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Photochemically-assisted synthesis and
photophysical properties of difluoroboronated
p-diketones with fused four-benzene-ring
chromophores, chrysene and pyrenef

Michitaka Mamiya,® Yurie Suwa,? Hideki Okamoto® and Minoru Yamaji*©

We investigated the photophysical properties of difluoroboronated p-diketones (BF,DK) with chrysene
and pyrene skeletons (ChB and PyB, respectively) in solution and in the solid state. Acetylchrysenes, as the
key precursors to ChBs, were photochemically prepared from the corresponding (acetylphenyl)naphthyl-
ethenes by means of a modified photocyclization method. The absorption and emission spectra of the
BF,DKs were obtained in chloroform and acetonitrile, and the quantum yields and lifetimes of the fluor-
escence were determined. Excimeric fluorescence from PyB was absent even in highly concentrated
solution. Based on the Lippert—Mataga analysis of the absorption and fluorescence features, the photo-
physical properties of the ChBs were discussed in comparison with those of PyB. The fluorescence states
of the studied BF,DKs are shown to be of a charge-transfer character. The fluorescence quantum yields
decrease with increasing the solvent polarity due to the enhanced internal conversion process. The fluor-
escence quantum yields in the solid state of the studied BF,DKs were determined, and it was found that
PyB is fluorescent, whereas the fluorescence quantum yields of the ChBs depend on the substituted posi-
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WWW.rsc.org/pps tion of the chrysene moiety.

1. Introduction

Aromatic difluoroboronated f-diketones (BF,DKs) are known
to show intense fluorescence in solution and in the solid state
although they have small size chromophores and no heavy
metal atoms.? The BF,DKs of dibenzoylmethanes were
initially studied as photochemical reagents,*® but recently,
much attention has been paid to them from the viewpoints of
two-photon absorbing molecules,'®!" near-IR probes,'*"?
photochromic molecules,'® oxygen'* and mechanical sensors,"”
mechanochromic luminescence materials,'® semiconductors,”*®
and conjugated polymers.'®>* Recently, BF,DKs improved by
adopting expanded n-electron systems have been reported.*®™*
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It is vigorously required to tune their photophysical features,
such as fluorescence quantum yields and wavelengths, by
modifying the chromophores of BF,DK in order to apply them
to luminescence devices. The fluorescence quantum yields of
BF,DKs with the naphthyl and anthryl chromophores are
reported to be, respectively, ca. 0.5 and 0.3 in solution.*?
Anthracene has a linear benzene ring alignment (acene),
whereas phenanthrene, chrysene, and picene have a zigzag
benzene ring alignment (phenacene). Recently, attention has
been paid to phenacenes as potential materials for fluoro-
phores and semi- and super-conductors.>**° In this context,
we investigated the photophysical properties of BF,DKs with
phenanthrene, which has the same number of benzene rings
as anthracene, in a previous report.”’ Interestingly, they
showed fluorescence quantum yields of ca. 0.8 in solution,
which were much larger than that (0.3)**> of the BF,DK in-
corporating an anthracene chromophore. From these facts, we
hypothesized that employing phenacene moieties as the
chromophores of BF,DK could be a strategy for enhancing the
fluorescence quantum yields. In the present study, we paid
attention to chrysene and pyrene with four benzene rings as
the BF,DK chromophores. Chrysene, as the second smallest
member of the phenacene family, was thus adopted as a
chromophore of the BF,DKs. For comparison with chrysene,
we also employed pyrene, which is a typical fluorophore, in
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Chart 1 Molecular structures and abbreviations of the BF,DKs used in this study.

order to understand effects of the alignment of the four
benzene rings on the fluorescence properties of BF,DKs. It is
well-known that pyrene emits excimeric fluorescence in con-
centrated solution.”* Thus, it was of an additional interest to
us to know whether excimer fluorescence is observable from
the BF,DK incorporating a pyrene chromophore, which has
not been synthesized before.

In the present research, we prepared BF,DK with the chry-
sene substituted at various positions and pyrene moieties (see
Chart 1) and studied their fluorescence behavior. The syn-
thesis of aromatic p-diketones as ligands BF,DK was readily
performed by condensation of an appropriate acetyl aromatic
compound with an aromatic ester. The chrysene skeletons
could be photochemically prepared from diarylethene by using
the Mallory method** and by diarylethane with a sensitization
method.”> We adapted the Mallory method for preparing
acetylchrysenes in the present synthesis for the BF,DKs with
chrysene moieties because it is one of the most common
methodologies for constructing a phenacene skeleton.** The
emission features of the prepared four-benzene-ring BF,DK
were investigated based on fluorescence and on transient
absorption measurements with the aid of theoretical
computations.

