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The fluorescence quenchings of 12 aminofluorenone (AF) derivatives by ethanol were examined, and the
quenching dynamics of the intramolecular charge-transfer excited singlet state of 3-amino-9-fluorenone, as a
model molecule, induced by alcohol were studied by steady-state, picosecond fluorescence measurements
and quenching experiments. The AF in benzene solution showed substantial red-shiftings of its fluorescence
following addition of alcohol. Fluorescence decay analysis revealed that two different relaxed hydrogen-
bonded states exist: an emissive state and a nonemissive state. These different states are due to the microscopic
anisotropy of the hydrogen bond around the carbonyl oxygen. In the emissive state, the hydroxyl group of
the alcohol interacts through an in-plane mode with the carbonyl oxygen of AF, while the alcohol interacts
through an out-of-plane mode in the nonemissive state. The out-of-plane mode was shown to be more common
with cumene hydroperoxide and diols than with ethanol owing to their steric hindrance in the in-plane mode.
Because of its simple structure and charge-transfer nature, AF was found to be the most suitable molecule for
examining the microscopic mechanism of radiationless deactivation of the intramolecular charge-transfer excited
singlet state through a hydrogen bond.

Introduction

Special attention has focused on processes involving the
relaxation of excited molecules as among the most fundamental
of molecular processés.Reorganization of solvent molecules
surrounding an excited polar molecule has been the topic of
considerable study.The general dielectric relaxation behavior
of solvent reorganizations has been extensively stutlied.
Solvent reorientation in alcohols can be described by three
different relaxation times that reflect three processes: rotation
of the C-0O bond, rotation of the monomeric molecule, and
rotation of the aggregated molecule (with concomitant breaking Figure 1. Directions of approach for hydrogen bond formation with
of the hydrogen bonds in the molecular aggregdtedhe a fluorenone carbonyl group: (a) an in-plane-mode approach to the
dielectric relaxation of the excited state was observed within a lone pair of the carbonyl; (b) an out-of-plane-mode approach to the
picosecond time frame. Another important process is the 7* orbital of the carbonyl.

relaxgtion inducgd by a specific solvation such as hydroge;n' molecule is randomly dissipated by the surrounding solvent
bonding interactions. A recent study showed that a specific mgjecules or inherently flows anisotropically through a selective
solvation contributed substantially to the radiationless deactiva- yjiprational mode to the surrounding solvent molecules.
tion of an excited molecule through intermolecular hydrogen-  From the viewpoint of microscopic specific solvation dynam-
bonding interactions. ics, the “molecular mechanism?”, i.e., anisotropy on a molecular
Aminoanthraquinone (AAQ) derivatives in their intramo- |evel, is one of the important problems yet to be explained. We
lecular charge-transfer excited singlet states were efficiently previously proposed a molecular mechanism for the radiationless
deactivated through specific intermolecular hydrogen-bonding deactivation of excited AAQ through an intermolecular hydro-
interactions with the hydroxyl groups of alcohols used as gen bond®. Two modes of interaction were postulated: (1) an
solvents’ The hydrogen bond acts as the effective accepting in-plane mode interaction between the hydroxyl hydrogen of
mode of radiationless transition (internal conversion). The the alcohol and carbonyl oxygen of AAQ and (2) an out-of-
hydrogen-bonding mode is very effective in coupling the excited plane mode (see Figure 1). Although important new information
state and the ground state by virtue of its high frequency. This was obtained, questions remained regarding the two carbonyls
interpretation was supported by several stuli€Bhese past  within AAQ. Simultaneous intermolecular hydrogen-bonding
studies are closely related to a fundamental problem not yethy both of the two carbonyls might be involved in the
fully understood, as to whether the excess energy of an exciteddeactivation processes. We previously reported that amino-
fluorenone (AF) derivatives showed very interesting photo-
*To whom correspondence should be addressed. physical properties which were strongly dependent on their
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o4 4AF TABLE 1: Apparent Stern —Volmer Constants from
' 3AF Steady-State Fluorescence-Quenching Experiments Using
Ethanol
2r SDMAF Ksy (M~3)2 7 (nsy ke (1P M5
=
g 1AAQ 1.5 1.9 0.80
2'er 2AF 2AAQ 36.6 75 4.9
2PAQ 314 9.5 3.3
12 fluorenone €5.9F 2.8 c
e AF 1AF (-1.2¥ 1.4 c
o8 ; . 2AF 10.4 0.80 13
0 0.02 0.04 0.06 3AF 21.8 11 2.0
[Ethasol] (M) 4AF 24.7 9.2 2.7
Figure 2. Stern—Volmer plots for the fluorescence quenching of AFs EMQE 20 3 %863 016
and 3DMAF with ethanol. Plots were obtained using the fluorescence 3MAF 18'2 9'4 1.9
quantum yields. AMAF 37.1 8.4 4.4
substitution positiod® More definitive experimental results %BMQE 203 %'(;29/2'2 83
would be expected in the case of AFs that have only one 3pmAF 18.0 11 1.7
carbonyl group. 4DMAF 28.9 10 2.9

