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Photophysical properties of fluorenone and 12 aminofluorenone derivatives were investigated systematically
by fluorescence quantum yield and picosecond lifetime measurements in cyclohexane, benzene, acetonitrile,
and ethanol. Aminofluorenones underwent efficient deactivation in ethanol, except for the 1-aminofluorenone
derivatives. An appreciable deuterium isotope effect on the radiationless deactikadioraé observed in

all aminofluorenones. The largest effect was observed for 4-aminofluorekgftet©@H)Xk,(EtOD) = 1.9),

while the smallest was for 1-aminofluorenong(EtOH)k,(EtOD) = 1.2). The radiationless deactivation

in ethanol was concluded to be induced through an intermolecular hydrogen bond between the hydroxyl
hydrogen of ethanol and the carbonyl oxygen of aminofluorenones. The possibility of a twisted intramolecular
charge-transfer state in the case of 1-(dimethylamino)fluorenone was explored by semiempirical molecular
orbital calculation.

Introduction the photophysical properties of 12 aminofluorenones, (methyl-

. ) . amino)fluorenones, and (dimethylamino)fluorenones were sys-
Solvent relaxation dynamics have attracted much attention tematically studied.

in various systems from viewpoints of both dielectric theory
and ultrafast measuremestdMlolecules having charge-transfer
excited states have been used for examining dielectric relaxation

processes. We have reported the photophysical properties of - \aterials. 9-Fluorenone and aminofluorenone derivatives,
aminoanthraquinones (AAQs) having an amino group as the y i (1AF), 2-amino- (2AF), 3-amino- (3AF), and 4-amino-
electrson-donatmg part a_nd carbon)_/l groups as electron-acceptlngg_ﬂuorenone (4AF) were purchased from Aldrich or Nacarai
parts> The lowest excited state is an intramolecular charge- (2AF) and purified by repeated recrystallization with heptane

transfer state, where the negative charge is localized mainly on nd methanol (1AF, 3AF, and 4AF) or ethanol (fluorenone and
the carbonyl oxygen and behaves as a strong hydrogen-bon . ! i
. AF). 2-(Dimethylamino)-9-fluorenone (2DMAF, Aldrich) was
acceptor. We have also reported that intermolecular hydrogen™ .~ -
purified by column chromatography (silica gel/benzene) and

bonding between a carbonyl group of AAQ and the hydroxy| repeated recrystallization with heptane. 1-(Dimethylamino)-9-

group of the alcohol acted as an efficient radiationless deactiva- . .
tion mode® The intermolecular hydrogen bond acts as an quor_enone (lDMAF)’ 3-(dimethylamino)-9-flucrenone (3DM.AF)’
4-(dimethylamino)-9-fluorenone (4DMAF), 1-(methylamino)-

effective accepting mode of radiationless deactivation. The f hvlami fl
hydrogen-bonding mode has much advantage in radiationless’-fluorenone (IMAF), 2-(methylamino)-9-fluorenone (2MAF),

deactivation by virtue of a large Franecondon factor owing ~ and 4-(methylamino)-9-fluorenone (AMAF) were all synthesized
to its high frequency. This finding was supported by many other by methylatl_on of th(_a parent_am|nofluorenones_as reported for
researchers. Though the finding was very interesting and the synthesis of (dialkylamino)-9,10-anthraquinéheThey
suggestive, the AAQ results still left some ambiguity from the Were purified by column chromatography (silica gel/benzene)
viewpoint of specific solvation through hydrogen bonding, since @nd recrystallized from hexane or HPLC (ODS column, aceto-
the AAQs have two carbonyls within the molecule. Amino- nitrile).  3-(Methylamino)-9-fluorenone (3MAF) was synthe-
fluorenone derivatives that have structures similar to that of sized as follows: The amino group of 3AF was protected by
AAQ but with only one carbonyl group as a hydrogen-bonding treatment with ditert-butyl dicarbonate and KOH in DMF. The
site are more suitable for examining the deactivation caused byproduct was extracted with ether and reprecipitated in water,
the specific solvation. The photophysical properties of fluo- dried, and then treated with NaH/GlHn THF. The methylated
renone itself have been well studigdVery recently, the product was separated by column chromatography (silica gel/
extensive study on the fluorescence quenching of fluorenone benzene/methanol), and the protecting group was removed by
by alcohol was reported by Bickeet al® However, those of  treating in concentrated 430y, extracted by ether, and repre-
amino-substituted fluorenones except for 1- and 3-aminofluo- cipitated in hexane/THF mixtures followed by recrystallization
renoné® have not yet been studied systematically. In this work, with hexane/benzene mixtures. The identification of MAFs and
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DMAFs was carried out using NMR, mass, and IR spectra. The DMSO-ds, 30°C) ¢ 2.78 (s, 1 H), 7.29 (dd, 6.8 Hz, 1.5 Hz, 1
purity of all the derivatives was confirmed by HPLC (ODS H), 7.33 (t, 7.4 Hz, 1 H), 7.34 (td, 7.4 Hz, 0.8 Hz, 1 H), 7.38
column, acetonitrile elution, 220 nm detection) and TLC (silica (td, 7.8 Hz, 1.4 Hz), 7.60 (dt, 7.3 Hz, 1.0 Hz, 1 H), 7.62 (td,
gel). EthanolO-d (Aldrich, 99.5+% D) was used as received. 7.6 Hz, 1.2 Hz, 1 H), 7.81 (td, 7.6 Hz, 0.8 Hz, 1 H}C NMR
Benzene and ethanol were purified as described previéusly. (100 MHz, DMSOds, 30°C) 6 43.7,117.6, 123.5, 124.0, 125.9,
Cyclohexane was washed with concentrated sulfuric acid, then128.3, 130.3, 133.0, 134.8, 134.9, 135.2, 143.4, 150.1, 193.2;
with water, dilute aqueous sodium carbonate, and water followed FAB MS m/z 224 (M™ + 1); mp 104.6-104.5°C; IR (KBr)

