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ABSTRACT
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A new family of boron difluoride-rigidified dyes, phenanthro[9,10-d]imidazole-quinoline boron difluoride (PQBD), with solid-state fluorescence has
been designed and synthesized. The novel series of PQBD are advantageous over the typical boron difluoride-rigidified dyes such as BODIPYs in

terms of large Stokes shift and red fluorescence in the solid state.

Efficient solid-state fluorescent dyes are required in the
fields of both fundamental research and optoelectronic ma-
terials. Thus, the development of solid-emissive fluorophores
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has attracted great attention." A major hurdle faced in the
design of solid-emissive dyes is to overcome fluorescence
quenching in the solid state. Toward this end, several
strategies including aggregation-induced emission” and in-
corporation of bulky groups® have been employed. How-
ever, it is still very challenging to rationally design new
families of solid-emissive fluorophores, in particular, based
on novel frameworks.

In this paper, we describe the design, synthesis, photo-
physical properties, and X-ray structural analysis of a
series of phenanthro[9,10-dJimidazole-quinoline boron di-
fluorides (PQBD, Scheme 1), a unique class of solid-state
fluorescent dyes with red emission.

The design strategy for the PQBD dyes is formulated on
the basis of the following considerations: (1) Selection of
the phenanthro[9,10-d]imidazole moiety. It is known that
phenanthro[9,10-d|imidazole dyes have large Stokes shifts
(up to 100 nm),* which are favorable for solid-state emission
by minimizing reabsorption and self-quenching.’ In addition,
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the phenanthro[9,10-dJimidazole moiety possesses an aro-
matic NH, which can be taken advantage of to coordinate
with boron fluoride for enhancement of fluorescence
quantum yields.*®® Furthermore, the phenanthro[9,10-d]-
imidazole moiety can function as an effective electron
donor.” (2) Selection of the quinoline unit. The aromatic
N atom of quinoline can be used as a ligand for the boron
complex. Furthermore, in PQBD, the quinoline moiety
bears a positive charge and thus can serve as an electron
acceptor. Hence, with phenanthro[9,10-dJimidazole and
quinoline moieties operating as electron donor and accep-
tor, respectively, PQBD may be considered as an effec-
tive donor (D)—acceptor (A) system, which is desirable
for absorption and emission in the long wavelength. The
D—A nature of PQBD is confirmed by density functional
theory (DFT) studies. As shown in Figure S1 (Supporting
Information), in PQBD, the 7 electrons of the HOMO
molecular orbital are mainly located on the 1 H-phenanthro-
[9,10-d|imidazole moiety, whereas those of the LUMO
are mostly positioned on the quinoline unit. To the best
of our knowledge, boron difluoride-rigidified 1 H-phenanthro-
[9,10-d]imidazol-2-yl dye has not been previously used in the
design of solid-state fluorescent dyes.

Scheme 1. Synthesis of Compounds PQBD 1—6
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The key steps for the synthesis of new compounds
PQBD 1-6 are indicated in Scheme 1, and the full details
are given in the Supporting Information (Schemes S1-7).
Briefly, condensation of 1H-phenanthrene-9,10-dione
with substituted quinoline-2-carbaldehyde in the presence
of ammonium acetate gave the key intermediates 7, 8, 9,
and 10, which were then treated with BF5-Et,O in the
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presence of DIEA to provide the desired products PQBD
1, 2, 3, and 5, respectively. In addition, nitro compound
PQBD 3 or 5 was reduced by SnCl, to afford amino
compound PQBD 4 or 6, respectively. Interestingly, unlike
PQBD 1, 3, 4, 5, and 6, PQBD 2 exists as a dimer as
confirmed by X-ray crystallography (vide infra). The
formation of the dimer product with a B—O—B center is
likely due to partial hydrolysis during the reaction.®