In this work, we chose AF derivatives as models for  ayng stern-Volmer constantsy, was obtained for the fluorescence
molecules which have an intramolecular charge-transfer excitedquantum yield assuming a linear correlation (eq®Bluorescence

state in order to examine the molecular mechanism of deactiva-lifetime in benzene; ref 10.Fluorescence was enhanced by the addition
tion through an intermolecular hydrogen bond. The mechanism of ethanol.

was examined by fluorescence-quenching experiments, using ) )

various alcohols. The microscopic molecular quenching mech- profiles were fitted by a co_nvolutlon method. All measurements
anism involving anisotropic hydrogen-bonding interactions was Were carried out under air at 296 K.

then studied. Results and Discussions

Experimental Section Fluorescence Quenching of AF by Alcohol.In ethanol, the
. _ . . fluorescence quantum yields of AAQ and AF are 2 orders less
Materials. 1-Amino- (1AAQ), 2-amino- (2AAQ), and 2-pi-  than those in benzene and 1 order less than those in acetoni-

peridino-9,10-anthraquinone (2PAQ) were purified as reported trile.”19 It was concluded that the excited singlet states of AAQ
previously’ 1-Amino- (1AF), 2-amino- (2AF), 3-amino (3AF),  and AF were effectively quenched by ethah#l. The fluores-
and 4-amino-9-fluorenone (4AF), 1-methylamino- (IMAF), cence-quenching experiments in benzene were carried out to
2-methylamino- (2MAF), 3-methylamino- (3MAF), and 4-meth-  explore the molecular mechanisms of the quenching phenomena.
ylamino-9-fluorenone (4MAF), and 1-(dimethylamino)- (IDMAF),  First of all, the steady-state fluorescence-quenching experiments
2-(dimethylamino)- (2DMAF), 3-(dimethylamino)- (3DMAF),  using ethanol, as a typical monoalcohol, were examined and
and 4-(dimethylamino)-9-fluorenone (4ADMAF) were synthesized the apparent SterrVolmer constants for the fluorescence
and purified as reported elsewhéfeEthanol, cumene hydro- quantum yields were calculated using eq 1, whirg @, kq,
peroxide (CHP), and dry benzene were prepared as rep@drted.
Diols were dried over sodium sulfate and fractionally distilled <IJF0/<I>F =1+ ky7[ROH] = 1 + K, [ROH] Q)
under reduced pressurdrans-1,2-Cyclohexanediol was re-
crystallized twice from acetone and dried under vacuum at 50 ¢, Kgy, and [ROH] are the fluorescence quantum yields in the
°C for 5 h. absence and presence of a quencher, quenching rate constant,
Measurements!® Absorption spectra were recorded on a fluorescence lifetime in benzene, Steivolmer constant, and
Shimadzu UV-2100PC spectrophotometer, and corrected fluo- concentration of ROH (alcohol), respectively. The fluorescence
rescence spectra were recorded on a Hitachi F-4010 spectrowas quenched by the addition of ethanol except for fluorenone
fluorometer. The fluorescence decay and time-resolved fluo- and 1AF. The correlation coefficient for each Stelolmer
rescence spectra were measured using a picosecond fluorescengdot was greater than 0.995, assuming a linear correlation for
lifetime measurement system under photon-counting conditionsany sensitizer, though the plots of the 3-aminofluorenone
(Hamamatsu, C4334 streak scope, connected to a CHROMEXderivatives appeared to have a slight curvature (Figure 2). The
250IS polychromater) with a Hamamatsu PLP-02 semiconductor obtainedKsy, values are given in Table 1.
laser (420 nm, fwhm 20 ps, 1.19 mW, 1 MHz) and an EKSPLA  The fluorescence of fluorenone and 1AF was enhanced by
PV-401 optical parametric generator (42960 nm, fwhm 25 the addition of ethanol, and the fluorescence was red-shifted as
ps,>1 mJ, 5 Hz) pumped by the third harmonic radiation of a in the case of 1AFtrifluoroethanol reported by Moog et .
Nd®" YAG laser, EKSPLA PL2143B (355 nm, 25 ps fwhm, 1MAF and 1DMAF were not quenched, but fluorescence was
15 mJ), or by the third harmonic of the PL2143B itself. The red-shifted. Recently, the fluorescence quenching of fluorenone
laser flux was reduced with neutral density filters to avoid by alcohol in DMF and in CHCl, was reported by BicZoet
multiphoton absorption processes and nonlinear effects in theal}2 However, the fluorescence quenching of fluorenone cannot
latter case. A single picosecond optical pulse from the be observed in a nonpolar solvent owing to the close proximity
regenerative amplifier of the PL2143B laser was extracted by of n, 7z * and sz, 7 * states and to the delicate positioning of the
an InGaAs photodiode (Hamamatsu, G3476-05) and used as an, r* triplet statel®13 This is also true for 1AF and 1MAF,
pretrigger for the streak scope. This method turned out to be where the dominant mode of radiationless transition is inter-
very useful for avoiding trigger jitter problems with the streak system crossingf In the case of LDMAF, the relaxation process
scope, because it caused no additional jitter. Fluorescence timavith ethanol cannot compete with the very fast deactivation
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Figure 3. Fluorescence spectral changes of 3AF in the presence of 1500 |

