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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 processes.3 Reorganization of solvent molecules
surrounding an excited polar molecule has been the topic of
considerable study.4 The general dielectric relaxation behavior
of solvent reorganizations has been extensively studied.5

Solvent reorientation in alcohols can be described by three
different relaxation times that reflect three processes: rotation
of the C-O bond, rotation of the monomeric molecule, and
rotation of the aggregated molecule (with concomitant breaking
of the hydrogen bonds in the molecular aggregates).6 The
dielectric relaxation of the excited state was observed within a
picosecond time frame. Another important process is the
relaxation induced by a specific solvation such as hydrogen-
bonding interactions. A recent study showed that a specific
solvation contributed substantially to the radiationless deactiva-
tion of an excited molecule through intermolecular hydrogen-
bonding interactions.7

Aminoanthraquinone (AAQ) derivatives in their intramo-
lecular charge-transfer excited singlet states were efficiently
deactivated through specific intermolecular hydrogen-bonding
interactions with the hydroxyl groups of alcohols used as
solvents.7 The hydrogen bond acts as the effective accepting
mode of radiationless transition (internal conversion). The
hydrogen-bonding mode is very effective in coupling the excited
state and the ground state by virtue of its high frequency. This
interpretation was supported by several studies.8 These past
studies are closely related to a fundamental problem not yet
fully understood, as to whether the excess energy of an excited

molecule is randomly dissipated by the surrounding solvent
molecules or inherently flows anisotropically through a selective
vibrational mode to the surrounding solvent molecules.

From the viewpoint of microscopic specific solvation dynam-
ics, the “molecular mechanism”, i.e., anisotropy on a molecular
level, is one of the important problems yet to be explained. We
previously proposed a molecular mechanism for the radiationless
deactivation of excited AAQ through an intermolecular hydro-
gen bond.9 Two modes of interaction were postulated: (1) an
in-plane mode interaction between the hydroxyl hydrogen of
the alcohol and carbonyl oxygen of AAQ and (2) an out-of-
plane mode (see Figure 1). Although important new information
was obtained, questions remained regarding the two carbonyls
within AAQ. Simultaneous intermolecular hydrogen-bonding
by both of the two carbonyls might be involved in the
deactivation processes. We previously reported that amino-
fluorenone (AF) derivatives showed very interesting photo-
physical properties which were strongly dependent on their* To whom correspondence should be addressed.

Figure 1. Directions of approach for hydrogen bond formation with
a fluorenone carbonyl group: (a) an in-plane-mode approach to the
lone pair of the carbonyl; (b) an out-of-plane-mode approach to the
π* orbital of the carbonyl.
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substitution position.10 More definitive experimental results
would be expected in the case of AFs that have only one
carbonyl group.

In this work, we chose AF derivatives as models for
molecules which have an intramolecular charge-transfer excited
state in order to examine the molecular mechanism of deactiva-
tion through an intermolecular hydrogen bond. The mechanism
was examined by fluorescence-quenching experiments, using
various alcohols. The microscopic molecular quenching mech-
anism involving anisotropic hydrogen-bonding interactions was
then studied.

Experimental Section

Materials. 1-Amino- (1AAQ), 2-amino- (2AAQ), and 2-pi-
peridino-9,10-anthraquinone (2PAQ) were purified as reported
previously.7 1-Amino- (1AF), 2-amino- (2AF), 3-amino (3AF),
and 4-amino-9-fluorenone (4AF), 1-methylamino- (1MAF),
2-methylamino- (2MAF), 3-methylamino- (3MAF), and 4-meth-
ylamino-9-fluorenone(4MAF),and1-(dimethylamino)-(1DMAF),
2-(dimethylamino)- (2DMAF), 3-(dimethylamino)- (3DMAF),
and 4-(dimethylamino)-9-fluorenone (4DMAF) were synthesized
and purified as reported elsewhere.10 Ethanol, cumene hydro-
peroxide (CHP), and dry benzene were prepared as reported.11

Diols were dried over sodium sulfate and fractionally distilled
under reduced pressure.trans-1,2-Cyclohexanediol was re-
crystallized twice from acetone and dried under vacuum at 50
°C for 5 h.