by drying with calcium chloride. It was further refluxed over 1709 cnt?.

calcium hydride and fractionally distilled under nitrogen.  Measurements. The absorption spectra were measured with
Acetonitrile was dried by refluxing over phosphorus pentoxide, a Shimadzu UV-2100PC spectrophotometer. The steady-state
distilled twice, then refluxed over sodium bicarbonate, and fluorescence spectra were measured with a Hitachi F-4010
distilled under nitrogen. spectrofluorometer equipped with a Hamamatsu R928 photo-
1-(Methylamino)-9-fluorenone. 'H NMR (400 MHz, DMSO- multiplier tube. Instrumental response was corrected by
ds, 30°C) 6 2.93 (d, 5.1 Hz, 3 H), 6.67 (d, 8.5 Hz, 1 H), 6.95 rhodamine B in ethylene glycol and standard tungsten [&mp.
(d, 6.8 Hz, 1 H), 7.08 (q, 4.6 Hz, 1 H), 7.33 (td, 7.4 Hz, 1 Hz, Fluorescence quantum yield®g§) were determined by com-
1H), 7.38 (dd, 7.1 Hz, 8.6 Hz, 1 H), 7.49.53 (m, 2 H), 7.68 parison with quinine bisulfate in 0.5 M aqueous sulfuric acid
(d, 7.9 Hz, 1 H);13C NMR (100 MHz, DMSO€s, 30 °C) & solution @r = 0.546)13 This value as a standard was
28.9, 108.5, 112.8, 112.9, 120.7, 122.5, 128.8, 133.6, 134.4,confirmed by observing that of anthracene in ethardot &
137.1, 142.4, 143.9, 148.9, 193.2; FAB M%2 210 (M* + 1); 0.28). The literature value for anthracene is 27 refractive
mp 123.5-125.5°C; IR (KBr) 1672 cntl, index> correction was made for each sample. The solutions
1-(Dimethylamino)-9-fluorenone. 'H NMR (400 MHz, were prepared with absorbances around 0.05 for avoiding inner
DMSO-ds, 30°C) 6 3.02 (s, 6 H), 6.88 (dd, 8.5 Hz, 0.8 Hz, 1 filter effects. The fluorescence decay and time-resolved fluo-
H), 7.16 (dd, 7.1 Hz, 0.7 Hz, 1 H), 7.34 (td, 7.3 Hz, 1.0 Hz, 1 rescence spectra were measured using a picosecond fluorescence
H), 7.40 (dd, 8.6 Hz, 7.3 Hz, 1 H), 7.5(°.54 (m, 2 H), 7.71 lifetime measurement system under photon-counting conditions
(dt, 7.7 Hz, 0.7 Hz, 1 H)**C NMR (100 MHz, DMSO#s, 30 (Hamamatsu, C4334 streak scope, connected with CHROMEX
°C) 6 42.9, 110.9, 117.4, 118.1, 120.2, 122.6, 128.9, 133.5, 250IS polychromater) with a Hamamatsu PLP-02 semiconductor
134.2,135.7, 142.3, 145.7, 151.2, 189.9; FAB M2 224 (M*+ laser (420 nm, fwhm 20 ps, 1.19 mW, 1 MHz) and an EKSPLA
+ 1); mp 75.3-75.5°C; IR (KBr) 1688 cntl. PV-401 optical parametric generator (42860 nm, fwhm 25
2-(Methylamino)-9-fluorenone. *H NMR (400 MHz, DMSO-  Ps, >1 mJ, 5 Hz) pumped by the third harmonic radiation of a
d, 30°C) 6 2.74 (d, 4.9 Hz, 3 H), 6.21 (g, 5.1 Hz, 1 H), 6.65 N&*" YAG laser, EKSPLA PL2143B (355 nm, 25 ps fwhm,
(dd, 2.4 Hz, 8.0 Hz, 1 H), 6.78 (d, 2.2 Hz, 1 H), 7.13 (td, 7.1 15 mJ), or by the third harmonic of the PL2143B itself. The
Hz, 1.7 Hz, 1 H), 7.437.49 (m, 4 H);33C NMR (100 MHz, laser flux was reduced with neutral density filters to avoid
DMSO-ds, 30 °C) ¢ 29.6, 107.2, 116.0, 119.1, 121.9, 123.5, Multiphoton absorption processes and nonlinear effects in the
126.6, 130.5, 133.0, 134.9, 135.2, 145.8, 151.1, 194.0; FAB latter case. A single picosecond optical pulse of the PL2143B
MS m/z 210 (M™ + 1); mp 162.5-163.0°C; IR (KBr) 1703 in the regenerative amplifier was extracted by an InGaAs
em L. photodiode (Hamamatsu, G3476-05) and used as a pretrigger
3-(Methylamino)-9-fluorenone. *H NMR (400 MHz, DMSO- for thel strgak scope. This method turned out to be very useful
ds, 30°C) 0 2.84 (d, 4.9 Hz, 3 H), 6.40 (dd, 8.3 Hz, 2.0 Hz, 1 to ayp|d trigger jitter problgm of the streak scope, bgcause no
H), 6.89 (d, 2.0 Hz, 1 H), 7.01 (q, 4.9 Hz, 1 H), 7.32 (td, 7.4 additional jitter owing to this pretrigger method was involved.
Hz, 1.0 Hz, 1 H), 7.36 (d, 8.3 Hz, 1 H), 7.46 (dt, 7.3 Hz, 0.7 Fluorescence time profiles were fitted by aco_nvolutlon method.
Hz, 1 H), 7.50 (td, 7.5 Hz, 1.2 Hz, 1 H), 7.66 (d, 7.3 Hz, 1H); All measurements were carried out under air at 296 K.
13C NMR (100 MHz, DMSO¢s, 30 °C) 6 28.7, 120.2, 120.5, _ _
122.4, 126.2, 129.0, 133.4, 135.8, 142.7, 146.6, 155.9, 190.3;Results and Discussions