2. Experimental

2.1. General

NMR spectra were recorded on 400- and 600 MHz spectro-
meters. Melting points were obtained with a micro melting
point apparatus.

2.2. Materials

Acetonitrile (MeCN) for the spectral measurements was puri-
fied by distillation. Benzene, carbon tetrachloride, toluene,
chloroform (spectroscopic grade), diethyl ether, THF, DMSO,
dichloromethane (spectroscopic grade), and ethanol (EtOH,
spectroscopic grade) were used as the solvents without further
purification for the spectral measurements.

2.3. Absorption, emission, and transient absorption
measurements

Absorption spectra were recorded on a U-best 50 (JASCO)
spectrophotometer while the emission spectra were recorded
on a Hitachi F-4010 fluorescence spectrophotometer.
Quantum yields of the fluorescence and the fluorescence

This journal is © The Royal Society of Chemistry and Owner Societies 2016

spectra of the samples in the solid states were obtained with a
Hamamatsu Photonics €9920-02 absolute PL quantum yields
measurement system. Fluorescence lifetimes (z¢) were deter-
mined with a Hamamatsu Photonics Tau time-correlated
single-photon counting fluorimeter system. Samples in a
quartz cell with a 1 ecm or 1 mm path length were prepared in
the dark, and Ar-purged when necessary. A 250 W xenon lamp
(4 > 310 nm) was employed as a light source upon steady-state
photolysis, while the fourth harmonics (266 nm) laser pulses
(7 mJ per pulse) from the Nd:YAG laser system (12 mJ per
pulse, Lotis-TII, LT-2137) were used as the excitation laser light
source. The details of the detection system for the time profiles
of the transient absorption have been reported elsewhere.*?
Transient absorption spectra were obtained using a Unisoku
USP-T1000-MLT system, which provides a transient absorption
spectrum with one laser pulse. The obtained transient spectral
data were analyzed using the least-squares best-fitting method.
The temporal data of the absorbance changes were analyzed
by using the least-squares best-fitting method.

2.4. Theoretical calculations

The calculation was carried out at the DFT level, using the
Gaussian 09 software package.** The geometries of the BF,DKs
were fully optimized by using the 6-31G(d) basis set at the
B3LYP method in vacuum and by considering the solvation
effects of the CHCl; and MeCN included by self-consistent
reaction field (SCRF) theory using the conductor-like polariz-
able continuum model (CPCM). Atom coordinates for the opti-
mized geometries are deposited in the ESL{ TD-DFT
calculations were performed at the TD B3LYP/6-31G(d) level
using the optimized geometries.

3. Results and discussion

Acetyl aromatic compounds are the key precursors to the
desired BF,DKs. 1-Acetylpyrene 13 was commercially available,
whereas 1- and 3-acetylchrysenes (8 and 9, respectively) were
synthesized by the photocyclization of acetal-protected (acetyl-
phenyl)naphthylethenes. The synthetic route to 8 and 9 is
illustrated in Scheme 1.

Diarylethenes 2 and 3 were prepared by the Wittig reaction
of phosphonium salt 1 and the corresponding acetylbenzalde-
hyde in a quantitative yield. We performed acetal protection of
the acetyl group in compounds 2 and 3 to afford compounds 4
and 5, respectively, since they did not undergo photocyclization

Photochem. Photobiol. Sci., 2016, 15, 928-936 | 929
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Scheme 1 Synthetic procedures for the acetylchrysenes 8 and 9.

in the presence of iodine in aerated cyclohexane. For the
photocyclization of compounds 4 and 5, a continuous flow
technique was used,*” thus, compounds 4 and 5 were sub-
jected to photocyclization to form the corresponding chrysene
derivatives 6 and 7, respectively, in quantitative yields. De-
protection of the acetals 6 and 7 by chloral hydrate*® provided
the desired acetylchrysenes 8 and 9, respectively.

The desired p-diketones 11, 12, and 13 were prepared in
moderate to good yields by the Claisen condensation of the
acetylchrysenes 8 and 9, and acetylpyrene 10, respectively, with
methyl benzoate in the presence of NaH (Scheme 2).

Finally, the desired BF,DKs were successfully prepared via
the reaction between boron trifluoride diethyl etherate and the
corresponding diketones 11-13. The novel compounds were
well characterized by NMR spectroscopy as well as by high-
resolution mass spectrometry. The precise synthetic pro-
cedures and analytical data are described in the ESL.{

Fig. 1 shows the absorption and emission spectra of the
prepared BF,DKs in CHCl;.

