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Abstract: We designed and synthesized a donor-acceptor-donor dye consisting of a
2,7-disubstituted fluorenone with diethylaminophenyl moieties present as strong electron
donating groups. Switching between twisted intramolecular charge transfer (TICT)
emission and excimer emission was achieved, with no ground state changes, by simply
changing the solvent used. In a nonpolar solvent, excimer emission was observed; with
increasing polarity, the emission gradually disappeared, and the TICT emission appeared.
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1. Introduction

Twisted intramolecular charge transfer (TICT) with donor-acceptor dyes is a basic phenomenon
utilized in various applications, and investigations have been carried out in order to analyze this
phenomenon in detail [1,2]. One of the aims of these studies was to achieve TICT emission with the
least possible participation of other relaxation mechanisms, such as emission from locally excited (LE)
states and interactions within a local state. The criteria for this purpose were determined on the basis of
extensive investigations; these criteria specify rigorous dye design [3,4] in addition to control
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parameters, such as solvent choice and temperature [5-9]. Consequently, this phenomenon can be
applied to dye-sensitized solar cells [10—12], OLEDs [13,14], and chemosensors [15-17].

In the case when a donor-acceptor dye forms an excimer, the ratio of TICT emission decreases, and
excimer emission appears (Scheme 1) [18,19]. This had raised the possibility that switching between
TICT and excimer emissions could be easily facilitated by environmental changes in the surroundings.
Subsequently, such switching was achieved by changes in concentration [20] or aggregation stimuli [21].
However, to date, there has been little investigation on the effect of changing the solvent used, which
is a very simple environment change [19]. Previous studies have reported only shifts of the emission
peaks when the solvent was changed [22-24].

Scheme 1. TICT and excimer formation by a rigid dye consisting of a donor and an
acceptor [18,19].
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In this paper, we report a newly synthesized donor-acceptor type dye that can be switched between
TICT and excimer emission, without any ground state changes, by simply changing the solvent. We
hypothesized that fluorenone was a suitable structure to use in this study owing to its tendency to form
excimers [25]. Furthermore, the photophysical properties of fluorenone derivatives have been studied
in detail including their dependence on various changes in the surrounding environment [26-33].
Various fluorenone derivatives have been synthesized with an attached amino moiety as a strong
electron donor group. The direct attachment of this donor group to the fluorenone molecule changes
the spectra in the ground state [34], and the addition of a rigid m-spacer, such as a phenylene or
ethynylene group, inhibits the ground state interaction [22]. These spacer-containing compounds were
also shown to display TICT emission behavior [35]; however, they have not been sufficiently investigated.

2. Results and Discussion

The structure of the dye and its synthesis condition are shown in Scheme 2. The dye is based on
fluorenone, with two diethylaniline moieties attached at the 2,7-positions. The dialkylamine moiety is
a very strong electron donating species, and the phenylene moiety is used as a spacer between the
donor and acceptor parts to control the photophysical properties of the molecule [22,35].

Scheme 2. D-A-D type fluorenone dye synthesis.
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The dye was synthesized via a Suzuki-Miyaura coupling [36] using 2,7-dibromofluorenone and
4-diethylaminophenylboronic acid pinacol ester over Pd(PPhs), and Cs,CO; catalysts in THF at 60 °C
for 2 days.

We obtained absorption spectra of the compound in various solvents: acetonitrile, DMF, chloroform,
THF, and toluene. The dye concentration was set as the concentration at which a maximum absorbance
of 0.1 was achieved. Figure 1 shows the collected spectra, which have been smoothed by an FFT filter
to reduce the noise due to vibration. The spectra consist of three absorption peaks, which are detailed
in Table 1. The wavelengths of the peaks do not deviate much from 310, 370, and 520 nm, indicating
that solvent changes do not cause any change in the ground state. The two high-energy peaks were due
to fluorenone and were assigned to n-n* or m-n* absorptions, whereas the low-energy absorption peak,
at around 500 nm, was due to charge transfer assigned with reference to the previous investigation [22].
However, it is difficult to determine whether the peak is n-n* or m-n*, because only slight
solvatochromic effects were observed.