FAB MS m/z 210 (M™ + 1); mp 122.5-123.5°C; IR (KBr) Photophysical Properties of AF, MAF, and DMAF. The
1678 cnrl monosubstituted aminofluorenone derivatives have four struc-
3-(Dimethylamino)-9-fluorenone. *H NMR (400 MHz, tural isomers, while those of AAQ have only two isomers. These

DMSO-ds, 30°C) 6 3.12 (s, 6 H), 6.54 (dd, 8.5 Hz, 2.4 Hz, 1  four isomers could be classified into two groups of (1) 1AF
H), 7.12 (d, 2.4 Hz, 1 H), 7.33 (td, 7.4 Hz, 1.0 Hz, 1 H), 7.42 and 3AF and (2) 2AF and 4AF. The former group has an amino
(d, 8.3 Hz, 1 H), 7.48 (dt, 7.3 Hz, 1 Hz, 1 H), 7.52 (td, 5.0 Hz, group in the ortho or para position to the carbonyl group, and
1.0 Hz, 1 H), 7.77 (dt, 7.3 Hz, 1 Hz, 1 H}3C NMR (100 the latter has an amino group in the meta position to the carbonyl
MHz, DMSO-ds, 30 °C) 6 40.0, 104.0, 110.3, 120.4, 120.4, group. They have a similar infrared absorption of the carbonyl
122.4, 125.8, 129.0, 133.5, 135.7, 142.9, 146.2, 155.2, 190.5;group?® 10 NMR chemical shifts of the carbonyl oxygéfs,
FAB MS m/z 224 (M" + 1); mp 181.5-182.0°C; IR (KBr) and*H NMR chemical shifts of the amino prot&hwithin each
1678 cntl. group. The classification of aminofluorenones in the excited
4-(Methylamino)-9-fluorenone. H NMR (400 MHz, DMSO- singlet state is interesting. The photophysical properties of
ds, 30°C) 0 2.87 (d, 5.1 Hz, 3 H), 4.64 (q, 4.6 Hz, 1 H), 6.89 fluorenone and 12 aminofluorenone derivatives such as ami-
(d, 8.3 Hz, 1 H), 6.94 (dd, 7.1 Hz, 0.8 Hz, 1 H), 7.23 (t, 7.7 nofluorenones (AFs), (methylamino)fluorenones (MAFs), and
Hz, 1 H), 7.26 (td, 7.5 Hz, 0.8 Hz, 1 H), 7.54 (t, 8.2 Hz, 1 H), (dimethylamino)fluorenones (DMAFs) in cyclohexane, benzene,
7.55 (d, 6.4 Hz, 1 H), 7.88 (d, 7.4 Hz, 1 HFC NMR (100 acetonitrile, and ethanol are shown in Table 1. The radiative
MHz, DMSO-ds, 30 °C) 6 30.1, 111.9, 118.3, 122.4, 123.5, rate constantk) and nonradiative rate constark,j were
125.6, 127.1, 130.5, 132.6, 134.2, 134.9, 144.1, 145.2, 193.8;calculated from fluorescence quantum yiedb} and fluores-
FAB MS m/z 210 (Mt + 1); mp 180.5-181.0°C; IR (KBr) cence lifetime ¢) as
1699 cnrl. i
4-(Dimethylamino)-9-fluorenone. 'H NMR (400 MHz, k = @t k=7 "~k
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TABLE 1: Photophysical Properties of Aminofluorenone Derivative$

