
possess a low LUMO level, thus very promising for applications
in organic devices.

0,0-Chelate boron compounds based on aromatic 1,3-dike-
tonato ligands with the general structure of 51 shown in Chart 9
are structural analogues of BODIPY and have attracted much
recent research interest.”> >’ The BF, and B(C4Fs), com-
pounds of 51 are, in general, bright fluorescent emitters with
highly tunable emission colors, although no OLED data based on
this group of compounds are available. The emission of these
compounds was found to originate from 7 — 7* transitions
localized on the diketone backbone. Similar to Kawashima’s
observation for compounds 46 and 46a, Chujo et al. reported
that the BPh, compound of 51 (Ar = Ar’ = Ph or p-PhOMe) is
essentially nonemissive (@ = 0.01—0.06 in CH,Cl,) because the

Excited States

B
hv
A hv'iA

Figure 3. Diagram showing the pathways of photochromic switching
between the two isomers A and B.

HOMO level is localized on the phenyl group.3'5'°’d One fre-
quently observed but not well-understood feature for this class of
compounds is their tendency to change emission color from the
solution to the solid state.> *” Some members of this class of
compounds have been found to have an efficient twoéphoton
absorption,>* display mechanochromic luminescence,** or in-
fluence the photochromic switching of a dithienylethene dye.>*
The introduction of a polymer chain to one of the aryl groups on
the diketone of the BF, compounds was found to induce unusual
and highly oxygen-sensitive solid-state phosphorescence, en-
abling their use as oxygen sensors/tumor hypoxia imaging
reagents.>*

B PHOTOCHROMIC FOUR-COORDINATE BORON
COMPOUNDS

Photochromic compounds are defined as molecules that are
capable of undergoing a reversible transformation between two
structural forms with a distinct color change when excited at least
in one pathway by light,® as shown by Figure 3. Because of the
rapid and often instant change of the physical and electronic
properties such as color, luminescence, conductivity, refractive
index, etc., photochromic materials have potential applications in
optical memory devices, molecular switches, smart windows,
ophthalmic glasses, etc. Many examples of organic photochromic
compounds have been extensively investigated including azo-
benzenes, diarylethenes (DTEs), spiropyrans, spirooxazines,
naphthopyrans, etc.’® With the exception of azobenzenes, the
structural transformation for the majority of organic photochro-
mic compounds involves a ring-closure and -opening process.
Boron-containing photochromic molecules that involve struc-
tural transformation around the boron center upon photoexcita-
tion are rare. Only two classes of molecules, namely, azobenzene
N,C-chelate boron compounds reported by Kawashima and N,
C-chelate photochromic boron compounds reported by us, are
known to display reversible photoisomerization phenomena.

1. Azobenzene N,C-Chelate Compounds. Kawashima and
co-workers reported that the azobenzene compounds 52 under-
go isomerization upon irradiation at 360 nm (Scheme 1).402b
This isomerization process was believed to occur by dissociation
of the B—N bond, followed by subsequent trans (E) to cis (Z)
isomerization of the azobenzene moiety. The Z isomer can be
reverted back to the E isomer by irradiation at 431 nm. Interest-
ingly, similar photoisomerization was not observed in the related
molecules 46 and 47 (Chart 9). This difference could be
attributed to the exceptionally long B—N “bonds” in (E)-52 to
(E)-52-CF; compounds (1.823—1.895 A), compared to those in
46 [1.625(2)—1.638(3) A]. The 7 conjugation of the boron
center with the oxygen lone pairs in (E)-52 to (E)-52-CFs; is
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clearly responsible for the long B—N bonds. The direct impact of
the B—N bond strength on photoisomerization was further
supported by the behavior of compound (E)-52-OMe [R =
OMe in (E)-52] and (E)-52b, both of which possess relatively
short B—N bonds (1.773 and 1.721 A, respectively). The former
was attributed to the electron-donating nature of the OMe group
that strengthens the B—N bond and the latter to the electron-
withdrawing chloro groups that weaken the B—O bonds, thus
strengthening the B—N bond. These two molecules were found
not to undergo photoisomerization upon irradiation at
360 nm.*®® When the chloro groups in (E)-52b were replaced
by methyl groups (52a), isomerization was once again observed,
presumably because of destabilization of the B—N bond. Thus,
the photoisomerism displayed by this class of molecules has the
same molecular origin as the parent azobenzene molecules. The
role of the boron unit is simply to inhibit or partially inhibit
isomerization by binding to the azo N atom. The photoisome-
rization process has been found to be useful for tuning/switching
of the Lewis acidity of the boron center in compounds
52—52b.*"