Figure 1. Absorption spectra in various solvents (smoothed by an FFT filter).
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The concentration dependence of the fluorescence properties was examined in THF. The spectra
were measured at 370 nm excitation in order to prevent the irradiation of charge-transferred species.
The obtained fluorescence spectra are shown in Figure 2. Three peaks were detected: one sharp peak at
416 nm and two broad, structureless peaks at approximately 436 nm and 644 nm. The fluorescence
intensity of the peak at 644 nm increased constantly with dye concentration from 1.0 x 107® to
1.0 x 10> mol/L. For the other two peaks, the intensities gradually stopped increasing. This suggested
that the 645 nm fluorescence peak was due to excimer emission, and the other two peaks originated
from single molecule emissions. From previous reports [19,22], and the solvatochromic effects shown
in Figure 3, it was deduced that the sharp peak at 417 nm was due to emission from the LE state and
the broad peak at around 435 nm was due to the TICT state. Their wavelengths are summarized in
Table 1. It was concluded that these peaks were not due to Raman scattering, because their intensity is
higher than that of scattered excitation light and also because a Raman peak was observed at around
390 nm (not shown).
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Figure 2. Concentration dependence of fluorescence spectra in THF at 370 nm excitation.
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We then investigated the effects of different solvents on the emission spectra, and the obtained
spectra are shown in Figure 3, with the heights normalized to the LE peak, the existence of which was
independent of the tested solvents. Drastic changes were observed between TICT and excimer
emission. Toluene enhanced the excimer emission (Aem = 619 nm). In more polar solvents (that is,

chloroform, DMF, and acetonitrile), TICT emission was observed and no excimer emission was detected.
Figure 3. Fluorescence spectra in various solvents.
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The absorption peaks, the emission peaks, and their normalized solvent polarity parameters are

summarized in Table 1. Excimer emission was observed in toluene; with increasing solvent polarity,

the excimer peak red-shifted until it disappeared, and the TICT peak appeared. The TICT peak also
exhibited positive solvatochromic behavior.
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TICT formation was expected to be faster than excimer formation, as it is an intramolecular event.
Therefore, in all polar solvents, the broad emission was found to be due to TICT [24]. In the less-polar
solvents, toluene and THF, excimer emission was observed, and it is hypothesized that either a TICT
was not formed or once a TICT was formed, it was converted into an excimer by a Coulombic force,
such as the Harpooning effect [37]. Under this hypothesis, it is possible that TICT stability was
enhanced by polar solvents, resulting in the absence of excimer emission.

Table 1. Photophysical parameters of the fluorenone dye.

.Solvent Aop/mm Aem/NM : £,
(line color) LE TICT excimer
MeCN (—) | 307,369, 529 409 -7 - 0.460
DMF (—) | 310,372,520 419 450 - 0.386
CHCl; (—) | 310, 366, 503 413 442 - 0.259
THF (—) | 307,371,522 416 436 644 0.207
toluene (—) | 308, 371, 496 417 - 619 0.099

* The peak wavelength could not be measured, but broad emission was observed; ° Normalized
solvent polarity parameters were cited from [38].

3. Experimental
3.1. Instruments

All the 'H- and C-NMR spectra were recorded on a 400 MHz JEOL LMN-EX400 instrument with
tetramethylsilane (TMS) as the internal standard. FT-IR spectra were recorded on a JASCO FT-IR 469
plus spectrometer. Melting points were obtained by a Stuart Scientific Melting Point Apparatus SMP3.
MS spectra (FAB+) were obtained by JEOL JMS700 mass spectrometer. UV-vis spectra were
recorded by a Beckman Coulter DU800 UV-vis Spectrophotometer. Fluorescence spectra were
recorded by a JASCO FP-6500 Spectrofluorometer.