absorption fluorescence Av Eo—o Kar
Amax(NM) € (LBEMTem™)  Amax(nm) ®g (1072 7 (ns) (1cm?) (A0cm?l) (10°sh) (ACFsY
fluorenone cyclohexane 382 0.28 472 0.035 0.¥4 5.0 2.37 0.25 71
benzene 380 0.30 485 0.78 238 5.7 2.29 0.28 35
acetonitrile 377 0.26 514 2.3 19 7.1 2.24 0.12 0.52
ethanol 379 0.26 562 0.11 0.04/241 8.6 2.21 0.052 4.8
1AF cyclohexane 407 6.5 471 31 0.80 3.3 2.28 3.9 12
benzene 416 6.5 482 5.5 14 3.3 2.21 3.9 6.7
acetonitrile 420 6.7 501 5.7 2.3 3.9 2.16 25 41
ethanol 431 7.8 521 6.8 0.05/4.0 4.0 2.10 1.7 2.3
2AF cyclohexane 455 0.50 569 0.86 4.0 4.4 1.97 0.22 25
benzene 469 0.54 622 0.099 0.84 5.2 1.84 0.12 12
acetonitrilé 481 0.54
ethanol 488 0.79
3AF cyclohexane 386 1.8 478 0.60 0.56/2.4 4.9 2.30 0.25 4.1¢
benzene 395 2.8 504 13 11 55 2.19 1.2 0.79
acetonitrile 409 4.0 544 4.3 5.9 6.1 2.08 0.73 1.6
ethanol 429 4.7 592 0.33 0.04/0929 6.4 1.97 1.t 3
4AF cyclohexane 427 1.8 513 35 3.2 3.9 2.14 1.1 3.0
benzene 440 19 544 7.4 9.3 43 2.03 0.80 1.0
acetonitrile 451 1.8 604 1.2 4.2 5.6 1.90 0.29 2.4
ethanol 458 1.7 667 0.024 0.04/0.080 6.8 1.86 0.39 125
1MAF cyclohexane 432 7.2 497 4.2 1.6 3.0 2.14 2.6 6.0
benzene 445 7.6 519 6.5 2.8 3.2 2.07 24 3.3
acetonitrile 445 7.5 533 6.5 4.2 3.7 2.04 1.7 2.2
ethanol 448 7.6 542 6.4 2.8 3.9 2.01 2.3 3.3
2MAF cyclohexane 474 0.69 587 0.73 3.1 4.1 1.82 0.23 3.2
benzene 491 0.76 635 0.10 0.63 4.6 1.77 0.17 16
acetonitrilé 508 0.70
ethanol 511 0.67
3MAF cyclohexane 389 4.0 489 4.5 0.79/6.5 5.3 2.25 0.69 1.7
benzene 409 4.9 509 19 9.4 4.8 2.15 2.0 0.86
acetonitrile 424 5.9 548 6.4 43 5.3 2.05 15 2.2
ethanol 436 6.5 583 0.65 0.03/0977 5.8 1.94 0.84 1z
AMAF cyclohexane 449 21 536 9.4 8.8 3.6 2.04 11 1.0
benzene 461 2.1 570 6.3 8.4 4.1 1.93 0.75 1.1
acetonitrile 471 2.0 638 0.51 2.2 5.6 1.81 0.23 45
ethanol 477 1.8 686 0.014 0.04/0.090 6.4 1.80 0.16 111
1DMAF cyclohexane 433 6.4 498 0.16 <0.01/1.3 3.0 2.13 0.12 7.°
benzene 445 6.8 520 0.24 0.022.2 3.2 2.06 0.11 4.5
acetonitrile 444 6.7 534 0.27 0.03/2.8 3.8 2.03 0.19 3.6
ethanol 449 6.6 541 0.40 0.01/2.7 3.8 2.01 0.15 3.F
2DMAF cyclohexane 484 0.95 600 0.87 3.3 4.0 1.85 0.26 3.0
benzene 507 0.95 644 0.12 0.79 4.2 1.72 0.15 13
acetonitrilé 510 0.86
ethandl 509 0.77
3DMAF cyclohexane 400 5.9 497 14 6.1 4.6 221 2.9 1.3
benzene 420 6.8 526 23 11 4.8 2.10 2.7 0.70
acetonitrile 431 7.4 557 8.3 4.8 5.3 2.00 2.2 1.9
ethanol 437 7.2 592 0.81 0.04/0970 6.0 1.92 1.2 14
ADMAF cyclohexane 412 1.1 532 7.5 8.0 55 2.09 0.94 1.2
benzene 433 11 575 7.3 10 5.7 1.96 0.73 0.93
acetonitrile 439 1.1 646 0.75 4.2 7.3 1.85 0.18 2.4
ethanol 438 1.0 700 0.027 0.04/0912 8.5 1.89 0.28 83