(a) ethanol and (b) 1,3-propandiol. [ethanef 0—0.065 M and

[propanediol]= 0—0.013 M. The structure of 3AF is also shown.
1000

process involving twisted intramolecular charge-transfer state
formation® 2-Aminofluorenone derivatives were significantly
qguenched by ethanol on the order of!l@M~t s The
fluorescence quenching of 4-aminofluorenone derivatives was
similar to those of 2AAQ and 2PA®&.The slight difference in .
the quenching rate constants between 4MAF and 4DMAF may . ’ X
be attributed to their charge-transfer characteristics, which are
affected by their structural differences. The former has a planar

Counts (a.u.)

500 -

Residuals
a

conformation and the latter has a perpendicular conformation 0 Mg oot
of the dimethylamino group with the fluorenone nucleus in the 05 + L L L L
ground staté® 3-Aminofluorenone derivatives showed unique Time (2ns/div)

guenching phenomena that warranted further study. The-Stern

Volmer plots appeared to have a slight curvature. This Figure 4. (a) Time-resolved fluorescence spectra of SAF_in the
nonlineaﬁity in t%% SternVolmer analysi% will give us ad- presence of 0.06 M ethanol at 0 s, 1, 3, and 8 ns after excitation. Gate

o . . . width was 0.4 ns. (b) The upper panel shows the fluorescence decays
ditional information about the relaxed state. The details are 4t 3aF in the presence of 0.06 M ethanol in the short (dots ~4&%D

