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ABSTRACT: Arylboronic esters can be used as versatile reagents in organic synthesis,
as represented by Suzuki—Miyaura cross-coupling. Here we report a serendipitous
finding that simple arylboronic esters are phosphorescent in the solid state at room
temperature with a lifetime on the order of several seconds. The phosphorescence
properties of arylboronic esters are remarkable in light of the general notion that
phosphorescent organic molecules require heavy atoms and/or carbonyl groups for the
efficient generation of a triplet excited state. Theoretical calculations on phenylboronic
acid pinacol ester indicated that this molecule undergoes an out-of-plane distortion at
the (pinacol)B—Cipsg moiety in the T, excited state, which is responsible for its
phosphorescence. A compound survey with 19 arylboron compounds suggested that the
phosphorescence properties might be determined by solid-state molecular packing

rather than by the patterns and numbers of boron substituents on the aryl units. The present finding may update the general

notion of phosphorescent organic molecules.

B INTRODUCTION

Precious metal-free organic compounds that exhibit room-
temperature phosphorescence have recently attracted consid-
erable attention because of their high potential for the
development of eflicient and low-cost luminescent materials,
which may lead to a variety of applications, including biological
imaging as well as electroluminescent and sensing devices.'
Phosphorescence occurs via spin-forbidden transitions;” a
molecule in the excited singlet state (S;) undergoes intersystem
crossing to generate the lowest excited triplet state (T;), and
phosphorescence emission then takes place through a radiative
transition from T| to the ground state (S). In general, unless
molecules contain heavy atoms, these spin-forbidden transitions
are very ineflicient. In such a case, nonradiative decay due to
molecular motion and intermolecular collisions becomes
predominant. Hence, organic molecules that lack heavy atoms
scarcely emit phosphorescence at room temperature. One
approach to achieving room-temperature phosphorescence with
heavy-atom-free molecules is to embed them in a solid matrix,
so that the molecules can be isolated and structurally fixed to
suppress nonradiative decay.’” Meanwhile, several precious
metal-free organic molecules have recently been reported to
exhibit room-temperature phosphorescence in the solid state.”
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For example, Kim and co-workers showed that benzene
derivatives with formyl and Br groups can emit phosphor-
escence at room temperature in the solid state with a lifetime
on the order of a millisecond (7 = 5.4 ms)."” It has been
considered that the attachment of carbonyl groups and heavy
halogen atoms (Br and I) to the aromatic skeleton facilitates
spin—orbit coupling, thus promoting both S;-to-T intersystem
crossing and the subsequent radiative T -to-S, transition of
phosphorescence.*”

During our synthetic study of z-conjugated molecules and
polymers using Suzuki—Miyaura cross-coupling,” we noticed
that 1,4-benzenediboronic acid bis(pinacol)ester 1 (Figure 1a),
a common reagent in this cross-coupling protocol, displayed
long-lived room-temperature phosphorescence in the solid
state. Upon irradiation with UV light (4 = 254 nm) from a
benchtop UV lamp, a crystalline sample of 1 exhibited blue-
colored luminescence in air at 298 K (Figure 1b). Surprisingly,
after the UV lamp was turned off, this sample showed a green-
colored emission, which lasted for several seconds (Figure 1b).°
This unexpected finding prompted us to further investigate the
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Figure 1. (a) Molecular structures of 1,4-benzenediboronic acid
bis(pinacol)ester (1), phenylboronic acid pinacol ester (2), and
benzene (3). (b) Photographs of a crystalline sample of 1 under
ambient light (left), under irradiation with 254 nm UV light in the
dark (middle), and after the UV light was turned off in the dark
(right). (c) Fluorescence and phosphorescence spectra (4., = 240 nm)
and (d) phosphorescence decay profile at 4 = 500 nm of a crystalline
sample of 1 sandwiched between KBr plates in air at 298 K.

emission properties of 1 as well as those of structurally related
simple arylboron compounds (18 examples). Herein, we report
the results of the compound survey, along with theoretical
calculations on the ground and excited states of phenylboronic
acid pinacol ester 2 as a model (Figure la).