2¢, O, 7, Av, Eg-o, ki, andk,, are molar extinction coefficient, fluorescence quantum yield, fluorescence lifetime, the differehgg lodtween
absorption and fluorescence spectra im€mmit, the 6-0 transition energy of excited singlet state, radiative rate constant, and nonradiative rate
constant. The accuracy of data is estimatedbag+10%), 7 (£10%), Amax Of absorption £1 nm), Amax Of fluorescence £2 nm), andAmax of
fluorescence of quantum yield below B3 nm)." Absorption spectrum shows weak vibronic structir@eference 8¢ Fluorescence decay
profile was wavelength dependent and was fitted by double-exponential decalzulated with®r andz (longer lifetime).f Fluorescence was not
observed? Fluorescence spectrum shows two peaks with structure and the long-wavelength one was' Bhawvascence decay profile was
fitted by double-exponential decay.

The 0,0 transition energy was obtained from the crossing point by analogy to AAQS?® The largeAv values in Table 1 are in
between the normalized absorption spectrum and the fluores-accord with this assignment. The absorption spectra had weak
cence spectrum. ThAv is the difference betweeAmax of vibronic structure in cyclohexane but were broadened in other
absorption and fluorescence in thunits. As seen in the  solvents. A LippertMataga plot® indicated that the excited
absorption spectrum of 4MAF as a typical example in Figure states of 4AF and 3DMAF as typical examples have very polar
1, a new absorption band has appeared in the visible region byelectronic structures. The differences of dipole moment between
introducing an amino substituent into the fluorenone nucleus. the excited and ground states were 5.2 D (4AF3.8 D
Theory predicts the new absorption bands of aminofluorenones(3DMAF),21 3.5 D (1AF)19and 4.9 D (3AFY but smaller than

in the visible region as being due to intramolecular charge those of AAQs, 6.5 D (2-amino-9,10-anthraquinone, 2AAQ)
transfer from the amino moiety to the fluorenoneskeleton and 7.3 D (2-piperidino-9,10-anthraquinone, 2PA8).
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TABLE 2: Photophysical Properties of Fluorenone, AF,
4000 MAF, and DMAF in Ethanol- O-d and Deuterium Isotope
Effects on Radiative and Nonradiative Rate Constants
= Dy T ke Knr Kietony  Knr(Etony
'E 3000 | (1073 (nsp (107sHP (10Ps™Y° kewop) Kar(erop)
=2 fluorenone 0.16 0.05/4.0 0.040 25 1.3 1.9
'2 (a) 1AF 8.6 0.04/4.5 1.9 2.0 0.89 1.2
< 2000 3AF 053 0.04/0.47 1.1 21 1.0 1.6
w 4AF 0.039 0.04/0.15 0.26 67 1.2 1.9
1IMAF 8.8 3.8 2.3 2.4 1.0 1.4
1000 3MAF 0.97 0.04/1.0 0.97 9.9 0.87 1.3
AMAF 0.027 0.03/0.12 0.23 83 0.73 1.3
(b) 1DMAF 0.50 0.01/3.9 0.13 2.6 1.2 1.4
0 1 Il 3DMAF 1.1 0.04/0.97 1.1 10 1.0 1.4
300 400 500 600 ADMAF 0.044 0.04/0.22 0.20 45 12 18
Wavelength (nm) a Fluorescence decay profile was fitted by double-exponential decay.

: : ; b The rate constant was calculateddyandz (long one). The accuracy
Figure 1. Absorption spectra of (a) 4-(methylamino)fluorenone and . .
(b!).il fluorenone inpethangl. (@) 4-( y ) of data is estimated a®r (£10%) andr (+10%).