Measurements.10 Absorption spectra were recorded on a
Shimadzu UV-2100PC spectrophotometer, and corrected fluo-
rescence spectra were recorded on a Hitachi F-4010 spectro-
fluorometer. The fluorescence decay and time-resolved fluo-
rescence spectra were measured using a picosecond fluorescence
lifetime measurement system under photon-counting conditions
(Hamamatsu, C4334 streak scope, connected to a CHROMEX
250IS polychromater) with a Hamamatsu PLP-02 semiconductor
laser (420 nm, fwhm 20 ps, 1.19 mW, 1 MHz) and an EKSPLA
PV-401 optical parametric generator (420-560 nm, fwhm 25
ps,>1 mJ, 5 Hz) pumped by the third harmonic radiation of a
Nd3+ YAG laser, EKSPLA PL2143B (355 nm, 25 ps fwhm,
15 mJ), or by the third harmonic of the PL2143B itself. The
laser flux was reduced with neutral density filters to avoid
multiphoton absorption processes and nonlinear effects in the
latter case. A single picosecond optical pulse from the
regenerative amplifier of the PL2143B laser was extracted by
an InGaAs photodiode (Hamamatsu, G3476-05) and used as a
pretrigger for the streak scope. This method turned out to be
very useful for avoiding trigger jitter problems with the streak
scope, because it caused no additional jitter. Fluorescence time

profiles were fitted by a convolution method. All measurements
were carried out under air at 296 K.

Results and Discussions

Fluorescence Quenching of AF by Alcohol.In ethanol, the
fluorescence quantum yields of AAQ and AF are 2 orders less
than those in benzene and 1 order less than those in acetoni-
trile.7,10 It was concluded that the excited singlet states of AAQ
and AF were effectively quenched by ethanol.7,10 The fluores-
cence-quenching experiments in benzene were carried out to
explore the molecular mechanisms of the quenching phenomena.
First of all, the steady-state fluorescence-quenching experiments
using ethanol, as a typical monoalcohol, were examined and
the apparent Stern-Volmer constants for the fluorescence
quantum yields were calculated using eq 1, whereΦF0, ΦF, kq,

τ, KSV, and [ROH] are the fluorescence quantum yields in the
absence and presence of a quencher, quenching rate constant,
fluorescence lifetime in benzene, Stern-Volmer constant, and
concentration of ROH (alcohol), respectively. The fluorescence
was quenched by the addition of ethanol except for fluorenone
and 1AF. The correlation coefficient for each Stern-Volmer
plot was greater than 0.995, assuming a linear correlation for
any sensitizer, though the plots of the 3-aminofluorenone
derivatives appeared to have a slight curvature (Figure 2). The
obtainedKsv values are given in Table 1.

The fluorescence of fluorenone and 1AF was enhanced by
the addition of ethanol, and the fluorescence was red-shifted as
in the case of 1AF-trifluoroethanol reported by Moog et al.11

1MAF and 1DMAF were not quenched, but fluorescence was
red-shifted. Recently, the fluorescence quenching of fluorenone
by alcohol in DMF and in CH2Cl2 was reported by Biczo´k et
al.12 However, the fluorescence quenching of fluorenone cannot
be observed in a nonpolar solvent owing to the close proximity
of n, π * and π, π * states and to the delicate positioning of the
n, π* triplet state.10,13 This is also true for 1AF and 1MAF,
where the dominant mode of radiationless transition is inter-
system crossing.10 In the case of 1DMAF, the relaxation process
with ethanol cannot compete with the very fast deactivation

Figure 2. Stern-Volmer plots for the fluorescence quenching of AFs
and 3DMAF with ethanol. Plots were obtained using the fluorescence
quantum yields.

TABLE 1: Apparent Stern -Volmer Constants from
Steady-State Fluorescence-Quenching Experiments Using
Ethanol

KSV (M-1)a τ (ns)b kq (109 M-1 s-1)

1AAQ 1.5 1.9 0.80
2AAQ 36.6 7.5 4.9
2PAQ 31.4 9.5 3.3

fluorenone (-5.9)c 2.8 c
1AF (-1.2)c 1.4 c
2AF 10.4 0.80 13
3AF 21.8 11 2.0
4AF 24.7 9.2 2.7

1MAF 0 2.8 0
2MAF 10.3 0.63 16
3MAF 18.2 9.4 1.9
4MAF 37.1 8.4 4.4

1DMAF 0 0.02/2.2 0
2DMAF 10.3 0.79 13
3DMAF 18.0 11 1.7
4DMAF 28.9 10 2.9

a The Stern-Volmer constant,KSV, was obtained for the fluorescence
quantum yield assuming a linear correlation (eq 1).b Fluorescence
lifetime in benzene; ref 10.c Fluorescence was enhanced by the addition
of ethanol.