With the compounds PQBD 1—-6 in hand, we examined
the absorption and emission spectra of these novel dyes in
dichloromethane. The absorption and emission profiles
are shown in Figure 1, and the photophysical data are
summarized in Table S1 (Supporting Information). The
major absorption peaks of PQBD 1—-6 are at 476,472, 518,
468, 530, and 482 nm, respectively. The time-dependent
density functional theory (TDDEFT) studies show that the
maximal absorption band is at around 525 nm (S0—SI,
f=0.3524) for PQBD 1, 539 nm (S0—S1, f = 0.1918) for
PQBD 3, 514 nm (S0—S1, f = 0.3491) for PQBD 4, 565
nm (S0—S1, /= 0.5364) for PQBD 5, and 533 nm (S0—S1,
f=0.3320) for PQBD 6, respectively (Figure S3, Support-
ing Information). Thus, the trends in the calculated max-
imal absorption data are consistent with the experimental
ones. Notably, the maximum absorption of PQBD 3 and 5
is much more bathochromic than that of other com-
pounds, attributed to the strong electron-withdrawing
effect of the nitro group. In addition, PQBD 5 with a nitro
group at the para position exhibits a red-shift relative to
PQBD 3 with a nitro group at the meta position, high-
lighting the position effect of the substituent group. The
same phenomenon was noted when compared PQBD 6
with PQBD 4. Consistent with the trend observed in the
absorption, the emission of PQBD 3 and 5 display a
marked red-shift in comparison to other dyes. These
results are in good agreement with the calculated molecular
orbitals and energy levels of PQBD 1-6 (Figure S2,
Supporting Information). The Stokes shifts of PQBD
1-6 are up to 115 nm, which is significantly larger than
those (less than 15 nm) of typical boron difluoride-rigidi-
fied dyes such as BODIPYs.” As shown in Figure S1
(Supporting Information), PQBD 1—6 display the efficient
electron transfer from the phenanthro[9,10-d]imidazole
unit to the quinoline moiety. This effective intramolecular
charge transfer process is consistent with the large Stokes
shifts of the new dyes."”

PQBD exhibit very bright luminescence in dichloro-
methane (Figure 2). The relative fluorescence quantum
yields of PQBD 1—6 calculated using rhodamine 6G as
a reference dye (®r = 0.95 in water) were estimated.
As shown in Table S1 (Supporting Information), the
fluorescence quantum yields of PQBD 3 and 4 are sig-
nificantly lower than those of other PQBD dyes. The
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Figure 1. Normalized absorption and emission spectra of PQBD
1-6 in dichloromethane.

fluorescence lifetimes (7) of PQBD 1—6 in CH,Cl, were
measured to be 4.89, 3.65, 2.67, 2.19, 2.18, and 2.96 ns,
respectively (Figure S5, Supporting Information). The
radiative (ky = ®¢ x 1) and nonradiative (k,, = (1 -®y)/7)
rate constants were also calculated (Table S1, Supporting
Information). The relatively lower fluorescence quantum
yields of PQBD 3/5 when compared to PQBD 4/6 can be
attributed to the fluorescence quenching nature of the nitro
group.

Generally, BODIPY's have no emission in the solid state
partly due to small Stokes shifts. By sharp contrast, our
new PQBD dyes have large Stokes shifts, which bodes well
for the solid-state emission. Indeed, PQBD 1—5 display
intense red emission in the solid state (Figure 2). By con-
trast, PQBD 6 shows solid-state yellow emission.

Solid  Liquid Solid Liquid Solid Liquid
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PQBD 1 PQBD 2 PQBD 3
PQBD 4 PQBD 5 PQBD 6

Figure 2. Photographs of PQBD 1—6 in dichloromethane and in
the solid state.