The fluorescence decay profiles of aminofluorenone deriva- between the two cases strongly suggests that these two
tives except 1DMAF, 3AF, and 3MAF were fairly described molecules do not have the same deactivation mechanism through
as a single exponential in cyclohexane, benzene, and acetonitrilean intramolecular hydrogen bond. 1AF has too long a distance
while in ethanol they were wavelength dependent and exhibited between the carbonyl group and the amino hydrogen to form a
two components of the decay, except IMAF (single component strong hydrogen bonH?23 Srivatsavoy et al. reported that
in all solvents examined) and 1DMAF (two components but molecules having intersystem crossing as the dominant mode
weakly wavelength dependent in all solvents examined). The of deactivation showed small isotope effects such as those of
radiative &) and nonradiative rate constaritg)in ethanol were 1-(acetylamino)-9,10-anthraquinone (1.3) and 1,5-diamino-9,10-
calculated from the longer lifetime among the two-component anthraquinone (1.6), while the molecules having internal
decays (Table 1). Obviously, 1-substituted aminofluorenones conversion as the dominant mode of deactivation showed a large
exhibited different characteristics than did the 3- and 4-substi- isotope effect such as those of 1AAQ (8.3) and 1-(methyl-
tuted derivatives. The difference was most obvious in the amino)-9,10-anthraquinone (6.3).Furthermore, intramolecular
nonradiative rate constark,f). 1-Substituted derivatives were hydrogen bond of 1AF in the ground state was discussed by
rather insensitive to solvent, while 3- and 4-substituted deriva- Baumstark et al. witlt’O NMR; the chemical shifts of the
tives were very sensitive to solvent polarity. 2-Substituted carbonyl oxygen of 1AF were not so deshielded by the amino
aminofluorenones having an exceptionally small extinction hydrogen compared with 3AF, and this result was significantly
coefficient for light absorption apparently showed behavior different from other typical intramolecular hydrogen-bonded
similar to those of 3- and 4-substituted fluorenones, though the compound such as hydroxyacetopherf®aad 1AAQ’® The
rate constants in acetonitrile and ethanol could not be determinedintramolecular hydrogen bond of 1AF was concluded to be weak
because fluorescence in these solvents was too weak even dbecause of the long distance between the carbonyl oxygen and
77 K. the amino hydroge®’? Possibilities other than the simple

1-Substituted Aminofluorenones. Moog et al. reported explanation involving an intramolecular hydrogen bond should
similar characteristics of 1AF and postulated that 1AF had an be further considered. An involvement of the twisted intramo-
intramolecular hydrogen bond between the amino hydrogen andlecular charge-transfer state especially in the case of 1DMAF
carbonyl oxygen acting to induce efficient internal conversion as described in a later section and intersystem crossing to the
mode, which caused the insensitivity to solvent natren triplet state owing to solvent-induced energy changes may be
ethanol, the intramolecular hydrogen bond might be replaced candidates for explaining the photophysical behavior. Further
with an intermolecular one with ethanol to decrease the rate of study should be done to clarify the photophysical behavior of
internal conversiod® However, the methylated aminofluo- 1-substituted aminofluorenones.
renones 1MAF and 1DMAF were revealed to have character- 3- and 4-Substituted Aminofluorenones. In contrast to
istics similar to 1AF in the present study (Table 1). Since 1-substituted aminofluorenones, 3- and 4-substituted amino-
1DMAF has no amino hydrogen and no intramolecular hydrogen fluorenones exhibited a large solvent effect on radiationless
bond is involved, the explanation of Moog et!8Imay not deactivation (Table 1). They exhibited very efficient deactiva-
necessarily be valid. Simple contradicting question also arisestion in ethanol. Very similar effects were also observed in
as to why the replaced intermolecular hydrogen bond is less AAQs> Specific deactivation is supposed to operate in ethanol
effective in reducing the radiationless deactivation in contrast through specific solvation such as intermolecular hydrogen
to the efficient deactivation caused by the intermolecular bonding, as demonstrated by the deuterium isotope effect
hydrogen bond in the cases of 3- and 4-substituted aminofluo- described below (Table 2).
renones described below. In the cases of AAQs, the intermo- The two-component decay in ethanol was observed in the
lecular hydrogen bond was demonstrated to be much moreshort wavelength region, and the corresponding rise and decay
efficient for radiationless deactivation than the intramolecular behavior was observed in the long-wavelength region. These
hydrogen bond between the amino hydrogen in 1-position and results suggest that the fast component reflects the relaxation
carbonyl oxygert. The smallest deuterium isotope effect on of the original fluorescent state {fSo form a relaxed excited
the nonradiative process of 1AK.{EtOH)k.(EtOD) = 1.2) state (3(RX)) and the slow component is the decay offSX).
among the aminofluorenones as described below (Table 2) alsoThe time constant of the fast component was around480
needs an explanation. Intramolecular hydrogen-bonded mol-ps. This corresponds to the dielectric relaxation of eth&hol.
ecule such as 1-amino-9,10-anthraquinone (1AAQ) showed aFluorescencémax of AFs and MAFs in rigid ethanol at 77 K
larger deuterium isotope effect of 21The large difference  shifted to wavelengths shorter than those in fluid ethanol at room
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temperature, and they were yet similar or shorter than those in
benzene at room temperatidfe.These results indicated that
solvent reorientation was surely involved in the fluorescence
decay process. Upon the sudden appearance of a giant dipole
by excitation to the intramolecular charge-transfer state, dielec-
tric reorientation of ethanol would simultaneously lead to
specific solvation such as the intermolecular hydrogen bond of
hydroxyl hydrogen to the carbonyl oxygen with increased minus
charge. The ratio of nonradiative rate constants in ethanol to
those in benzene were 158 (2AA8263 (2PAQ): 43 (3AF),