ΦF0
/ΦF ) 1 + kqτ[ROH] ) 1 + KSV[ROH] (1)
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process involving twisted intramolecular charge-transfer state
formation.10 2-Aminofluorenone derivatives were significantly
quenched by ethanol on the order of 1010 M-1 s-1. The
fluorescence quenching of 4-aminofluorenone derivatives was
similar to those of 2AAQ and 2PAQ.9 The slight difference in
the quenching rate constants between 4MAF and 4DMAF may
be attributed to their charge-transfer characteristics, which are
affected by their structural differences. The former has a planar
conformation and the latter has a perpendicular conformation
of the dimethylamino group with the fluorenone nucleus in the
ground state.10 3-Aminofluorenone derivatives showed unique
quenching phenomena that warranted further study. The Stern-
Volmer plots appeared to have a slight curvature. This
nonlinearlity in the Stern-Volmer analysis will give us ad-
ditional information about the relaxed state. The details are
discussed in a later section.

Fluorescence Spectral Shifts. The addition of ethanol
resulted in not only a decrease in the fluorescence intensity but
also a red-shifting of the fluorescence as was the case for the
AAQs.9 As observed in the time-resolved fluorescence spectra
described below, the red shifts of the fluorescence were due to
the new emissive species that appeared in the long-wavelength
region. The shifts depended on the sensitizers, and the degree
of shiftings followed the order 4AF, 2AAQ> 3AF > 2AF >
2PAQ> 1AAQ. The shape of the spectra of AAQ derivatives
did not appear to change much upon the addition of alcohol
owing to its structureless spectra, and onlyλmax shifts were
observed.9 However, for 3-aminofluorenone derivatives, which
have weak fluorescence structures, changes in the spectral shape
were clearly observed (Figure 3). A notable difference was
observed between ethanol and an alkanediol such as 1,3-
propanediol. Upon the addition of ethanol, the weakly struc-
tured fluorescence spectrum of 3AF became structureless with
a concurrent red shift ofλmax. A similar tendency was less
evident in the case of 1,3-propanediol. Although this change
in the spectrum is noteworthy, the association of alcohols needs
to be discussed first. The self-association of alcohol has been
widely studied.14 The formation of dimers and even tetramers
is appreciable at high concentrations of ethanol, while the
monomer is dominant at low concentrations (<0.06 M in
CCl4).15 The latter corresponds to the highest concentration used
in our experiments in benzene. The monomer percentage is at
least 94% in CCl4, at an ethanol concentration of 0.06 M.15

The aggregation of ethanol should be less significant in benzene,
where the monomeric hydroxyl group is better stabilized by
theπ‚‚‚HOR interaction. The alkanediols, HO(CH2)nOH (n )
2-4), form intramolecular hydrogen bonds, while the contribu-
tion of intermolecular hydrogen bonds (self-association) is
negligible in a dilute solution.16 The data obtained in this study

were analyzed by assuming that the alcohols exist as monomers
under the experimental conditions.

These results strongly suggest that the contribution of the
new structureless emission in the long-wavelength region is
substantial in the presence of ethanol, while its contribution is
small in the presence of 1,3-propanediol. Though similar effects
on theλmax shifts were also observed for the cases of AAQ,9

the difference was more explicitly reflected in the shape of the
fluorescence spectra in the case of 3AF. Other alkanediols (HO-
(CH2)nOH, n ) 2-7) exhibited structured spectra similar to
those for 1,3-propanediol. In the case of cumene hydroperoxide
(CHP), on the other hand, the spectrum did not show any
significant broadening. Obviously, the alcohols examined here
could be classified into two groups: (1) alcohols such as ethanol
that quench the fluorescence of 3AF with a substantial red shift
of λmax that results in spectrum broadening and (2) alcohols such
as alkanediols and CHP that quench the fluorescence with minor
shifting and little spectrum broadening. These phenomena
should directly reflect the degree of contribution of the new
broad emission in the long-wavelength region, and their
differences should be closely related to the microscopic mo-
lecular mechanism of fluorescence quenching.