B RESULTS AND DISCUSSION

Emission Properties of Arylboronic Esters. As shown in
Figure lc, a crystalline sample of 1 sandwiched between KBr
plates at 298 K exhibited a delayed luminescence at a longer

wavelength region (4., = 460 and 500 nm) with a lifetime (7)
of 1.85 s (quantum yield ® ~ 2.0%),” along with fluorescence
at A, = 305 nm (A, = 240 nm) with a much shorter lifetime
(r = 7.8 ns). The lifetime of the delayed luminescence is
exceptionally long for organic compounds (Figure 1d).* The
delayed luminescence was not observed when a ground powder
sample of 1 was measured in the presence of O,, while the
fluorescence from this sample remained intact. Thus, the long-
lived luminescence of 1 is considered to be phosphorescence.”
Under atmospheric conditions, the intensity of the phosphor-
escence from a crystalline sample of 1 decreased monotonically,
while the spectral shape was maintained (Figure SS).
Accordingly, the room-temperature phosphorescence of 1
occurs from a single radiative process. As expected, the
crystalline sample of 1 at 77 K exhibited phosphorescence
(Amax = 464 and 495 nm, A, = 255 nm, Figure S6) with an even
longer lifetime (7 = 3.45 s, ®@ppo, ~ 13.1%).” While an ethanol
solution of 1 (1.5 X 107> M) was not phosphorescent at 298 K
under argon, its glass state at 77 K exhibited phosphorescence
(Amax = 375, 390, 400, 414, and 426 nm, A, = 235 nm) with a
significantly long lifetime (7 = 12.6 s, ®pp,o, ~ 50.1%)” (Figure
S7). Considering the fact that nonsubstituted benzene (3) in a
glass ethanol at 77 K shows a much shorter phosphorescence
lifetime (7 = 7.7 5),° the boronic ester group of 1 likely plays a
key role in suppressing the nonradiative transition from the T,
state to the ground state (Sp).

We confirmed that the single-crystal X-ray structure of 1 is
identical to that reported previously,” where two crystallo-
graphically independent molecules form a herringbone-type
structure (Figure S1). Close intermolecular contact was not
observed between the central phenylene ring of each molecule
(e.g., the shortest intermolecular C,,—Cy,, distance = 3.707 A),
possibly due to the steric bulk of the pinacol ester groups.
According to the X-ray structure of 1, there is no notable
feature that could be expected to lead to room-temperature
phosphorescence. Simply, molecular motion, which is related to
the nonradiative decay of excited states, seems to be suppressed
in the crystal.

Interestingly, a crystalline sample of monosubstituted
phenylboronic acid pinacol ester 2 (Figure la) also exhibited

Table 1. # — 7* Excitation Properties of 2 and Benzene 3 Calculated at the TD-wB97X-D/6-311G(d,p) Level”

2 AE (eV) 4 (nm)

So(1'A) — S,(1'B) 5.331 232.6
So(1'A) — S,(2'A) 5925 209.2
So(1'A) — S;(2'B) 6.948 178.5
So(1'A) — S,(3'A) 6.991 177.3
Benzene 3 AE (eV) A (nm)
So(1'A) = S,(1'B,,) 5.600 2214
So(llAlg) — S,(1'A,) 6.349 195.3
So(1'A1) — S;(1'Ey,) 7.362 168.4
So(1'A1) — S,(1'Ey,) 7.362 168.4

“AE, A, and f represent the singlet excitation energy, wavelength, and oscillation strength, respectively.

f Configuration (orbital symmetry) Coeflicient
0.009 HOMO-1 (30a) — LUMO (26b) 0.576
HOMO (25b) - LUMO+1 (31a) 0.403
0218 HOMO (25b) — LUMO (26b) 0.640
HOMO-1 (30a) - LUMO+1 (31a) —0.289
0.112 HOMO-2 (29a) — LUMO (26b) 0435
HOMO (25b) — LUMO+1 (31a) 0.393
0.866 HOMO-1 (30a) - LUMO+1 (31a) 0.633
HOMO (25b) — LUMO (26b) 0.283

f Configuration (orbital symmetry) Coefficient
0.000 HOMO (le;y) — LUMO (ley,) 0.500
HOMO-1 (1e;) — LUMO+1 (ley,) 0.500
0.000 HOMO-1 (le,) — LUMO (le,,) —0.497
HOMO (le;,) — LUMO+1 (1ey,) 0.498
0.60S HOMO-1 (le;y) — LUMO+1 (ley,) 0.498
HOMO (le;,) — LUMO (le,,) —0.498
0.605 HOMO-1 (1e;)) - LUMO (1e,,) 0.499
HOMO (lelg) — LUMO+1 (le,,) 0497
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Figure 2. Frontier orbitals of (a) 2 and benzene 3 at the S, geometries, and of (b) 2 and benzene 3 (planar and prefulvene) at the T, geometries

calculated at the (U)wB97X-D/6-311G(d,p) level.