discussed in a later section. nm) and in the long (line, 555575 nm) wavelength region, along with
Fluorescence Spectral Shifts. The addition of ethanol  the instrument response function, which has been shifted in time to
resulted in not only a decrease in the fluorescence intensity butprovide a clearer presentation. The lower panels show the residuals
also a red-shifting of the fluorescence as was the case for thefor the decays when simultaneously fit to the functional forms in eqs
AAQs? As observed in the time-resolved fluorescence spectra 10 and 11.
described below, the red shifts of the fluorescence were due to . .
the new emissive species that appeared in the long-wavelengttV€"€ analyzed by assuming that the alcohols exist as monomers
region. The shifts depended on the sensitizers, and the degreémder the experimental conditions.
of shiftings followed the order 4AF, 2AAG 3AF > 2AF > These results strongly suggest that the contribution of the
2PAQ> 1AAQ. The shape of the spectra of AAQ derivatives New structureless emission in the long-wavelength region is
did not appear to Change much upon the addition of alcohol substantial in the presence of ethanol, while its contribution is
Owing to its structureless Spectra, and Oﬁ‘yax shifts were small in the presence of 1,3-pr0panedi0|. Though similar effects
observed. However, for 3-aminofluorenone derivatives, which  0n themay shifts were also observed for the cases of AAQ,
have weak fluorescence structures, changes in the spectral shap&e difference was more explicitly reflected in the shape of the
were C|ear|y observed (Figure 3) A notable difference was fluorescence Spectra in the case of 3AF. Other alkanediols (HO-
observed between ethanol and an alkanediol such as 1,3{CHz)nOH, n = 2—7) exhibited structured spectra similar to
propanediol. Upon the addition of ethanol, the weakly struc- those for 1,3-propanediol. In the case of cumene hydroperoxide
tured fluorescence spectrum of 3AF became structureless with(CHP), on the other hand, the spectrum did not show any
a concurrent red shift Oimax- A similar tendency was less Significant broadening. ObViOUSly, the alcohols examined here
evident in the case of 1,3-propanediol. Although this change could be classified into two groups: (1) alcohols such as ethanol
in the spectrum is noteworthy, the association of alcohols needsthat quench the fluorescence of 3AF with a substantial red shift
to be discussed first. The self-association of alcohol has beenOf Amaxthat results in spectrum broadening and (2) alcohols such
W|de|y studied*® The formation of dimers and even tetramers as alkanediols and CHP that quenCh the fluorescence with minor
is appreciable at high concentrations of ethanol, while the shifting and little spectrum broadening. These phenomena
monomer is dominant at low concentrations0(06 M in should directly reflect the degree of contribution of the new
CCly).35 The latter corresponds to the highest concentration usedProad emission in the long-wavelength region, and their
in our experiments in benzene. The monomer percentage is adifferences should be closely related to the microscopic mo-
least 94% in CCJ at an ethanol concentration of 0.06®%1.  lecular mechanism of fluorescence quenching.
The aggregation of ethanol should be less significant in benzene, Time-Resolved Fluorescence Spectra of 3AFTo obtain
where the monomeric hydroxyl group is better stabilized by more information on the molecular mechanism of fluorescence
thes---HOR interaction. The alkanediols, HO(GHOH (n = qguenching, its dynamic behavior was further studied. The time-
2—4), form intramolecular hydrogen bonds, while the contribu- resolved fluorescence spectra of 3AF in the presence of 0.06
tion of intermolecular hydrogen bonds (self-association) is M ethanol, as a typical case, are shown in Figure 4a. A new
negligible in a dilute solutio”® The data obtained in this study emissive species in the longer wavelength region is clearly
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TABLE 2: Rate Constants for 3AF Estimated from the Time-Resolved and Steady-State Fluorescence-Quenching Experiments

K + Bk-1 K + k-1 ak-g spectral

guencher MS(®) (A2)P ki (10° Mt sh)e (10fsYd (108 sY)e (108 s e change’s
ethanol 5.82 7.2 2.3 5.9 3.6 +
cumene hydroperoxide 6.23 8.5 35 5.3 1.8 -
trans-1,2-cyclohexanediol 8.3 13 3.4 4.4 1.0 -
1,3-propanediol 11.2 20 2.4 3.8 1.4 -

aThe fluorescence decay profile (55575 nm) was analyzed.Contact molecular surface area of the hydroxyl hydrogen of the quencher (probe
radius= 1.4 A). The details were described in ref*®btained fromi; + 1, vs [ROH] plot (eq 12)9 Obtained fromi.d, vs [ROH] plot (eq 13).
e Obtained fromk' + Sk_; andain eq 14 as described in the tekEluorescence spectral changes, describing the spectral broadening and spectral
shift (+, fluorescence spectrum showed broadeninglandwas significantly shifted to the red upon addition of the quencheg small broadening
of the fluorescence spectrum was observed apdwas slightly shifted upon addition of the quencher).