Time-Resolved Fluorescence Spectra of 3AF.To obtain
more information on the molecular mechanism of fluorescence
quenching, its dynamic behavior was further studied. The time-
resolved fluorescence spectra of 3AF in the presence of 0.06
M ethanol, as a typical case, are shown in Figure 4a. A new
emissive species in the longer wavelength region is clearly

Figure 3. Fluorescence spectral changes of 3AF in the presence of
(a) ethanol and (b) 1,3-propandiol. [ethanol]) 0-0.065 M and
[propanediol]) 0-0.013 M. The structure of 3AF is also shown.

Figure 4. (a) Time-resolved fluorescence spectra of 3AF in the
presence of 0.06 M ethanol at 0 s, 1, 3, and 8 ns after excitation. Gate
width was 0.4 ns. (b) The upper panel shows the fluorescence decays
of 3AF in the presence of 0.06 M ethanol in the short (dots, 460-480
nm) and in the long (line, 555-575 nm) wavelength region, along with
the instrument response function, which has been shifted in time to
provide a clearer presentation. The lower panels show the residuals
for the decays when simultaneously fit to the functional forms in eqs
10 and 11.
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observed. The fluorescence decay profiles are shown in Figure
4b. A clear rise and decay profile is observed in the longer
wavelength region. The profile is more well-defined than in
the case of the AAQs.9 Two emissive states such as the original
fluorescent state in benzene (S1) and a relaxed emissive state
(S1(RX)) were assumed. Furthermore, another nonemissive state
leading to an efficient deactivation is also assumed in the
following results and discussion as in the case of the AAQs.9

The relaxed emissive state in benzene is assigned as the
corresponding excited state of the hydrogen-bonded form with
ethanol in the ground state as described below, but deactivation
from the state is too inefficient (on the order of 108 s-1)
compared with that in neat ethanol (3.4× 109 s-1)10 as
demonstrated below (Table 2). The fluorescence time profile
of 3AF in neat ethanol has no rise time, and the emissive state
is assigned as a fully hydrogen-bonded relaxed excited state.10

Assuming that the two relaxed hydrogen-bonded emissive states
in benzene and ethanol are the same species, the large
discrepancy between the two deactivation rate constants cannot
be easily explained by a difference in solvent polarity. Some
other factors must be involved in the deactivation in neat ethanol.
Since a solute molecule is completely surrounded by ethanol
molecules in neat ethanol, several ethanol molecules presumably
interact with 3AF in several modes leading to an efficient
deactivation. Another mode of interaction with ethanol leading
to an efficient deactivation other than that involving the emissive
state is thus assumed in ethanol. This leads one to postulate
that, even in benzene, the interaction of ethanol molecules
involves not only the emissive species but also the nonemissive
one, which results in efficient deactivation.

The fluorescence decay kinetics were, thus, analyzed by the
decay processes of eqs 2-9, including two pathways: (1)
relaxation to an emissive state (eq 3) and (2) effective internal
conversion to the ground state via a nonemissive state (S1(RX′),
eq 4). Here, whereI, Rk1, âk1, kr, knr, kr′, knr′, k-1, and [ROH]

are the light absorption rate, the forward rate constant to the
S1(RX) state from S1, the radiationless deactivation rate constant

to the ground state via the nonemissive state (S1(RX′)) caused
by alcohol, the radiative and radiationless rate constants from
the S1 state in benzene, the radiative and radiationless rate
constants of the S1(RX) state, the backward rate constant from
the S1(RX) state to S1, and the concentration of alcohol,
respectively. R + â ) 1. The populations of each state are
written as eqs 10 and 11,17 wherek ) kr + knr andk′ ) kr′ +

knr′. A, B, andC are functions of the time constantsλ1 andλ2

and of the concentration [ROH]. The concentration depend-
ences of the time constants,λ1 andλ2, are then written as eqs
12 and 13.17 As indicated in Figure 4, the original fluorescence

from the S1 state in the shorter wavelength region and the new
emission from S1(RX) in the longer wavelength region could
be superimposed upon each other over the entire observation
region. Since the new emission contributes more in the longer
wavelength region than in the shorter one, the rise and decay
profiles in the longer wavelength region (555-575 nm) were
analyzed in order to avoid the low signal-to-noise ratio in the
shorter wavelength region. Typical examples of plots of eqs
12 and 13 are shown in Figure 5a. Ethanol was used as a typical
alcohol, and a good linear correlation was obtained. Similar
analyses were performed and good correlations were derived
for CHP,trans-1,2-cyclohexanediol, and 1,3-propanediol. These
results are summarized in Table 2. Since the intercepts might
contain errors, the rate constants,k1 and (k′ + âk-1), were
obtained from the slopes of the plots of eqs 12 and 13,
respectively.