3.2. Materials: Synthesis of 2,7-(4-Diethylaminophenyl)-fluorenone

To a mixture of 2,7-dibromofluorenone (0.10 g, 0.30 mmol), Pd(PPhs)s (0.017 g, 0.0015 mmol),
Cs,COs (0.68 g, 2.1 mmol), in THF (20 mL) was added 4-diethylaminophenylboronic acid pinacol
ester (0.18 g, 0.65 mmol), and the mixture was stirred at 60 °C. After stirring 2 days, the mixture was
cooled and filtrated with CH,Cl, to remove insoluble solids. Then, the filtrate was extracted with
CH,Cl, washed with brine, and dried over MgSOj. After removal of solvent in vacuo, the residue was
purified by silica gel column chromatography (hexane/CH,Cl, = 1/1.5) and recrystallization to afford
the title compound as a purple solid (0.087 g, 0.18 mmol, 61%). MP 274-276 °C; 'H-NMR (CDCl;):
o 1.21 (t, 12H, J= 7.3 Hz), 3.41 (q, 8H, J= 7.3 Hz),6.75 (d, 4H, J = 8.8 Hz), 7.50 (d, 2H, J = 9.5 Hz),
7.52 (d, 4H, J = 8.8 Hz), 7.66 (dd, 2H, J = 1.7, 9.5 Hz), 7.87 (d, 2H, J = 1.7 Hz); "C-NMR (CDCl;):
5 12.7,44.4, 112.1, 120.3, 121.8, 126.7, 127.6, 131.7, 135.3, 141.95, 141.96, 147.7, 194.5; IR (KBr):
vmax 3,438, 2,972, 2,929, 2,884, 2,193, 1,720, 1,610, 1,600, 1,518, 1,464, 1,399, 1,376, 1,358, 1,268,
1,198, 1,184, 1,156, 1,127, 1,079, 1,012, 911, 833, 815, 786, 773 cm '; HRMS (FAB+) [M+Na]"
Calcd for C33H34N,ONa: 497.2564, Found : 497.2555.
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4. Conclusions

In this work, we designed a donor-acceptor-donor dye based on fluorenone, in order to achieve
switching between TICT and excimer emission without ground state changes, by the simple expedient
of changing the solvent. The dye was synthesized via a Suzuki-Miyaura coupling, and absorption and
emission spectra in various solutions were obtained. The results indicate that excimer formation was
enhanced in nonpolar solvents and that by increasing the solvent polarity, the excimer quantum yield
decreased gradually and a TICT peak appeared. This unique phenomenon constitutes a very promising
basis for the development of solvent polarity sensors.

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/17/4/4452/s1.
References and Notes

1. Grabowski, Z.R.; Rotkiewicz, K.; Rettig, W. Structural changes accompanying intramolecular
electron transfer: Focus on twisted intramolecular charge-transfer states and structures. Chem. Rev.
2003, 703, 3899—-4032.

2. Rettig, W. Charge separation in excited states of decoupled systems—TICT compounds and
implications regarding the development of new laser dyes and the primary process of vision and
photosynthesis. Angew. Chem. Int. Ed. Engl. 1986, 25, 971-988.

3. Biczok, L.; Bérces, T.; Inoue, H. Effects of molecular structure and hydrogen bonding on the
radiationless deactivation of singlet excited fluorenone derivatives. J. Phys. Chem. A 1999, 103,
3837-3842.

4. Bhattacharyya, K.; Chowdhury, M. Environmental and magnetic field effects on exciplex and
twisted charge transfer emission. Chem. Rev. 1993, 93, 507-535.

5.  Schuddeboom, W.; Jonker, S.A.; Warman, J.M.; Leinhos, U.; Kuehnle, W.; Zachariasse, K.A.
Excited-state dipole moments of dual fluorescent 4-(dialkylamino)benzonitriles: Influence of
alkyl chain length and effective solvent polarity. J. Phys. Chem. 1992, 96, 10809—-10819.