observed. The fluorescence decay profiles are shown in Figureto the ground state via the nonemissive stat¢R%X')) caused

4b. A clear rise and decay profile is observed in the longer by alcohol, the radiative and radiationless rate constants from
wavelength region. The profile is more well-defined than in the S state in benzene, the radiative and radiationless rate
the case of the AAQZ. Two emissive states such as the original constants of the RX) state, the backward rate constant from
fluorescent state in benzene;Y&nd a relaxed emissive state the S(RX) state to $ and the concentration of alcohol,
(S1(RX)) were assumed. Furthermore, another nonemissive staterespectively. o + g = 1. The populations of each state are
leading to an efficient deactivation is also assumed in the written as eqs 10 and 21 wherek = k. + k,, andk’ = k' +
following results and discussion as in the case of the AAQs.

The relaxed emissive state in benzene is assigned as the [S,]t = Aexp(-A,t) + B exp(-4,t) (10)
corresponding excited state of the hydrogen-bonded form with
ethanol in the ground state as described below, but deactivation [Si(RX)] = C{exp(-1,t) — exp(=2,t)} (11)

from the state is too inefficient (on the order of81§71) _ )
compared with that in neat ethanol (34 10° s )0 as A21= 05K+ K[ROH] + k., + K &

demonstrated below (Table 2). The fluorescence time profile \/(k + k[ROH] — k_; — K)? + 4akk_,[ROH]}

of 3AF in neat ethanol has no rise time, and the emissive state

is assigned as a fully hydrogen-bonded relaxed excited $tate. k,/. A, B, andC are functions of the time constamtsandi,
Assuming that the two relaxed hydrogen-bonded emissive statesand of the concentration [ROH]. The concentration depend-
in benzene and ethanol are the same species, the largeences of the time constants, and,, are then written as eqs
discrepancy between the two deactivation rate constants cannofi2 and 13- As indicated in Figure 4, the original fluorescence
be easily explained by a difference in solvent polarity. Some

other factors must be involved in the deactivation in neat ethanol. Ayt 2, = k+ K +k_y + k[ROH] (12)

Since a solute molecule is completely surrounded by ethanol — (L
molecules in neat ethanol, several ethanol molecules presumably Aady = KK+ k) +Ky(K + fk_)[ROH] (13)

interact with 3AF in several modes leading to an efficient ., the g state in the shorter wavelength region and the new
deactivation. Another mode of interaction with ethanol leading emission from §RX) in the longer wavelength region could

to an efficient deactivation other than that involving the emissive |, superimposed upon each other over the entire observation

state is thus assumed in ethanol. This leads one to postulatgegion - Since the new emission contributes more in the longer
that, even in benzene, the interaction of ethanol molecules, a,elength region than in the shorter one, the rise and decay
|nvolves_not only thf_e emissive species b_ut also the NONemIsSivewfiles in the longer wavelength region (55575 nm) were
one, which results in eﬁ'c'em dt_eactlvanon. analyzed in order to avoid the low signal-to-noise ratio in the
The fluorescence decay kinetics were, thus, analyzed by thegp,;ter wavelength region. Typical examples of plots of eqs
decay processes of eqs-9, including two pathways: (1) 15 30413 are shown in Figure 5a. Ethanol was used as a typical
relaxathn to an emissive state (_eq 3) and (2)_effect|ve internal alcohol, and a good linear correlation was obtained. Similar
conversion to the ground state via a n,oner,’msswe sta(RxS), analyses were performed and good correlations were derived
eq 4). Here, wheré aky, fki, ki kon k', k', k-1, @nd [ROH] ¢o clp trans 1,2-cyclohexanediol, and 1,3-propanediol. These
results are summarized in Table 2. Since the intercepts might

Procless Rate constant contain errors, the rate constanks,and K + fk-;), were

So + hv _— > 5 )] obtained from the slopes of the plots of eqs 12 and 13,
respectively.