The absorption spectra of the BF,DKs have large molar absorp-
tion coefficients (¢) in the magnitude of 10* dm® mol™ cm™
(see Table 1), which are typical for n-n* transitions. We
performed photolysis of the BF,DKs in Ar-purged CHCI; using
a xenon lamp (4 > 310 nm). No changes in the absorption
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8: Ar = 1-chrysenyl
9: Ar = 3-chrysenyl
10: Ar = 1-pyrenyl

Scheme 2 Preparation of BF,DKs.
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Fig. 1 Absorption (black) and fluorescence (blue) spectra in CHCls at
295 K and the phosphorescence spectra (red) in EtOH at 77 K obtained
for 1-ChB (a), 3-ChB (b), and 1-PyB (c). Phosphorescence from 1-PyB
was not observed in EtOH at 77 K. The emission spectra are not
corrected.
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spectra were found after 15 min irradiation. These results indi-
cate that the prepared BF,DKs are photochemically stable in
solution. The absorption and fluorescence spectra in MeCN
are deposited in the ESI as Fig. S1.1 The shapes of the absorp-
tion spectra for the ChBs are similar to each other. All the
compounds provided fluorescence spectra without vibrational
structures in the solutions. The wavelengths (4q,) of the fluo-
rescence maxima in CHCIl; and MeCN are listed in Table 1.
The fluorescence spectra in MeCN showed red shifts by
20-50 nm compared with those in CHCl;, indicating that the
fluorescence character of the studied BF,DK is charge-transfer
(CT). 1t is well known that pyrene shows intermolecular exci-
meric fluorescence in a concentrated solution.*! At the studied
concentration (~10~® mol dm™?), the observed fluorescence is
not due to excimeric emission from 1-PyB. Because of the low
solubility of 1-PyB in CHCI;, we were unable to prepare highly
concentrated solutions (>10~° mol dm™). We found, however,
that 1-PyB is soluble in DMSO, but excimeric fluorescence
from 1-PyB was not observed in a concentrated DMSO solution
(~107® mol dm™®). The spectroscopic data in DMSO are de-
posited in the ESI as Fig. S2.1 Phosphorescence at 77 K was
recognized from the ChBs but not from 1-PyB. The triplet ener-
gies (Ey) of the ChBs were determined from the 0-0 origins of
the phosphorescence spectra, and are listed in Table 1. The
quantum yields (@) and lifetimes (z¢) of the fluorescence in
CHCI; and MeCN were determined, and are listed in Table 1.
The decay profiles of the fluorescence for the studied BF,DKs
are deposited in the ESI as Fig. S3.1 The decay profile of 1-PyB
in MeCN was analyzed with a double exponential function,
while the others were analyzed with a single exponential func-
tion. The origins of the double exponential decay profile of
fluorescence for 1-PyB in MeCN, where excimeric fluorescence
cannot be observed at the solution concentration, are not clear
at present. The fluorescence rates (k¢), quantum yields (®,,),
and rate (k,,) for the nonradiative processes were evaluated by
eqn (1)—(3), respectively, except for 1-PyB in MeCN.

kf = (prf71 (1)
by =1— D (2)
knr = ¢nr‘ff_1 (3)

The obtained rates are listed in Table 1.

Interestingly, the studied BF,DKs emit intense fluorescence
(@ > ca. 0.8) in CHCI3, although the fluorescence quantum
yields in MeCN substantially decrease to 0.04 for 1-ChB and
1-PyB. The lifetime of fluorescence for 1-ChB in MeCN is also
one-tenth shorter compared with that in CHCl;, while that of
3-ChB shows a small variation in going from CHCI; to MeCN.
According to eqn (2), we obtained the definite values of @,
indicating the presence of an internal conversion (IC) from the
lowest excited singlet state (S;) to the ground state (S,) and
intersystem crossing (ISC) from the S; to the lowest triplet
state (T;). The governing process of deactivating the S; state
was revealed by transient absorption measurements using
laser photolysis techniques, which will be mentioned later.

Photochem. Photobiol. Sci., 2016, 15, 928-936 | 931
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Fig. 2 The Lippert—Mataga plots for 1-ChB (a), 3-ChB (b) and 1-PyB (c).
The lines were drawn by the least-squares best-fitting method.