and 125 (4AF), respectively. The result for 4AF was almost
identical to that of 2AAQ, but 3AF had a smaller value. The 1.8 1 ! L
value may partly reflect the degree of charge transfer in the 75 85 95 105 115
excited state, supposing the nonradiative deactivation is caused

by intermolecular hydrogen bonding. The strength of the Ip (eV)

hydrogen-bonding interaction should be largely dependent onFigure 2. Correlation betweervmsx Of absorption of fluorenone
the degree of minus charge on the carbonyl oxygen. The excitedderivatives and the ionization potential of the corresponding methyl-

states of AFs, thus, are considered to have essentially weakefMine (AF), dimethylamine (MAF), trimethylamine (DMAF), and
harge-transfer nature than AAQs. This is also supported b methanol (HF). O) 1AF, IMAF, 1IDMAF, 1HF; @) 2AF, 2MAF,
charg : Y 2DMAF, 2HF; (») 3AF, 3MAF, 3DMAF, 3HF; @) 4AF, 4MAF,

the smaller dipole moment difference of AFs than AAQS 4pmAF. 4HF.
estimated from the LippertMataga plots mentioned above.

Deuterium Isotope Effect on Radiationless Deactivation.
To obtain more explicit information about the radiationless
deactivation in ethanol, deuterium isotope effects were examined
(Table 2). Very interestingly, in deuterated ethangH{€OD),
the radiationless deactivatiok,f) was suppressed appreciably
in all the aminofluorenones and fluorenone itself. 1AF had the
smallest effect, while 4AF had the largest effect. 3DMAF and
ADMAF having no amino hydrogen atom showed deuterium
effects similar to those of the parent 3AF and 4AF. This
strongly suggests that the-NH bond of the amino group in
AFs does not play an important role in the internal conversion
process. The appreciable deuterium isotope effect on radia-
tionless deactivation in ethanol clearly indicated that the process
was induced through intermolecular hydrogen bonding with the
hydroxyl hydrogen of ethanol. These results are in striking
contrast to the case of coumarin derivatives (the deuterium
isotope effect is around 1.10) which suffers only general
dielectric relaxatior® The deuterium effect of AFs could be
ascribed to a difference of the FrameRondon factor in Figure 3. Most stable structure of 1DMAF (side view) and 4DMAF
radiationless transition, supposing that the quantum mechanicaltoP_view) in the ground (§ and excited (9 state optimized by
initial state was the hydrogen-bonded state in the relaxed excitedVOPACS3 (PM3).

state ($(RX)).? carbonyl group (IDMAF). The most stable structures estimated
Methyl Substitution and TICT Possibility. The methyl by MOPAC93 (PM3) are shown in Figure 3. 4DMAF favored
substitution on the amino group significantly changed the nature an almost perpendicular arrangement between the fluorenone
of AFs. The correlation between absorptiomax and the  nucleus and the substituent in the ground state, while 1DMAF
ionization potential of substituents is shown in Figuré Zrhe had a slightly rotated dimethylamino group. This estimation
data for hydroxy-9-fluorenones (HFs) are also plotted in Figure was supported by NMR measurements. The chemical shift of
2. The absorptiortmax 0f MAFs and DMAFs shifted to the  the methyl protons of 4DMAF shifted to higher magnetic field
red compared with the corresponding AFs, since introduction than 4MAF in contrast to other 2- and 3-substituted derivatives.
of a methyl group lowered the ionization potential of the amino This clearly indicated that the methyl groups of 4ADMAF were
moiety as in the case of AAGS. A good correlation in Figure  not coplanar with the fluorenong skeleton and were not
2 clearly shows that the first absorption bands of AF derivatives magnetically deshielded. Steric hindrance interrupts the con-
has an intramolecular charge-transfer nature. The tendency tgugation between the fluorenone nucleus and the lone pair of
shift was not so dependent on substitution position but was nitrogen and charge-transfer interaction of 4ADMAF becomes
prominent in 1-substituted fluorenones (Figure 2). In each smaller as in the cases of aniline derivatiVésThis is also
correlation, 1LDMAF and 4DMAF obviously deviated from the true in 1DMAF, but the degree of steric hindrance is smaller
plot. The deviation might be correlated with their ground-state than that of 4DMAF. The effects of structural difference on
structure. We calculated the most stable structure of AF rate constants (Table 1) was not apparently observed among
derivatives in the ground state by MOPAC93 (PM3). The 4-aminofluorenone derivatives but was evident among 1-ami-
optimized structures of 2DMAF and 3DMAF in the ground state nofluorenone derivatives. Fluorescence quantum yields and
were coplanar, but _ADMAF and 1DMAF could not be coplanar lifetimes were very varied between 1IMAF and 1DMAF. The
owing to the steric hindrance between the dimethylamino group radiative rate constankj of IDMAF was much smaller in every
and the hydrogen atom at the 5-position (4DMAF) or the solvent than those of 1AF and 1MAF, while the radiationless