S;+ROH —»  §;(RX) ak [ROH] (3 A striking difference was found iky: the diols apparently

S;+ROH —S;RX)Y» S Bk, [ROH] “ have larger values than the calculated diffusion-limited rate
constant (1x 10 M~ s71).18 For example, the propanediol

Sy — >  Sp+hv' Kk ® value is almost 2 times larger, while those for ethanol and CHP

S; —> S, ke (6) approximate the diffusion-controlled rate constant. The quench-
ing constants are well-correlated with the contact molecular

S1(RX) —>  Sp+hv" kK Q) surface area of the hydroxyl hydrogen of alcohols (MB)91°

S,(RX) —> s, k' @®) '?’?1 exposed area being ac.ces.sible by the carbonyl oxygen atom.

e MS(CH) of propanediol is 11.2 A almost twice that of
S,(RX) —> s, ky ©) ethanol (5.82 A) (Table 2). These results clearly show that

diols act as bifunctional quenchers.
are the light absorption rate, the forward rate constant to the New Emission in the Long-Wavelength Region.When an
Si(RX) state from g the radiationless deactivation rate constant excess of ethanol was added to the benzene solution of 3AF, a
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08 0.17 from the hydrogen-bonded complex. The relaxed emissive state
(a responsible for the new emission is probably the corresponding
excited state of the ground-state hydrogen-bonded complex,
although the formation of the ground-state hydrogen-bonded
complex is almost negligible at the low ethanol concentrations
(0—0.06 M) used in the present study. The nuclear configu-
ration of the relaxed emissive state should be quite similar to
that of the ground-state hydrogen-bonding complex. Since the
hydrogen-bonding interaction between the hydroxyl hydrogen
02 T oor o o oo ? and the carbonyl oxygen of ground-state 3AF is accepted to be

[Ethanol] (M) through the nonbondmg orbital of oxygen (Figure 1),'relaxat|on

to the emissive state {RX)) should be induced by an in-plane-

24 mode attack of alcohol on the carbonyl oxygen. Another
(b) relaxation to the nonemissive state involving an efficient
deactivation is, thus, speculated to be induced by an out-of-
plane-mode attack of alcohol through the& orbital of the
carbonyl, as also postulated for the AA&sHydrogen-bond
formation between ethanol and th& orbital on the carbonyl
group of the fluorenone radical ani®rand the benzophenone
radical anioA! has also been postulated. A semiempirical
molecular orbital calculation also predicts that an out-of-plane-
mode interaction is favored in the excited stéte.

Kinetic Analysis of Fluorescence Quenching.In the steady-
state fluorescence-quenching experiments described earlier, the
Figure 5. (a) Kinetic analysis of 3AF fluorescence time constants in  Stern-Volmer plots showed a slight curvature only for 3-ami-
the presence of ethanol using egs 12 and 13. (b) Nonlinear-Stern  nofluorenone derivatives with alcohols. According to the
VoI_me_r plot for the'ﬂuorescence quent_:hlng of 3AF Wlth ethanol. The processes depicted in egs@, the Sterr-Volmer equation can
solid line was obtained from a curve-fit of the data using eq 14. be written in a more complex formalism involving quenching

[
o
T
1
124
s
n

04 4 { 007

A+ A (10557
A x Ay (10Y52)

Pry/Pr

0 0.02 0.04 0.06
[Ethanol] (M)

0.14 580 as the nonlinear form of eq ¥4 wherea = ky(k' + Bk-1)/(K
oa L 1i 1T + ko1) andb = akik!'/[k (K + k-1)].
0.1 e ° %560 o
" ocose e g ®, 1+ ROH
F n 1540 — = (14)
0.06 £ O 1+ b[ROH]
0.04
002 € 1% For AAQs and aminofluorenones, other than the 3-amino-
’ ' - " = u fluorenone derivatives, the StefiVolmer plots in Figure 2
® os o4 o8 o8 1% appear fairly straight, since the fluorescence quantum yield of
[Ethanol] (M) the emissive state is relatively small (it would be 2 orders smaller

Figure 6. Fluorescence quantum yiell) and fluorescencénax (®) than the original fluorescence) and the tebmn eq 14 is

of the ground-state complex between 3AF and ethanol. 3AF was excited N€dligibly small. On the other hand, nonlinear Stexfolmer
at its absorptiofmax (395 Nm) in benzene in region I, where [ethanol] ~ Plots were obtained for 3-aminofluorenone derivatives, where