6. Amdursky, N.; Gepshtein, R.; Erez, Y.; Huppert, D. Temperature dependence of the fluorescence
properties of thioflavin-T in propanol, a glass-forming liquid. J. Phys. Chem. A 2011, 115,
2540-2548.

7. Gazi, H.A.R.; Biswas, R. Heterogeneity in binary mixtures of (water + tertiary butanol):
Temperature dependence across mixture composition. J. Phys. Chem. 4 2011, 115, 2447-2455.

8. Thayer, M.P.; McGuire, C.; Stennett, E.M.S.; Lockhart, M.K.; Canache, D.; Novak, M.;
Schmidtke, S.J. pH-Dependent spectral properties of para-aminobenzoic acid and its derivatives.
Spectrochim. Acta A 2011, 84, 227-232.

9. Zhang, C.H.; Chena, Z.B.; Jiang. Y.B. Intramolecular charge transfer dual fluorescence of
p-dimethylaminobenzoates. Spectrochim. Acta A 2004, 60, 2729-2732.

10. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-sensitized solar cells.
Chem. Rev. 2010, 110, 6595—6663.



Molecules 2012, 17 4458

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

Mishra, A.; Fischer, M.K.R.; Béuerle, P. Metal-free organic dyes for dye-sensitized solar cells:
From structure: Property relationships to design rules. Angew. Chem. Int. Ed. Engl. 2009, 48,
2474-2499.

Chang, Y.J.; Watanabe, M.; Chou, P.; Chow, T.J. [2.2]Paracyclophane as a bridging unit in the
design of organic dyes for sensitized solar cells. Chem. Commun. 2012, 48, 726—728.

Kulkarni, A.P.; Kong, X.; Jenekhe, S.A. High-performance organic light-emitting diodes based
on intramolecular charge-transfer emission from donor-acceptor molecules: Significance of
electron-donor strength and molecular geometry. Adv. Funct. Mater. 2006, 16, 1057-1066.
Cravino, A.; Leriche, P.; Alévéque, O.; Roquet, S.; Roncali, J. Light-emitting organic solar cells
based on a 3D conjugated system with internal charge transfer. Adv. Mater. 2006, 18, 3033-3037.
Morozumi, T.; Anada, T.; Nakamura, H. New fluorescent “Off-On” behavior of 9-anthryl
aromatic amides through controlling the twisted intramolecular charge transfer relaxation process
by complexation with metal ions. J. Phys. Chem. B 2001, 105, 2923-2931.

Wu, J.; Liu, W.; Ge, J.; Zhang, H.; Wang, P. New sensing mechanisms for design of fluorescent
chemosensors emerging in recent years. Chem. Soc. Rev. 2011, 40, 3483-3495.

Hall, M.J.; Allen, L.T.; O’Shea, D.F. PET modulated fluorescent sensing from the BF2 chelated
azadipyrromethene platform. Org. Biomol. Chem. 2006, 4, 776—780.

Choi, L. Triple fluorescence of 4-(1,4,8,11-tetraazacyclotetradecyl)benzonitrile. Chem. Commun.
1998, 1998, 893—-894.

Heldt, J.R.; Heldt, J.; Jozefowicz, M.; Kaminski, J. Spectroscopic studies of fluorenone
derivatives. J. Fluoresc. 2001, 11, 65-73.

Revill, J.A.T.; Browna, R.G. Excimer versus TICT state formation in polar solutions of methyl
4-(N,N-dimethylamino)benzoate. Chem. Phys. Lett. 1992, 188, 433—438.

Zhen, Z.; Tung, C. Hydrophobic effects on photophysical and photochemical processes: Excimer
fluorescence and aggregate formation of long-chain alkyl 4-(N,N-dimethylamino) benzoate in
water—Organic binary mixtures. Chem. Phys. Lett. 1991, 180, 211-215.