phosphorescence (4,,,, = 465 nm, 4., = 245 nm) at 298 K, and
the lifetime (7 = 1.79 s) was comparable to that for 1 (z = 1.85
s) under identical measurement conditions (Figure S8).
Previously, boronic ester-appended tellurophenes have been
reported to show room-temperature phosphorescence upon
aggregation.'’ The phosphorescence properties were accounted
for in terms of the heavy atom effect of tellurium, whereas the
effect of the boronic ester group on the phosphorescent
properties has not been noted."

Theoretical Calculations. To understand the unexpected
phosphorescence properties of 1 and 2, we investigated the
substituent effect of the boronic ester on the absorption and
emission properties of benzene using theoretical calculations.
Table 1 and Figure 2 show the absorption energies and frontier
orbitals of 2 and benzene 3, respectively. The excitation
properties were calculated using the Sy-optimized geometries of
2 and benzene 3,° where the vertical excitation approach was
used on the basis of the Franck—Condon principle. Similar 7 —
7* excitation nature was observed in all of the selected
excitations. The calculated S, — S, and S, — S, excitation
energies (AE, Table 1) are in good agreement with the
previously reported experimental values."" The calculated
oscillator strength (f) shows that the S, — S; and Sy — S,
excitations of 2 are allowed, while those of 3 are forbidden,
which is consistent with the symmetries of the electronic states.
The vibronic effect'” seems to be important for reproducing the
low-lying excitation peaks of benzene. As shown in Figure 2,
degenerate LUMO and LUMO+1 orbitals were observed for
benzene 3 at 1.687 eV. On the other hand, the LUMO level of
2 (1.117 eV) was approximately 0.5 eV lower than that of 3, as
a result of the interaction between z*(phenyl) and vacant
2p(boron) orbitals, where the boron serves as a 7-acceptor. The
LUMO+1 level of 2 (1.869 €V) was approximately 0.2 eV
higher than that of benzene 3 (1.687 €V). The energy levels of
the nearly degenerate HOMO and HOMO-1 of 2 (—8.841
and —8.858 eV) were close to those of 3 (—9.007 eV).
Consequently, the HOMO—-LUMO gap and the excitation
energies of 2 became lower than those of 3 (Table 1 and Figure
2).
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The calculated singlet—triplet energy difference [AE(T,—
Sy)] in Table 2 was obtained at the T,-optimized geometries

Table 2. Calculated Phosphorescent Properties of 2 and
Benzene 3 at the (U)wB97X-D/6-311G(d,p) Level

AE (T;=Sy) (eV) Acaiea (nm) Aexp (nm)
2 2.607 475.6 465°
3 (Planar) 3.306 375.0 337°
3 (Prefulvene) 1.585 782.1 —_

“Value obtained for a crystalline sample sandwiched between KBr
plates at 298 K (Figure S8). “Value previously reported for benzene in
a C¢Dg host crystal at 4.2 K (ref 13).

(Tables S4, SS, and S8) on the basis of the Franck—Condon
principle. The results were consistent with the previously
reported experimental values."” Notably, the geometry of the
T, state of 2 was much different from that of the S, state, where
a significant out-of-plane distortion of the (pinacol)B—C,-pw
moiety occurs with respect to the mean plane of the other
carbon atoms in the equilibrium T, structure (Figures 2 and 3).
This is in contrast to the case of benzene 3, where two minima
exist in the T, state; one is nonplanar (prefulvene), and the
other is planar (Figures 2 and 3). Frontier orbitals for the T
geometries of 2, 3 (planar), and prefulvene are summarized in
Figure 2b. While 3 (planar) shows only z and z* frontier
orbitals, 2 and 3 (prefulvene) feature mixed-type orbitals in the
T, states. As shown in Table 2, the phosphorescence properties
of benzene 3 were derived from the planar T geometry. Figure
3a schematically illustrates the transition from the T, state to
the S, state of 2. The T; — S, transition can approximately be
interpreted as an electronic transition (spin-flip transition) from
the highest occupied a orbital to the lowest unoccupied p
orbital of 2. This transition process also involves a significant
change in the molecular orbitals, particularly regarding whether
or not an orbital interaction between the B and C,,, atoms
exists (Figure 3a).