A striking difference was found ink1: the diols apparently
have larger values than the calculated diffusion-limited rate
constant (1× 1010 M-1 s-1).18 For example, the propanediol
value is almost 2 times larger, while those for ethanol and CHP
approximate the diffusion-controlled rate constant. The quench-
ing constants are well-correlated with the contact molecular
surface area of the hydroxyl hydrogen of alcohols (MS(OH)),9,19

an exposed area being accessible by the carbonyl oxygen atom.
The MS(OH) of propanediol is 11.2 Å2, almost twice that of
ethanol (5.82 Å2) (Table 2). These results clearly show that
diols act as bifunctional quenchers.

New Emission in the Long-Wavelength Region.When an
excess of ethanol was added to the benzene solution of 3AF, a

TABLE 2: Rate Constants for 3AF Estimated from the Time-Resolved and Steady-State Fluorescence-Quenching Experimentsa

quencher MS(OH) (Å2)b k1 (109 M-1 s-1)c
k′ + âk-1

(108 s-1)d
k′ + k-1

(108 s-1)e
Rk-1

(108 s-1)e
spectral
changesf

ethanol 5.82 7.2 2.3 5.9 3.6 +
cumene hydroperoxide 6.23 8.5 3.5 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 -
a The fluorescence decay profile (555-575 nm) was analyzed.b Contact molecular surface area of the hydroxyl hydrogen of the quencher (probe

radius) 1.4 Å). The details were described in ref 9.c Obtained fromλ1 + λ2 vs [ROH] plot (eq 12).d Obtained fromλ1λ2 vs [ROH] plot (eq 13).
e Obtained fromk′ + âk-1 anda in eq 14 as described in the text.f Fluorescence spectral changes, describing the spectral broadening and spectral
shift (+, fluorescence spectrum showed broadening andλmax was significantly shifted to the red upon addition of the quencher;-, a small broadening
of the fluorescence spectrum was observed andλmax was slightly shifted upon addition of the quencher).

[S1]t ) A exp(-λ1t) + B exp(-λ2t) (10)

[S1(RX)] ) C{exp(-λ1t) - exp(-λ2t)} (11)

λ2,1 ) 0.5{k + k1[ROH] + k-1 + k′ (

x(k + k1[ROH] - k-1 - k′)2 + 4Rk1k-1[ROH]}

λ1 + λ2 ) k + k′ + k-1 + k1[ROH] (12)

λ1λ2 ) k(k′ + k-1) + k1(k′ + âk-1)[ROH] (13)
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new absorption band appeared in the long-wavelength region
with an isosbestic point at 389 nm. The new absorption band
could be assigned as the ground-state hydrogen-bonded complex
between 3AF and ethanol, as observed for the AAQs.9 The
3AF-ethanol association constant is 0.90 [M-1], estimated from
the absorption spectral changes and assuming a 1:1 complex
formation. The ground-state hydrogen-bonded complex, in the
presence of an excess of ethanol up to 1.0 M, was excited atλ
) 480 nm, where the absorption for 3AF is very small. Broader,
structureless fluorescence spectra were thus observed in the
longer wavelength region compared to the original fluorescence
of 3AF in benzene. The additional ethanol induced theλmax

red-shifting as indicated in Figure 6. The fluorescence quantum
yield also varied according to the ethanol concentration,
decreasing to aroundΦF ) 0.01 at 1.0 M ethanol. The spectral
shape and apparentλmaxare similar to those for the new emission
in the long-wavelength region observed for both the steady-
state and time-resolved fluorescence spectra. The new emission
in the long-wavelength region observed in the dynamic quench-
ing of the 3AF fluorescence can thus be assigned as fluorescence

from the hydrogen-bonded complex. The relaxed emissive state
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
and the carbonyl oxygen of ground-state 3AF is accepted to be
through the nonbonding orbital of oxygen (Figure 1), relaxation
to the emissive state (S1(RX)) should be induced by an in-plane-
mode attack of alcohol on the carbonyl oxygen. Another
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 theπ* orbital of the
carbonyl, as also postulated for the AAQs.9 Hydrogen-bond
formation between ethanol and theπ* orbital on the carbonyl
group of the fluorenone radical anion20 and the benzophenone
radical anion21 has also been postulated. A semiempirical
molecular orbital calculation also predicts that an out-of-plane-
mode interaction is favored in the excited state.22