Estrada, L.A.; Yarnell, J.E.; Neckers, D.C. Revisiting fluorenone photophysics via dipolar
fluorenone derivatives. J. Phys. Chem. A 2011, 115, 6366—6375.

Sahoo, D.; Bhattacharya, P.; Chakravorti, S. Spectral signature of 2-[4-(dimethylamino)styryl]-1-
methylquinolinium iodide: A case of negative solvatochromism in water. J. Phys. Chem. B 2011,
115, 10983-10989.

Kotaka, H.; Konishi, G.; Mizuno, K. Synthesis and photoluminescence properties of m-extended
fluorene derivatives: The first example of a fluorescent solvatochromic nitro-group-containing
dye with a high fluorescence quantum yield. Tetrahedron Lett. 2010, 51, 181-184.

Rani, S.A.; Sobhanadri, J.; Rao, T.A.P. Solvent and concentration effects on the steady state
fluorescence of fluorenone. J. Photochem. Photobiol. A 1996, 94, 1-5.

Kuboyama, A. Electronic spectrum of fluorenone. Bull. Chem. Soc. Jpn. 1964, 37, 1540—1544.
Biczok, L.; Bérces, T.; Linschitz, H. Quenching processes in hydrogen-bonded pairs: Interactions
of excited fluorenone with alcohols and phenols. J. Am. Chem. Soc. 1997, 119, 11071-11077.
Kobayashi, T.; Nagakura, S. Picosecond time-resolved spectroscopy and the intersystem crossing
rates of anthrone and fluorenone. Chem. Phys. Lett. 1976, 43, 429-434.



Molecules 2012, 17 4459

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Andrews, L.J.; Deroulede, A.; Linschitz, H. Photophysical processes in fluorenone. J. Phys. Chem.
1978, 82, 2304-2309.

Yoshihara, K.; Kearns, D.R. Spectroscopic properties of the lower lying excited states of
fluorenone. J. Chem. Phys. 1966, 45, 1991-1999.

Ghosh, H.N.; Adamczyk, K.; Verma, S.; Dreyer, J.; Nibbering, E.T.J. On the role of hydrogen
bonds in photoinduced electron-transfer dynamics between 9-fluorenone and amine solvents.
Chem. Eur. J. 2012, 18, 4930-4937.

Zhao, G.; Han, K. Ultrafast hydrogen bond strengthening of the photoexcited fluorenone in
alcohols for facilitating the fluorescence quenching. J. Phys. Chem. A 2007, 111, 9218-9223.
Zhao, G.; Han, K. Role of intramolecular and intermolecular hydrogen bonding in both singlet
and triplet excited states of aminofluorenones on internal conversion, intersystem crossing, and
twisted intramolecular charge transfer. J. Phys. Chem. A 2009, 113, 14329-14335.

Yatsuhashi, T.; Nakajima, Y.; Shimada, T.; Inoue, H. Photophysical properties of intramolecular
charge-transfer excited singlet state of aminofluorenone derivatives. J. Phys. Chem. A 1998, 102,
3018-3024.

Estrada, L.A.; Neckers, D.C. Synthesis and photophysics of ambipolar fluoren-9-ylidene
malononitrile derivatives. J. Org. Chem. 2009, 74, 8484—8487.

Miyaura, N.; Suzuki, A. Palladium-catalyzed cross-coupling reactions of organoboron compounds.
Chem. Rev. 1995, 95, 2457-2483.

Grabowski, Z.R. Electron transfer and the structural changes in the excited state. Pure Appl.
Chem. 1992, 64, 1249-1255.

Reichardt, C. Solvatochromic dyes as solvent polarity indicators. Chem. Rev. 1994, 94, 2319-2358.

Sample Availability: Samples of the compounds are available from G.K.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