From the perspective of energetics, the planar T, state of
benzene 3 is stable only at low temperature. When environ-
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J. Am. Chem. Soc. 2017, 139, 27282733


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11984/suppl_file/ja6b11984_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11984

Journal of the American Chemical Society

(a)

P >
a“
J‘ Phosphorescence
T4
(b)
Compound 2 Benzene 3
AE =
@ ;;y .0.64 ku/imol
AE = ! Je AE= > T
N m°'\ s 5.14 ki/mol J’, @5 (Pianar)
o i (Planar) / &9
@ Ti ‘ 1 !} f)
i} ‘ 2’,, 5 ?
" fj ? (Prefulvene)
=
J"f @,

Figure 3. (a) Schematic illustration of the phosphorescence emission
process and the Kohn—Sham orbitals of 2 in the T, (—5.464 eV,
Figure 2b) and S states. The orbital of the S, state was obtained using
the T,-optimized geometry on the basis of the Franck—Condon
principle. (b) Energy diagrams of 2 and benzene 3 in the T, states
obtained by TD-DFT calculations at the UwB97X-D/6-311G(d,p)
level.

mental (thermal) fluctuation increases, the planar T, state of
benzene is expected to easily surpass the energy barrier, and
consequently, the nonplanar prefulvene should become
dominant (Figure 3b). On the other hand, the planar T,
structure of 2 is a transition state structure, which could easily
lead to the nonplanar equilibrium point (Figure 3b). Therefore,
a sustained molecular out-of-plane distortion could be expected
for 2 even at room temperature. This out-of-plane distortion
may facilitate the mixing of 7 and o orbitals,"* which likely
contributes to the spin—orbit coupling for intersystem crossing
between the singlet and triplet states."

To investigate how the molecular distortion affects the
phosphorescence emission ability of 2 and 3, we calculated the
spin—orbit coupling constant (SOC) using a multireference
perturbation method.” Table 3 shows the S;—T, energy gaps,

Table 3. Results of Multireference Perturbation Calculations
of Phosphorescence Properties of 2 and 3 Using
CASSCF(6,6) Wavefunction and 6-311G(d,p) Basis Set

AE (T,=S,) (eV) A (nm)  Sp/T; SOC (em™)
2 2.837 437.1 2.13
3 (Planar) 3.268 379.5 0.00
3 (Prefulvene) 1.553 798.5 0.18

corresponding wavelengths, and S,/T; SOCs at the T,
equilibrium geometries of 2 and 3. The energy gaps and
phosphorescence wavelengths are similar to the values listed in
Table 2. The SOC value of planar 3 was zero, while those of
nonplanar 2 and prefulvene 3 were nonzero. Notably, the
absolute SOC value of nonplanar 2 (2.13 cm™") is significantly
larger than that of prefulvene 3 (0.18 cm™"). From these results,
we conclude that the structural deformation at the T, state is
responsible for nonzero SOC, and the boron functionality is
able to not only stabilize the distorted structure of benzene
chromophore (Figure 3) but also increase So/T; SOC, resulting
in facilitating the phosphorescent process.
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Compound Survey. A compound survey using arylboronic
esters (4—18) as well as related boron compounds (19 and 20)
revealed that the long-lived phosphorescence from boron
species is not a special phenomenon. Indeed, 14 of the total 19
arylboron compounds emitted long-lived phosphorescence at
room temperature in the solid state. Figure 4 and Table 4 show
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Figure 4. Molecular structures of boron compounds used for the
compound survey. Green-colored compounds emit clear phosphor-

escence, and black-colored compounds are scarcely phosphorescent at
room temperature in the solid state.

19

the molecular structures of the boron compounds examined
and the luminescence data of their crystalline samples at 298 K,
respectively.” A simple 1,4-disubstituted benzene with 1,3-
dioxaboron-2-yl (4) groups showed phosphorescence with 7 =
1.65 s (Figure S9). A 1,4-benzenediboronic acid bis(pinacol)-
ester with fluoro groups (5) was also phosphorescent (Figure
$10). In sharp contrast, its analogues 6, 7, and 8, which carry
methyl, methoxy, and trifluoromethyl groups, respectively, were
scarcely phosphorescent under the measurement conditions at
room temperature (Figures S11—S13). Presumably, the
attachment of the relatively bulky groups to the central
benzene ring might increase the free volume around the boron
functionality in the crystal, which could allow a molecular
motion that leads to thermal deactivation of the excited state.
Bis(pinacol)esters of 1,2- and 1,3-benzenediboronic acids (9
and 10) serve as a room-temperature phosphor (Figures S14
and S15). Interestingly, unlike the 1,4-diborylated versions, the
attachment of methyl (11), methoxy (12), and cyano (13)
groups to 1,3-diborylated benzenes did not impair the room-
temperature phosphorescence properties, regardless of the
electron-donating or -accepting nature of the substituent
(Figures S16—S18). However, no phosphorescence from a
1,3,5-triborylated version (14) was observed (Figure S19). A
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Table 4. Emission Properties of Boron Compounds in the
Solid State at 298 K (KBr)“