2. Phenylpyridyl (ppy) Chelate Compounds. The Discov-
ery. In 2008, intrigued by the report of Yamaguchi and co-
workers on the congested N,C-chelate four-coordinate boron
compounds 43 and 43a—43¢,>* we decided to investigate the
related compound 53 shown in Scheme 2.*' Despite steric
congestion, this molecule was found to retain its structural
integrity in solution and in the solid state. Compound 53 does

53A 53B

Figure 4. Left: Photographs showing the color change of compound 53
in toluene upon expoure to UV light (365 nm). Right: Photograph
showing a polystyrene disk doped by compound 62-S. The dark area was
exposured to UV light (365 nm), while the colorless area was protected
from irradiation by a mask.

not react with anions such as fluoride, a common reaction for
triarylboranes. However, upon irradiation by light (365 nm), this
compound was found to change color rapidly from colorless to
dark blue and lose its fluorescence (Aem =458 nmand ® = 0.15in
toluene) completely, as shown in Scheme 2 and Figure 4. We
observed that this process was fully thermally reversible with an
activation barrier of 110 kJ mol ' and t1,="7.7hat 323 K. The
structure of the dark isomer $3B was established by NMR and
computational studies. NMR studies showed that the transfor-
mation of 53A to 53B was quantitative, with a C—C bond being
formed and dearomatization of a mesityl group. Although the
mechanism of this transformation has not been fully understood,
it may be considered as a Zimmerman rearrangement, ** followed
by a sigmatropic shift. The electron density of $3B was found to
concentrate on the BC, ring, and the HOMO level was desta-
bilized by ~1 eV, compared to 53A, making it highly reactive
toward oxygen and generating the C—C-coupled product C
instantly upon exposure to oxygen. Photoisomerization from
53A to 53B was found to be very efficient with a quantum yield
of ~0.85 (Aey = 365 nm).

This photoisomerization was also found to occur readily in
polymer matrixes such as poly(methyl methacrylate), polystyr-
ene, ethylene vinyl alcohol (EVOH), or poly(dimethylsiloxane)
(PDMS) doped by compound 53 and related molecules (e.g,,
62). An example of such solid-state switching is illustrated in
Figure 4. Polymers such as polystyrene and EVOH shield the
molecule from exposure to oxygen such that photochromic
switching becomes possible under ambient conditions. In con-
trast, with PDMS films, which have an excellent permeability
toward oxygen, the dark color of B can be quenched rapidly by
oxygen, thus enabling the use of these molecules as potential
solid-state oxygen indicators that can be turned on by light.**

In contrast to the N,N- or N,O-chelate compounds, where the
lowest-energy electron transition is localized on the chelate
ligand, the HOMO and LUMO levels of 53 are located pre-
dominately on one mesityl group and the chelate backbone,
respectively. Thus, the lowest excited state of 53 can be described
as a charge transfer from a mesityl group to the chelate ring. The
emission spectrum of 53, in fact, experiences a red shift with
increasing solvent polarity. Similarly for the dark isomer $3B, the
LUMO level is localized at the ppy unit; thus, the lowest-energy
transition can also be ascribed to a charge transfer from the BC,
unit to the ppy ring. Although C—C coupling between two aryl
groups in BAr, anions under UV (250 nm) irradiation was
known previously," it was neither reversible nor selective
when two different aryl groups were present in the molecule.

12269 dx.doi.org/10.1021/ic200658v |Inorg. Chem. 2011, 50, 12263-12274



Inorganic Chemistry

FORUM ARTICLE

A (Normalized)

400 500 600 700 800 900 1000
Wavelength (nm)

Figure S. Diagram showing the absorption spectra of selected dark
isomers in toluene.