= 0—0.06 M. The hydrogen-bonded complex between 3AF and ethanol a substantial contribution owing to the new emission from the
was excited at 480 nm in region Il, where [etharsl]0.3-1.0 M. relaxed emissive state {&X)) in the long-wavelength region
was observed. Thieterm in eq 14 is significant in these cases.
new absorption band appeared in the long-wavelength regionMore information about the emissive states could, thus, be
with an isosbestic point at 389 nm. The new absorption band obtained by analyzing the nonlinear Steivolmer plot of 3AF.
could be assigned as the ground-state hydrogen-bonded complex curve-fit using eq 14 of the nonlinear plot of 3AF with ethanol
between 3AF and ethanol, as observed for the AAQBhe is shown in Figure 5b, where the ternak and b were
3AF—ethanol association constant is 0.90 i} estimated from determined as 31 M and 4.5 M1, respectively. These values
the absorption spectral changes and assuming a 1:1 complexepresent the fluorescence quantum yield at an infinite ethanol
formation. The ground-state hydrogen-bonded complex, in the concentration:®g(») = (®rpoK)/a = 0.02, sincedg, = 0.1310
presence of an excess of ethanol up to 1.0 M, was excitéd at The quantum yieldPg() is comparable to the saturated value
= 480 nm, where the absorption for 3AF is very small. Broader, of the apparent quantum yield of fluorescende= 0.01) shown
structureless fluorescence spectra were thus observed in thén Figure 624
longer wavelength region compared to the original fluorescence In eqs 12-14, we have five unknown parameters suckas
of 3AF in benzene. The additional ethanol induced thg K, k-1, a (8 =1- o), andk/, but we can only determine four
red-shifting as indicated in Figure 6. The fluorescence quantum values such ak; andk’ + Sk-; from egs 12 and 13 araland
yield also varied according to the ethanol concentration, b from eq 14. One cannot determine all of the parameters in
decreasing to aroundt = 0.01 at 1.0 M ethanol. The spectral this situation. We now try to estimateé and a. With a
shape and apparehtaxare similar to those for the new emission  combination of, (k' + k-1) anda, we can determine the value
in the long-wavelength region observed for both the steady- of k' + k_; and obtain (1— §)k-1 (=ak-1) by calculating [K
state and time-resolved fluorescence spectra. The new emissiont Sk—1)(ky — @))/a. These derived values are compared in Table
in the long-wavelength region observed in the dynamic quench- 2. Since the energy differences between the original fluorescent
ing of the 3AF fluorescence can thus be assigned as fluorescencstate () and the relaxed emissive statg((8X)) are supposedly



8662 J. Phys. Chem. A, Vol. 102, No. 45, 1998 Yatsuhashi et al.

S
* 0.15 e
N
O 7 Y c @0
O
& 006 o1 & /C\o% ak S OOQ
& & Nl /—KO
0.05 S RX) $1(RXY)
. o AR non-Emissive
Emissive R State
State
0.02 L 1 L L 0

Figure 7. Correlation between the fluorescence quantum yield at
infinite diol concentration ®g()) and methylene chain length)(of

linear diols: @) 3AF; (®) 3DMAF. ®g(c) was calculated using/k W0
andb from eq 14 anddg, (0.13). /\c\gﬁ )

o . | TN (e
quite similar among the studied alcohols (as judged from nearly %’\o

identical Amax values for the new emission in the time-resolved
fluorescence spectrd, ; is assumed to be constant among the
alcohols. Assuming—; is constant among the alcohols studied,
we can make rough estimatesldfand a..
This led to some very important results. The valuek' of

k_1 did not vary significantly among the alcohols examined,
indicating the deactivation&'] from the relaxed emissive states
S1(RX), which could be affected by the nature of the intermo-

Figure 8. Oversimplified picture of the molecular mechanism for the
fluorescence quenching of aminofluorenong. $(RX), S;(RX'), and
Si(RX") represent the original fluorescent state in benzene, relaxed
emissive state, relaxed nonemissive state, and relaxed nonemissive state
with two modes of deactivation.

through an in-plane mode while the second hydroxyl group
attacks the carbonyl in an out-of-plane mode as shown in Figure

lecular hydrogen bond in the in-plane mode, are also similar.
Interestingly, the value ofik_; was appreciably larger for
ethanol than for the other alcohols. Thus, the relative value of
ok_; directly reflects the value af (=1 — ), the fraction of