gy (nm) Aphos (nm) Thhos (5)
4 316 471, 506 1.65
S 351 507 0.56
6 328 528 (very weak) n.d.
7 385 514 (very weak) n.d.
8 301 456 (very weak) nd.
9 302 500 1.73
10 297 469, 500 1.57
11 305 452,478 0.49
12 329 480 0.69
13 306 449, 473 0.42
14 306 nd? nd.‘
15 343 536 0.20
16 360, 378 nd’ nd.
17 298 502 1.39
18 306 S19 0.44
19 400 457 0.79
20 302 461, 495 0.46

“The spectral data are shown in Figures $8—525. “Not detected. “Not
determined.

bis(pinacol)ester of 4,4'-biphenyldiboronic acid (15) was
phosphorescent at room temperature (Figure S20), while the
lifetime was shorter than that of 1. In contrast, 2,6-
naphthalenediboronic acid bis(pinacol)ester (16) was scarcely
phosphorescent (Figure S21), implying that even with boronic
ester groups, highly fluorescent aromatic compounds might not
be able to emit phosphorescence efficiently. Monoborylated
compounds 17 and 18 with electron-donating and -accepting
substituents, respectively, likewise exhibited room-temperature
phosphorescence (Figures S22 and $23). Since 1,4-disubsti-
tuted benzene with 1,3-dimethyl-1,3-diazaborolidin-2-yl groups
(19) can emit phosphorescence at room temperature, the
oxygen atoms attached to boron do not seem to be essential for
the room-temperature phosphorescence properties (Figure
S24). Notably, a simple boroxine (20) also displayed
phosphorescence at room temperature (Figure S25). Consid-
ering that boroxine derivatives have been used as a scaffold for
various supramolecular architectures,'® this observation may
stimulate the exploration of new photophysical functions of
boroxine-containing supramolecular materials. Also notably, a
powder sample of hexagonal boron nitride,'” which is referred
to as an inorganic graphite, was found to emit a long-lived (z =
1.58 s) room-temperature luminescence at 4 = 441 nm (Figure
$26).

X-ray Diffraction Analysis. In our compound survey, there
was no particular tendency regarding the substitution patterns
or numbers of boron functionalities on aryl units. Therefore, we
closely compared the crystal structures of phosphorescent
molecules (1, 4, and 5) and scarcely phosphorescent 6
(Figures S1—S4).° However, the common structural features in
the phosphorescent molecules as well as the difference between
the phosphorescent molecules and scarcely phosphorescent 6
remain elusive. For instance, 6 forms a herringbone-type
structure similar to 1 and $, where the aromatic ring of each
compound is almost coplanar with the trigonal planes of the
boron functionality. Intermolecular van der Waals contacts
involving the central aryl units are present for S and 6, but
absent for 1. Although 4 does not adopt a herringbone-type
structure, it can emit phosphorescence efficiently.
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B CONCLUSIONS

In summary, we have demonstrated that simple arylboron
compounds exhibit room-temperature phosphorescence in the
solid state. The phosphorescence lifetimes are on the order of
several seconds, which is exceptionally long for organic
compounds. Detailed theoretical calculations on phenylboronic
acid pinacol ester (2) indicated that the molecule undergoes an
out-of-plane distortion at the (pinacol)B—C,,, moiety in the
excited T state. This deformation may facilitate the mixing of &
and o orbitals that promotes spin—orbit coupling, which in turn
likely contributes to the phosphorescent properties even at
room temperature. We do not currently know the structural
features of boron compounds capable of emitting room-
temperature phosphorescence in the solid state. Nevertheless,
we believe that the new aspect of simple boron compounds
unveiled in this study may not only stimulate fundamental
science on the photophysical properties of organic molecules,
but could also inspire the design of heavy-atom-free
phosphorescent materials.
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