For compound 353, the C—C coupling occurs exclusively be-
tween a mesityl group and the phenyl group of the ppy ligand.
The ppy chelate ligand and the low-energy mesityl-to-ppy
charge-transfer transition in 53 were believed to play a key role
in promoting its highly selective C—C coupling and the rever-
sible structural transformation. To gain further insight on this
unusual photoisomerization phenomenon, we investigated a
series of substituted ppy chelate boron compounds with selected
examples shown in Scheme 2. In addition, we also examined
compounds 60 and 61 to establish the role of the mesityl groups.

Substitution and Steric Effects.*. Consistent with the lowest
electronic transition being charge transfer from 7 pegity1 to 7T*5py,
electron-donating groups such as SiMe; were found to blue-shift
the emission energy (A, = 418 nm for 54), while electron-
withdrawing groups such as —C(O)H and BMes, shift the
emission maximum to longer wavelengths (e, = 527 nm for
57 and 58). Extending 77 conjugation also red-shifts the emission
energy (e.g., Aem = 490 nm for 56). In the absorption spectra of
compounds $3—S58, a low-energy shoulder absorption band that
shifts toward longer wavelengths with either substitution by
electron-withdrawing groups or increased conjugation was evi-
dent. Compounds 54— 58 all undergo photoisomerization in the
same manner as 53 does. For $§5—58, isomerization also occurs
under ambient light irradiation because of their relatively strong
absorption in the 400—470 nm region. Extending 77 conjugation
of the ppy ligand was found to greatly enhance the fluorescence
emission efficiency (e.g, @ = 0.37 for 56), which was believed to
be responsible for the reduced photoisomerization efficiency
(e.g, 033 for 56 at 365 nm). A, of the broad low-energy
absorption band of the dark isomers B follows a trend similar to
that of the emission spectra of the isomers A (e.g, Amax =
~600 nm for 53B and 54B and 640 and 720 nm for 56B and
58B, respectively), as shown in Figure S. Except 57, the
isomerization process was found to be thermally reversible for
all compounds and the thermal reversal of the substituted dark
isomers to be much faster than the parent molecule 53B. This
was attributed to destabilization of the dark isomer imposed by
the substituent due to increased steric congestion.

In contrast to compounds 53—S58, the fluoro-containing
compounds 59 and 61 were observed to be unstable toward
photolysis and no isomerization was observed. Compound 60
was, however, found to be stable toward photolysis, and no
photoisomerization was observed at all, even when irradiated at
its absorption maximum, 310 nm. Density functional theory
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(DFT) computational results showed that the HOMO and
LUMO levels of 60 resemble those of 53; thus, its inertness
toward photoisomerization was unlikely caused by electronic
effects. We suggested that the key driving force for the photo-
isomerization process was the steric congestion imposed by the
two mesityl groups for compounds 53—58. The average of B—N
and B—C,,,, bond lengths for these molecules are 1.65(1) and
1.63(1) A, respectively, while the corresponding ones for 60 are
1.62(1) and 1.63(1) A, respectively. The average B—Cyy,, bond
length is 1.65(1) A for 53—58, much longer than that of B—Cpy,
of 60 [1.61(1) A]. Furthermore, the arrangement of the two
mesityl groups in 53—58 is much less symmetric than the two
phenyl groups in 60, with one mesityl group being much closer
to the ppy C atom (2.58 A in average) than the phenyl in 60
(2.64 A), as shown in Chart 10. This, along with the relatively
weak B—Cyres bonds of 53—58, was believed to be the most
likely key driving force for their facile photoisomerization.
Another important observation was that the triarylboron unit
in compound 58 remained intact through the photoisomeriza-
tion process and the C—C-coupled product $8C was isolated
quantitatively when $8 was photolyzed under air.*' From the
coordination chemistry point of view, coordinatively saturated
four-coordinate boron compounds are, in general, expected to
have a greater thermodynamic stability than their three-coordinate
analogues. The unusual and facile photoisomerization phenomen-
on by compounds 53—58 demonstrated that steric congestion in
coordinatively saturated boron compounds can be a key driving
force in the structural transformation at the excited state.