8 (Si(RX')). Ring formation of the two hydroxyl groups with
the carbonyl might be more favorable for propanediol and
hexanediol. Intramolecular hydrogen-bond formation was
reported for alkanediols af = 2—4.16 They form five f =

collisional attacks by alcohol on 3AF that leads to a relaxed 2), six (1 = 3), and sevenn(= 5) membered rings within the
emissive state relative to another attack leading to a nonemissivemolecule. This precyclized diol structure may be more ame-
state (fraction). The largerok_; value for ethanol clearly ~ hable to attachment with the carbonyl oxygen of 3AF. Although
indicates either (1) that ethanol prefers the former attack or (2) the possibility of ring formation is uncertain, our observations
that other alcohols prefer the latter attack. As shown in Table With the alkanediols suggest that further studies are warranted.
2, the magnitude ofik_; (which is largest for ethanol) is well- Many interesting examples of specific hydrogen-bonding
correlated with fluorescence spectral characteristics such asinteractions in the excited state have appeéte@he present
spectrum broadening anthax red-shifting (which are most ~ study is a typical example of radiationless deactivation through
notable for ethanol). Since ethanol is the smallest molecule & Specific solvation. Further study is needed to show how the
among the examined alcohols, it should suffer the least steric €xcitation energy dissipates through anisotropic hydrogen-bond
hindrance for an in_p|ane_mode attack on the Carbony| oxygen, interactions. A pOSSib|e vibrational mode for radiationless
where two hydrogen atoms in the 1- and 8-positions of the deactivation through an out-of-plane interaction might involve
fluorenone nucleus could cause the hindrance effect. The larger@ bending motion of the carbonyl group. Molecular dynamics
ak_; value for ethanol compared to the other alcohols, thus, simulation and time-resolved transient Raman scattering spec-
strongly suggests the second case described above. t@H®,  troscopy are powerful tools that could be used for future
1,2-cyclohexanediol, and 1,3-propanediol are less favorable Microscopic studies of anisotropy in radiationless deactivation.
against an in-plane-mode attack, presumably owing to steric Conclusion

hindrance against the fluorenone nucleus, than an out-of-plane- ) . L
The molecular mechanism for radiationless deactivation

mode attack, where little steric hindrance is involved. - ’ e e
caused by specific solvation was studied in order to gain insight

Quenching by Diols as a Model System with Multiple ) . . . . S
Hydroxyl Groups. As noted above, deactivation of the excited into the microscopic processes regarding (1) which direction a

singlet state of 3AF is far more efficient in neat ethanol than in dueéncher interacts, (2) which vibrational mode participates in
benzene. Because several ethanol molecules surround 3AF, boti{1€ deactivation, (3) the extent to which the excess energy is
out-of-plane-mode and in-plane-mode interactions may occurd_'ss'pated’ and (4)_ why those Processes occur. The excited
simultaneously in neat ethanol. To simulate the conditions in SiNglet state of aminofluorenone derivatives, which have only
neat ethanol, fluorescence-quenching experiments using al-°N€ carbonyl group available as a hydrogen-bonding site, was
kanediols, HO(CH):OH (n 2-7), which possess two effectively quenched by ethanol. The experimental results and
hydroxyl groups, were performed in benzene. The results were the data analysis plots were more_detalled for 3AF than for the
interesting. Thea/lk andb terms in eq 14 were estimated for AAQs, a consequence of 3AF havmg only one Cafb,O”Y' group.
each diol using nonlinear Sterivolmer plots similar to those | € sudden appearance of a giant dipole upon excitation to the
in Figure 5. The fluorescence quantum yields at infinite diol intramolecular charge-transfer excited state induces either an
concentration®g(w), were calculated from those values and in-plane-mode attack that leads to a relaxed emissive state (_S
plotted in Figure 2* Two minimums, at propanedioh(= 3) (RX)) or an out-of-plane-mode attack that results in a nonemis-
and hexanediolr(= 6), were clearly observed for theg(co) sive state (§RX")) which involves efficient deactivation.
values. As proposed for the AAQs, where only propanediol
was examined, the first hydroxyl group of the diol interacts
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