Fig. 2 shows the Lippert-Mataga plots for the studied
BF,DKs, that is, the Stokes shifts, A7, defined by the energy
difference between the first absorption band and the fluo-
rescence maximum, plotted as a function of the solvent
polarity parameter, the plots show slopes, indicating that the
fluorescent states are of CT character. F(e,, n) is defined by
eqn (4) for the solvent using the relative dielectric constant,
e, and the refractive index, n.

Fler,n) =2(e — 1) (26, +1) ' = 2(n? - 1)(2n> +1)"  (4)

The Ar values obtained in various solvents are listed in
Tables S1-S3 in the ESI{ along with the values of F(e,, n) for
the solvents used in the present study. The relationship
between the Stokes shift, A7, and the solvent polarity, F(e,, n),
can be interpreted on the basis of the Lippert-Mataga equation:

AD = F(eg, n)(se — pg)’ (4meghca®) ™" + constant (5)

where pe, g, €0, h, ¢, and a are, respectively, the dipole
moments in the excited and ground states, the dielectric con-
stants in vacuum, the Planck constant, velocity of light, and
the Onsager radius of the BF,DKs. Except for the plot for

Table 2 Analyzed data for the Lippert—Mataga plots for the BF,DKs?

Photochemical & Photobiological Sciences

benzene, best-fitted straight lines are drawn in Fig. 2. The
values of the intercept and the slope of the lines are listed in
Table 2.

The Onsager radii, a, and the value for p, were obtained
from the results of the DFT calculations for the optimized
molecular structures in the ground state for the BF,DKs. The
2a values were estimated to be equivalent to the distances
between C8 and C4' for the ChBs and between C7 and C4' for
1-PyB (see Chart 1 for the position numbers). Based on the
obtained values of the slope, a, and p,, the values for u. were
determined. The values of a, yg, pe, and the absolute values of
He — Jig are listed in Table 2. The ratios (ue/ug) of pie to pg for the
BF,DKs can be used to assess the degree of CT character in the
fluorescence state. It is noteworthy that the ratios for the ChBs
are twice greater than that for 1-PyB (see Table 2).

Fig. 3 shows the fluorescence spectra in the solid state
(powder) of the studied BF,DKs. It is noteworthy that all the
fluorescence maxima (Z527"") in the solid state, listed in
Table 1, are red-shifted compared with those in solution. It is
typically observed for the BF,DKs that the wavelength of the
emission band in solution differs from that in the solid
state.?” The fluorescence yields (@°"*") in powder were deter-
mined, and are listed in Table 1, as well as the 50"’ values.
The P values (ca. 0.2) of 1-ChB and 1-PyB are similar to
each other. The ®?*" value of 3-ChB is one-quarter of that
for 1-ChB, indicating that the fluorescence quantum yield of
the ChBs in the solid state depends on the substitution posi-
tion on the chrysene skeleton. We are unable to discuss their
difference in the solid-state fluorescence behavior in detail
because no single crystals of the present BF,DKs suitable for
X-ray diffraction analysis were obtained.

We carried out laser flash photolysis of the studied BF,DKs
to investigate the deactivation processes from the S; state.
Fig. 4 shows the transient absorption spectra obtained
upon 266 nm laser pulsing in the CHCI; solution of the
BF,DKs.

Transient absorption spectra were obtained in the wave-
length region of 350-820 nm. The intensities of the transient
absorption signals decreased with decay lifetimes (z7) in the
microsecond time domain, and are listed in Table 1. The T-T
absorption spectra in MeCN are deposited in the ESI as
Fig. S4,7 while the zr values in MeCN are also listed in
Table 1. The zr values were shortened to 0.44 ps, 0.39 ps, and
0.42 ps for 1-ChB, 3-ChB, and 1-PyB in aerated CHCl;, respec-
tively, and to 0.34 ps for 3-ChB in aerated MeCN, indicating
that the transient signals are ascribable to the triplet-triplet

Compound Intercept/10°> em™ Slope®/10* cm™ a/nm He — jig/Debye ug/Debye pe/Debye Hellig
1-ChB 3.46 6.78 0.783 24.70 7.09 31.79 4.5
3-ChB 1.32 7.91 0.827 28.96 7.24 36.20 5.0
1-PyB 1.43 4.52 0.678 16.25 9.93 26.18 2.6

“See text for details. > The regression coefficients were, respectively, 0.95, 0.92, and 0.94 for 1-ChB, 3-ChB and 1-PyB.

932 | Photochem. Photobiol. Sci,, 2016, 15, 928-936
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Fig. 3 Fluorescence spectra obtained in the solid state (powder) at
295 K for 1-ChB (a), 3-ChB (b) and 1-PyB (c).