3. Other Heterocyclic Chelate Compounds. To establish if
the photoisomerization observed for ppy-based boron com-
pounds is a general phenomenon for 7z-conjugated N,C-chelate
BMes, compounds, we synthesized compounds 62 and 63
(Chart 11), where a heterocyclic group such as benzofuryl* or
N-phenylindolyl*® replaces the phenyl group of ppy in 53. The
average B—N, B—Cpeterocycles and B—Cyye in compounds 63 are
1.67(1), 1.62(1), and 1.64(1) A, respectively,***>*® comparable
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Figure 6. Crystal structures of isomers A and B of 63-NPh.

to those of 53—58 and 62. The two mesityl groups in 62 also
have an asymmetric arrangement, with one being much closer to
the C atom of the heterocycle (2.57 A in average) than the other
(2.90 A in average),* similar to those of 53—58. For 63, these
distances were observed to be 2.60 and 2.86 A, respectively.
Compounds 62-0, 62-S, 63-O, and 63-S are all blue emitters
with Aep, = ~450 nm and @ = 0.30—0.80, while 63-NPh is a blue-
green emitter with 4., = ~490 nm and ® = 0.32. The HOMO
level of 62 is very similar to that of 53, dominated by a 77 orbital of
a mesityl group (the one that is close to the heterocycle) with a
small contribution from the thienyl or furyl ring, while the
LUMO is a 7t* orbital dominated by the chelate backbone. Thus,
the lowest-energy transitions in these molecules are similar to
that of 53—58, namely, a charge transfer from a mesityl group to
the chelate backbone. In contrast, for 63, the HOMO level has a
very large contribution from the 77 orbital of the chelate backbone
and a modest contribution from the mesityl group, while the
LUMO level is a 77* orbital of the chelate backbone.**® There-
fore, the lowest-energy transition of 63 has much less charge-
transfer character than that of 62 and 53. Upon irradiation by
light (365 nm), compounds 62 and 63 all isomerized to a dark
isomer (dark blue for 62 and 63-0, dark green for 63-S, and dark
blue-green for 63-NPh) in the same manner as that of $3. The
photoisomerization quantum efficiencies for compounds 63
were determined to be much lower (~0.10) than that of 53.
In contrast, compounds 62-O and 62-S were found to have
much higher photoisomerization efficiencies (0.35 and 0.75,
respectively).*’ The greater 77 conjugation and steric impediment
imposed by the benzo group in 63 were believed to be respon-
sible for the low photoisomerization quantum efficiency. One
noteworthy feature that is common for compounds 62 and 63 is
the high thermal stability of their dark isomers. The dark isomer
of 63-NPh has a thermal reversal half-life of 9.5 h at 50 °C, while
no thermal reversal was observed for 62-0, 62-S, 63-O, and 63-S
at this temperature for more than 10 h. The high thermal stability
of the dark isomer of 63-NPh allowed us to crystallize it and
determine its structure by X-ray diffraction analysis,*® thus
unambiguously establishing the structure of the unusual dark
isomer (Figure 6). Our study on the heterocyclic chelate
compounds established that the photoisomerization phenomen-
on for N,C-chelate BMes, compounds is quite general. To
further establish the generality of this phenomenon, we recently
synthesized compounds*® 64-O and 64-S, where a benzothiazo-
Iyl or a benzoxazolyl replaces the pyridyl in 5$3. These com-
pounds undergo photoisomerization and produce dark isomers
similar to 53B, based on NMR. However, thermally the dark
isomers of this class of compounds appeared to be unstable and
undergo further structural transformation. Efforts are being taken
in our laboratory to understand the unique and unusual structural

Scheme 3

transformation displayed by this class of compounds. The details
will be reported in due course.