with a calibrated integrating sphere system. The ab-
sorption and emission spectra of PQBD 1—6 in the solid
state are shown in Figure S6 (Supporting Information)
and Figure 3, respectively, and the photophysical data in
the solid state are collected in Table S2 (Supporting
Information). As anticipated, the new dyes in the solid
state display a red-shift in the emission profiles relative to
in dichloromethane. However, the emission wavelength of
PQBD 1-5 is much longer than that of PQBD 6, consis-
tent with the above observation that PQBD 1-5 and
PQBD 6 show red and yellow fluorescence in the solid
state, respectively. The Stokes shifts of PQBD 1—6 in the
solid state are very large. For instance, PQBD 4 bears a
Stokes shift of 187 nm. The large Stokes shifts of the new
family of dyes are consistent with the findings that they
exhibit intense emission in the solid. It is known that long
wavelength emission dyes tend to have quite low fluores-
cence quantum yields in solid. However, although PQBD 1
and 2 have long wavelength emission in the red region, the
fluorescence quantum yields of PQBD 1 and 2 are still very
high. In fact, the quantum yields of PQBD 1 and 2 are at
around 0.184 (Table S2, Supporting Information), which
represent the highest values of solid-state red fluorescence
boron difluoride-rigidified dyes. In particular, PQBD 1
shows a chromaticity value, CIE (0.63, 0.36), which is close
to the ideal red CIE (0.64, 0.34) (Figure S7, Supporting
Information), indicating that PQBD 1 with advantageous
characters of a high fluorescence quantum yield and al-
most ideal red feature is promising for applications in
optoelectronic materials.
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Figure 3. Fluorescence spectra of PQBD 1—6 in the solid state
(film). The excitation wavelength was 440, 470, 530, 520, 440,
and 470 nm for PQBD 1, PQBD 2, PQBD 3, PQBD 4, PQBD 5,
and PQBD 6, respectively.

To gain the solid-state absorption and emission spectra,
the films were prepared by evaporation of 500 4uM dyes in
dichloromethane onto a quartz plate. The absolute quantum
yields of the dyes in powder were measured by Horiba
Jobin Yvon-Edison Fluoromax-4 fluorescence spectrometer
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To understand the spectroscopic properties of the new
dyes in the solid state, their X-ray structures may be
insightful; however, only single crystals of PQBD 1 and
PQBD 2 suitable for X-ray structure analysis were obtained
by the slow evaporation of CH,Cl, or C,HsOH solutions

Org. Lett,, Vol. 15, No. 7, 2013



Figure 4. A part of a crystal-packing pattern of PQBD 1 (A,
along the b axis; B, along the ¢ axis) and PQBD 2 (C, along the a
axis; D, along the b axis) that shows no stacking of the aromatic
rings between the adjacent interlayered crystals. Packing dia-
grams view of PQBD 1 (E) and PQBD 2 (F).

Org. Lett, Vol. 15, No. 7, 2013

at ambient temperature. The crystal structures unambigu-
ously reveal the structural distinctions for these two dyes
(Figures S8 and S9, Supporting Information). PQBD 1
bears one F—B—F center, and the boron is coordinated in
a tetrahedral geometry by two nitrogen and two fluorine
atoms. The bond lengths of B—N are 1.641 and 1.616 A,
and those of B—F are 1.369 and 1.370 A. PQBD 1 is
essentially planar. The boron atom only deviates from the
plane of quinoline-phenanthro[9,10-d]imidazole at 0.88°,
which is consistent with DFT optimized structure of
PQBD 1 (Figure S1, Supporting Information). In contrast,
PQBD 2 is a dimer with two O—B—O centers. The boron is
coordinated in a tetrahedral geometry by two nitrogen and
two oxygen atoms. The bond lengths of B—N are 1.550 and
1.641 A, and those of B—O are 1.409 and 1.453 A. The
dihedral angle between one quinoline-phenanthro[9,10-d]-
imidazole plane with another one is 103.6°. Thus, unlike
planar PQBD 1, PQBD 2 is highly twisted and far away
from the coplanar framework. Despite that PQBD 1 is
planar, a careful examination of crystal lattice of PQBD 1
reveals that no m—or stacking interactions in a crystal lattice
for head-to-head overlapping along the b axis and vertical
overlapping along the ¢ axis (Figure 4A,B,E, Figure S10,
Supporting Information), which account for strong fluor-
escence in the solid state. In addition, the highly twisted
structure of PQBD 2 inhibits 71— stacking, attributed to
high solid-state emission (Figure 4C,D,F, Figure S11,
Supporting Information).

In conclusion, a new family of boron difluoride-rigidi-
fied dyes, PQBD, with solid-state fluorescence has been
designed and synthesized. The new series of the PQBD
dyes are advantageous over typical boron difluoride-rigi-
dified dyes such as BODIPYSs in terms of large Stokes shift
and red fluorescence in the solid state. We expect that the
novel PQBD dyes will find valuable applications in devel-
opment of fluorescent probes, organic luminescent displays,
and light sources.
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