Kinetic Analysis of Fluorescence Quenching.In the steady-
state fluorescence-quenching experiments described earlier, the
Stern-Volmer plots showed a slight curvature only for 3-ami-
nofluorenone derivatives with alcohols. According to the
processes depicted in eqs 2-9, the Stern-Volmer equation can
be written in a more complex formalism involving quenching
as the nonlinear form of eq 14,23 wherea ) k1(k′ + âk-1)/(k′
+ k-1) andb ) Rk1kr′/[kr (k′ + k-1)].

For AAQs and aminofluorenones, other than the 3-amino-
fluorenone derivatives, the Stern-Volmer plots in Figure 2
appear fairly straight, since the fluorescence quantum yield of
the emissive state is relatively small (it would be 2 orders smaller
than the original fluorescence) and the termb in eq 14 is
negligibly small. On the other hand, nonlinear Stern-Volmer
plots were obtained for 3-aminofluorenone derivatives, where
a substantial contribution owing to the new emission from the
relaxed emissive state (S1(RX)) in the long-wavelength region
was observed. Theb term in eq 14 is significant in these cases.
More information about the emissive states could, thus, be
obtained by analyzing the nonlinear Stern-Volmer plot of 3AF.
A curve-fit using eq 14 of the nonlinear plot of 3AF with ethanol
is shown in Figure 5b, where the termsa/k and b were
determined as 31 M-1 and 4.5 M-1, respectively. These values
represent the fluorescence quantum yield at an infinite ethanol
concentration:ΦF(∞) ) (ΦF0bk)/a ) 0.02, sinceΦF0 ) 0.13.10

The quantum yieldΦF(∞) is comparable to the saturated value
of the apparent quantum yield of fluorescence (Φ ) 0.01) shown
in Figure 6.24

In eqs 12-14, we have five unknown parameters such ask1,
k′, k-1, R (â ) 1 - R), andkr′, but we can only determine four
values such ask1 andk′ + âk-1 from eqs 12 and 13 anda and
b from eq 14. One cannot determine all of the parameters in
this situation. We now try to estimatek′ and R. With a
combination ofk1(k′ + âk-1) anda, we can determine the value
of k′ + k-1 and obtain (1- â)k-1 ()Rk-1) by calculating [(k′
+ âk-1)(k1 - a)]/a. These derived values are compared in Table
2. Since the energy differences between the original fluorescent
state (S1) and the relaxed emissive state (S1(RX)) are supposedly

Figure 5. (a) Kinetic analysis of 3AF fluorescence time constants in
the presence of ethanol using eqs 12 and 13. (b) Nonlinear Stern-
Volmer plot for the fluorescence quenching of 3AF with ethanol. The
solid line was obtained from a curve-fit of the data using eq 14.

Figure 6. Fluorescence quantum yield (9) and fluorescenceλmax (b)
of the ground-state complex between 3AF and ethanol. 3AF was excited
at its absorptionλmax (395 nm) in benzene in region I, where [ethanol]
) 0-0.06 M. The hydrogen-bonded complex between 3AF and ethanol
was excited at 480 nm in region II, where [ethanol]) 0.3-1.0 M.

ΦF0

ΦF
)

1 + a
k
[ROH]

1 + b[ROH]
(14)
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quite similar among the studied alcohols (as judged from nearly
identicalλmax values for the new emission in the time-resolved
fluorescence spectra),k-1 is assumed to be constant among the
alcohols. Assumingk-1 is constant among the alcohols studied,
we can make rough estimates ofk′ andR.