4. Competitive Isomerization Pathways and Polyboryl
Systems. A vinyl group or an olefinic bond is commonly used
in building extended 77-conjugated materials.*” To examine the
impact of an olefinic bond on photochromic switching of the N,
C-chelate boron compounds, we synthesized compounds
65—67, as shown in Scheme 3.** These molecules were all
isolated as trans or all-trans isomers. DFT computation indicated
that the HOMO and LUMO levels of these molecules resemble
those of 53 except that the LUMO spreads over the entire 7
backbone. These molecules are bright-blue or blue-green emit-
ters with @ = 0.30—0.59 in solution and ~0.23 in the solid state.
Upon irradiation at 365 nm, no color change was observed for
any of the compounds. In the UV spectrum of 65, a distinct blue
shift of the main absorption band at 370 nm was observed. NMR
studies established that instead of photoisomerization of the
boron core, the olefinic bond undergoes a trans—cis isomeriza-
tion, with the cis isomer being the major isomer at the photo-
stationary state for 65, while for the polyboryl compounds 66 and
67, only one olefinic bond was observed to undergo trans—cis
isomerization. The olefinic bond isomerization caused a signifi-
cant loss of the fluorescence intensity in these compounds.
Nonetheless, a single olefinic bond isomerization was sufficient
to shut off photoisomerization around the boron center, thus
stabilizing the boron chromophore toward UV irradiation. The
preferential isomerization of the olefinic bond was attributed to
the relatively faster kinetics of trans—cis isomerization in the
excited state, which effectively quenched the alternative isomer-
ization pathway around the boron core.

To elucidate the impact of multiboryl units on photoisome-
rization of a conjugated molecule, we synthesized the polyboryl
compounds 68—70 shown in Scheme 4, where a phenyl bond
and an alkyne bond are used as the linkers.*** These compounds
are bright-blue-green emitters with A, = ~500 nm. In contrast
to the olefinic compounds, they all underwent photoisomeriza-
tion upon irradiation at 365 nm in the same manner as the
monoboryl compounds 53 and 56 did bclearly ecause of the lack
of an alternative photoisomerization pathway. Interestingly,
however, only one boron unit in these polyboryl compounds
was found to undergo isomerization. This was in contrast to the
extensively studied DTE photochromic systems, where simulta-
neous photoisomerization of multiple chromophores in a single
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molecule was frequently observed.*” We attributed the single-
boryl isomerization phenomenon to the much slower kinetics of
the B(ppy)Mes, photoisomerization, which could not compete
with the much faster energy-transfer process that dissipates the
excited-state energy to the low-energy absorption of the isomer-
ized boron unit. The presence of multiboryl units did, however,
appear to enhance the efficiency of photoisomerization of the
single boryl unit through the “antenna” effect. Furthermore, the
multiboryl units also accelerated the thermal reversal rate of
these compounds, compared to the monoboryl compound 56,
although this phenomenon was not yet well understood. Another
interesting phenomenon of the polyboryl compounds was the
complete quenching of fluorescence caused by photoisomeriza-
tion of a single boryl unit. Intramolecular energy transfer was
again believed to be responsible for this phenonmenon.

To determine if 7 conjugation was a key factor in the behavior
of compounds 68—70, we synthesized and investigated two
nonconjugated molecules 71 and 72, as shown in Scheme 5.4
These two compounds responded to light in the same manner as
the conjugated polyboryl compounds 68—70 did, changing color
from light yellow to dark green, with only a single boron unit
undergoing isomerization. Thus, we suggested that extended 7z
conjugation is not required for the single-boryl isomerization
phenomenon. For both 71 and 72, the photoisomerization
quantum efficiencies (0.60 for 71 and 0.58 for 72) were found
to be much higher than those of the corresponding monomers 54
(0.51) and 56 (0.33), further supporting the antenna effect

Scheme 6
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observed in molecules 68—70, with one boryl unit facilitating
isomerization of the other boryl unit through fast intramolecular
energy transfer. The thermal reversal rate constant of the dark
isomer of 72 was found to be similar to that of §6, while that of 71
was much faster than that of the monomer, which was attributed
to a greater steric congestion in 71B.

We have recently completed our investigation on several new
diboryl compounds where the two N,C-chelate boron units are
linked together directly™ with structures resembling those of
compounds 43 reported by Yamaguchi et al** A preliminary
study indicated that these molecules are inert toward photoi-
somerization. One significant difference between these new
diboryl molecules and the polyboryl compounds 68—72 is
domination of the HOMO level by the 77 orbitals of the chelate
backbone. Thus, it appeared that, in addition to steric congestion,
the lowest-energy transition being a charge transfer from a
mesityl group to the chelate ring may be critical in the photo-
isomerization process. Further investigation on the new diboryl
system is on the way. Efforts are also being taken to understand
the excited-state kinetics and the photoisomerization mechanism
of the N,C-chelate boron compounds by both experimental and
computational studies, and the results will be published in due
course.