0.1F

oA~

ok . , .

AA

0.1 : . : .
500 600 700 800
Wavelength / nm

400

Fig. 4 Transient absorption spectra obtained at 200 ns upon 266 nm
laser pulsing in the Ar-purged CHCls solution of 1-ChB (a), 3-ChB (b)
and 1-PyB (c) at 295 K.

Table 3 Calculated photophysical properties of the BF,DKs in CHCl5®
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(T-T) absorption. The shapes of the T-T absorption spectra
in MeCN are similar to those in CHCl;. These observations
indicate that the triplet states have little CT character in solu-
tion, in contrast to the S; states. Observation of the triplet
state in solution indicates that ISC from the S; to the T,
state competes with the fluorescence process. The signal
intensity of the T-T absorption in MeCN is substantially
smaller than that in CHCI;. From these facts, it can be
inferred that the ISC quantum yields of the studied BF,DKs
in MeCN are smaller than those in CHCIl;. Considering that
the @,, values (0.7-0.96) in MeCN are greater than those
(0.1-0.2) in CHClI3, IC from the S; state to the ground state is
operative in MeCN because of the CT character induced in
polar media.

To obtain an insight into the photophysical properties of
the BF,DKs, density functional theory (DFT) was used to calcu-
late the electronic structures, and time-dependent DFT
(TD-DFT) was adopted to investigate the electronic transitions
from the ground to the excitation states. All the calculations
were performed at the B3LYP/6-31G(d) level with the Gaussian
09 program package.’® The calculated results are summarized
in Table 3.

Fig. 5 shows the calculated molecular orbital surfaces for
the studied BF,DKs showing the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) in CHCl;. In the optimized structures of the studied
BF,DKs, the HOMO surfaces are mainly localized over the
chrysene and pyrene moieties, respectively. The LUMO sur-
faces are mainly delocalized over the p-diketone backbone of
the BF,DKs. As the electronic surfaces are located on the
different moieties between the HOMO and LUMO, the
HOMO — LUMO transitions of the BF,DKs responsible for
the S, — S; transition were characterized to be of CT. This
assignment agrees with the results from the Lippert-Mataga
analysis mentioned above. The evaluated f value (ca. 0.7) for
1-PyB is greater than those (ca. 0.2-0.35) for the ChBs. The
difference in the fvalue between the ChBs and 1-PyB may be
derived from the difference in the degree of the overlapping
between the HOMO and the LUMO surfaces. Based on the
Lippert-Mataga analysis and the TD-DFT results, the S; state
of 1-PyB is not of a m,m* character, which is necessary for
excimeric interaction. Presumably, excimeric fluorescence was
not observed even in a high concentration solution for 1-PyB
because of the absence of the m,n* transition character from
the S, state.

Compound HOMO/eV LUMO/eV e Pinm fe Configuration coefficient?
1-ChB —0.22228 (—0.22270) —0.11407 (—0.11509) 498 (500) 0.2114 (0.2135) 0.70196 (0.70243)
3-ChB —0.22398 (—0.22278) —0.11627 (—0.11756) 493 (499) 0.3459 (0.3202) 0.70343 (0.70354)
1-PyB —0.21917 (—0.21907) —0.11535 (—0.11662) 508 (512) 0.6789 (0.6620) 0.70215 (0.70226)

“Data in parentheses are calculated results considering the dielectric constant of MeCN. ?Wavelength estimated from the transition energy.
¢ Oscillator strength for the S, — S, transition.  For transitions from HOMO to LUMO.

This journal is © The Royal Society of Chemistry and Owner Societies 2016
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Fig. 5 The HOMO and LUMO surfaces for the studied BF,DKs in CHCls.

4. Conclusion

We successfully prepared BF,DKs with chrysene and pyrene
moieties, and investigated their photophysical features in solu-
tion and in the solid state. The studied BF,DKs were found to
be photochemically stable in solution, and showed lumine-
scence at 530-700 nm in powder, whereas green fluorescence
in solution was observable, which underwent red shifts as the
solvent polarity increased. Excimeric fluorescence from 1-PyB
was not obtained even in a highly concentrated solution. The
@ values of the BF,DKs decreased in polar solutions because
of the enhanced IC process from the S; state with the CT char-
acter to the ground state. Laser photolysis studies of the
BF,DKs in solution revealed the formation of the T, states,
which competes with the fluorescence and the IC processes.
The studied BF,DKs are potentially applicable for fluorophores
in emission devices, e.g., organic light emitting diodes, and
such a study is currently underway.
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