This led to some very important results. The values ofk′ +
k-1 did not vary significantly among the alcohols examined,
indicating the deactivations (k′) from the relaxed emissive states
S1(RX), which could be affected by the nature of the intermo-
lecular hydrogen bond in the in-plane mode, are also similar.
Interestingly, the value ofRk-1 was appreciably larger for
ethanol than for the other alcohols. Thus, the relative value of
Rk-1 directly reflects the value ofR ()1 - â), the fraction of
collisional attacks by alcohol on 3AF that leads to a relaxed
emissive state relative to another attack leading to a nonemissive
state (fractionâ). The largerRk-1 value for ethanol clearly
indicates either (1) that ethanol prefers the former attack or (2)
that other alcohols prefer the latter attack. As shown in Table
2, the magnitude ofRk-1 (which is largest for ethanol) is well-
correlated with fluorescence spectral characteristics such as
spectrum broadening andλmax red-shifting (which are most
notable for ethanol). Since ethanol is the smallest molecule
among the examined alcohols, it should suffer the least steric
hindrance for an in-plane-mode attack on the carbonyl oxygen,
where two hydrogen atoms in the 1- and 8-positions of the
fluorenone nucleus could cause the hindrance effect. The larger
Rk-1 value for ethanol compared to the other alcohols, thus,
strongly suggests the second case described above. CHP,trans-
1,2-cyclohexanediol, and 1,3-propanediol are less favorable
against an in-plane-mode attack, presumably owing to steric
hindrance against the fluorenone nucleus, than an out-of-plane-
mode attack, where little steric hindrance is involved.

Quenching by Diols as a Model System with Multiple
Hydroxyl Groups. As noted above, deactivation of the excited
singlet state of 3AF is far more efficient in neat ethanol than in
benzene. Because several ethanol molecules surround 3AF, both
out-of-plane-mode and in-plane-mode interactions may occur
simultaneously in neat ethanol. To simulate the conditions in
neat ethanol, fluorescence-quenching experiments using al-
kanediols, HO(CH2)nOH (n ) 2-7), which possess two
hydroxyl groups, were performed in benzene. The results were
interesting. Thea/k andb terms in eq 14 were estimated for
each diol using nonlinear Stern-Volmer plots similar to those
in Figure 5. The fluorescence quantum yields at infinite diol
concentration,ΦF(∞), were calculated from those values and
plotted in Figure 7.24 Two minimums, at propanediol (n ) 3)
and hexanediol (n ) 6), were clearly observed for theΦF(∞)
values. As proposed for the AAQs, where only propanediol
was examined, the first hydroxyl group of the diol interacts

through an in-plane mode while the second hydroxyl group
attacks the carbonyl in an out-of-plane mode as shown in Figure
8 (S1(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 ofn ) 2-4.16 They form five (n )
2), six (n ) 3), and seven (n ) 5) membered rings within the
molecule. This precyclized diol structure may be more ame-
nable to attachment with the carbonyl oxygen of 3AF. Although
the possibility of ring formation is uncertain, our observations
with the alkanediols suggest that further studies are warranted.

Many interesting examples of specific hydrogen-bonding
interactions in the excited state have appeared.25 The present
study is a typical example of radiationless deactivation through
a specific solvation. Further study is needed to show how the
excitation energy dissipates through anisotropic hydrogen-bond
interactions. A possible vibrational mode for radiationless
deactivation through an out-of-plane interaction might involve
a bending motion of the carbonyl group. Molecular dynamics
simulation and time-resolved transient Raman scattering spec-
troscopy are powerful tools that could be used for future
microscopic studies of anisotropy in radiationless deactivation.

Conclusion
The molecular mechanism for radiationless deactivation

caused by specific solvation was studied in order to gain insight
into the microscopic processes regarding (1) which direction a
quencher interacts, (2) which vibrational mode participates in
the deactivation, (3) the extent to which the excess energy is
dissipated, and (4) why those processes occur. The excited
singlet state of aminofluorenone derivatives, which have only
one carbonyl group available as a hydrogen-bonding site, was
effectively quenched by ethanol. The experimental results and
the data analysis plots were more detailed for 3AF than for the
AAQs, a consequence of 3AF having only one carbonyl group.
The sudden appearance of a giant dipole upon excitation to the
intramolecular charge-transfer excited state induces either an
in-plane-mode attack that leads to a relaxed emissive state (S1-
(RX)) or an out-of-plane-mode attack that results in a nonemis-
sive state (S1(RX′)) which involves efficient deactivation.
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