B FOUR-COORDINATE BORON COMPOUNDS IN SEN-
SING APPLICATIONS

Unlike triarylboron compounds, which can act as Lewis acids
and are thus very effective in the selective sensing of anions, four-
coordinate boron compounds have not been extensively studied
for sensing applications mostly because of the coordination
saturation around the boron center. There are, however, a few
examples of potentially useful sensing systems based on four-
coordinate boron compounds. The first system is based on the
azobenzene boron compounds 52 in Scheme 1. These com-
pounds and their boronic acid analogues have been shown to be
able to reversibly bind pyridine,*** hydroxides, or glucose®" via
the reversible opening and closing of the B—N bond. Compound
46-NMe,, which has a much stronger B—N bond than 52, was
found to undergo fluorescence quenching upon the addition of
an acid, and fluorescence may be restored by the addition of an
amine.>'® It was suggested that the noncoordinated azo N atom
was the proton-binding site. The green fluorescence of several
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imine compounds of 47 has been reported to undergo complete
quenching upon the addition of excess cyanide ions because of
the disruption of 77 conjugation in the backbone,” as shown in
Scheme 6. Taking advantage of the chelate backbone for anion
sensing was further demonstrated by Maeda and co-workers
using 1,3-diketone boron compound 73 and related compounds
(Scheme 6).>” Compound 73 is a bright emitter (4., = S99 nm
and @ = 042 in CH,CL). It can bind to a variety of anions
through hydrogen bonds in the diketone backbone with a strong
binding constant (10°-10° M) and a distinct change of the
absorption spectrum, although it did not have a very good
selectivity to differentiate different anions.

Bl CONCLUDING REMARKS

The examples presented in this article illustrate the rich
chemistry and the versatile applications of four-coordinate
organoboron compounds that possess a chelate 71-conjugated
backbone. The B atom in this class of compounds plays dual roles
in most instances, namely, stabilizing the anionic chelate ligand
and enhancing 7T conjugation, thus influencing the electronic
properties of the 77 system. This is highly beneficial for the use of
this class of compounds in OLEDs as emitters and electron-
transport materials. Because of the recent impressive progress on
high-efficiency phosphorescent OLEDs (PhOLEDs) 2 phos-
phorescent emitters are dominating the current research efforts
in OLEDs. This, however, does not diminish the importance of
main-group-based materials such as four-coordinate boron com-
pounds for the simple reason that fluorescent OLEDs are much
simpler and cheaper to fabricate than PhOLEDs and thus can still
find their own niche applications. Furthermore, highly effective
host materials that possess a large HOMO—LUMO gap and
deep HOMO and LUMO levels for the triplet emitters in
PhOLED:s are still in high demand. Electron-transport materials
with a high electron mobility are still rare. Boron-containing
7r-conjugated systems are excellent candidates for these applica-
tions. Future research efforts on boron-based materials for
OLEDs should therefore be directed to this area.

Photochromic N,C-chelate organoboron compounds discov-
ered by our group open a new avenue and a new opportunity in
the research and development of photochromic materials and
their applications. The highly tunable colors of the dark state, the
luminescence of the light-colored state, and the high photo-
isomerization quantum efficiencies for many members of the new
boron compounds make them very attractive for potential
applications in photochromic devices. The sensitivity of the dark
isomers of the new boron compounds will certainly limit the
scope of their practical applications. The fact that photoisome-
rization of the boron compounds occurs readily in many different
polymer matrixes indicates that the oxygen sensitivity may be
addressed by the appropriate choice of the matrix material.

Lastly, the recent research efforts on the materials aspects of
organoboron compounds have focused on both triarylboron and
four-coordinate boron compounds. These two classes of com-
pounds share some common features, i.e., bright luminescence
and high electron affinity. Nonetheless, triarylboron compounds
possess a unique Lewis acidity that enabled their effective use as
highly selective sensors for anions.> Incorporating these two
functionalities in the same molecule should provide interesting
properties to the molecule. Such molecules are, however, still
rare. The photochromic compound 58 is one example of such
compounds. We are currently investigating a number of hybrid

diboron molecules that are related to compound 58. The results
will be published in due course.
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