Vinax (10%m)

1DMAF 4DMAF
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Figure 4. Energy diagram of fluorenone and(ST) level of AF in
cyclohexane. The triplet energy of fluorenone was referred from:
Kobayashi, T.; Nagakura, £hem. Phys. Lettl976 43, 429.
deactivation K,;) was similar for 1DMAF, 1AF, and 1MAF.
This indicated that the nature of the relaxed excited state (S
(RX)) of 1IDMAF was quite different from those of other
derivatives. The fluorescence decay profiles of 1LDMAF showed

a small wavelength dependence with a clear two-component

decay in all solvents examined. The very short decay within
20 ps was the main contributor. Thus, the original fluorescent
state of 1IDMAF immediately relaxed to a weakly fluorescent
one. For other 3- and 4-substituted derivatives, such a striking
difference between MAF and DMAF were not found. When
molecules having charge-transfer excited states were substitute
by dimethylamino substituents instead of amino groups, forma-
tion of TICT (twisted intramolecular charge transfer) states was
observed in some cas&TICT formation in structurally similar
compounds such as 2-(dimethylamino)-9,10-anthraquiiamel
4-(dimethylamino)phthalimide was also reporfdWe have
compared the possibility of TICT states by semiempirical
molecular orbital calculation. The calculation was done by
MOPAC93 (PM3) and the most stable conformation was
estimated in the excited and ground state. All the AFs and
MAFs always favored coplanar conformation. Only 1DMAF,
however, favored the perpendicular form in thesgte (Figure
3). The energy stabilization by transformation from the
Franck-Condon state of 1DMAF to the fully optimized
perpendicularly relaxed conformer was calculated as 0.17 eV.
The calculation may support the experimental result that
1DMAF also showed a two-component decay even in cyclo-
hexane as in the TICT case Nfphenylnaphthalimide deriva-
tives36 4DMAF was another special case that had already the
perpendicular form in the ground state owing to the strong
repulsion between the dimethylamino group and the hydrogen
on the opposite phenyl ring (Figure 3). Though appreciable
structural change in the excited state of 4ADMAF was predicted
by calculation, a striking difference was not found experimen-
tally among 4AF, 4AMAF, and 4DMAF (Table 1). The already
perpendicular form in FranekCondon excited state of 4ADMAF
would lead to an ordinal internal conversion to the ground state.
As discussed above, only 1DMAF had a possibility of TICT
formation. Further study on the TICT possibility is now under
progress by both experiment and theoretical calculation.
Energy State Diagram of Aminofluorenones. The 0,0
transition energies of fluorenone, 1AF, 2AF, 3AF, and 4AF in
cyclohexane observed in this study are simply plotted on the
energy diagram of Figure 4. The diagram contains the excited
triplet states of fluorenone estimated by Nagakura &t ahe

assignment of the lowest excited singlet state of fluorenone has

been discussed by many researcfets. nonpolar solvent, n,
m*, and ;r,t* states are in close proximity. In cyclohexane,

J. Phys. Chem. A, Vol. 102, No. 18, 1998023

the lowest excited singlet state was assigned te*r#2 while

it was fairly assigned tomr,* in benzene and in polar
solventstbc As easily anticipated, energy state diagrams of 1AF,
3AF, and even 4AF would be complicated owing to the close
lying n,7* state, while 2AF may not be so much affected by
the ng* state. Mixing with nz* and the relative positioning
against the ng* and 7r,77* triplet states in each solvent would
largely affect the photophysical properties. Though detailed
energy diagrams are not simply obtained here, the larger
deactivation in cyclohexane than in benzene observed in all the
aminofluorenones except the 2-substituted derivatives (Table
1) well characterizes the delicate positioning against the triplet
states. Detailed study in each case such as temperature effect
on fluorescence intensity and triplet yi€dvould also be as
meaningful as the fundamental data in Table 1 and theoretical
study for the further understanding of energy state diagram.

Conclusion

The photophysical properties of aminofluorenones were
revealed to be strongly dependent on its substituted position by
examining 12 derivatives systematically. The nonradiative
deactivation of all AFs except 1-aminofluorenone derivatives
were substantial in ethanol as in the case of AAQs. Intramo-
lecular charge-transfer excited states of AFs were effectively
guenched through intermolecular hydrogen bond between car-
bonyl oxygen of AFs and hydroxyl hydrogen of ethanol. The

é)ossibility of TICT was found only in 1DMAF by experiment

and with theoretical calculation.
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