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The molecular mechanism of radiationless deactivation from the excited singlet state of aminoanthraquinones
(AAQ) induced by alcohols and hydroperoxides was investigated by time-resolved picosecond fluorescence
measurements. AAQ suffered substantial fluorescence quenching with red shifts of theirλmax in benzene
solution upon addition of alcohol and hydroperoxide. Primary alcohols exhibited the largest quenching effects
among 26 alcohols examined, while tertiary alcohols were least effective. The Stern-Volmer constants were
well correlated with the13C NMR chemical shift of the carbinol carbon atom and the contact molecular
surface area of the hydroxyl hydrogen of the quenchers, while it apparently did not depend upon pKa values.
Contact molecular surface area was revealed to be a good quantitative parameter for the steric effect in the
intermolecular hydrogen-bonding interaction. The steric factor was dominant in the fluorescence-quenching
process, but the electronic factor becomes evident among the molecules having the same steric factor such as
benzyl alcohol derivatives, where the Hammet plot showed a good linearity. Fluorescence decay kinetics
clearly showed that two emitting levels were involved such as the fluorescent state in benzene and a fully
relaxed state in which reorganization of the surrounding alcohol was established. Estimated lifetimes of the
fully relaxed states were longer than those in neat alcohol by a factor of 30. The results were interpreted that
there were at least two relaxation pathways by alcohol reorganization through the intermolecular hydrogen
bond. A specific reorganization of alcohol to AAQ induced relaxation from the fluorescent state in benzene
to a relaxed, emissive state and to another relaxed, nonfluorescent state. The latter leads to an efficient
radiationless deactivation. The relaxed emissive state corresponds to the excited state of intermolecular
hydrogen-bonded species of AAQ with the alcohol in the ground state in which the hydroxyl group of alcohol
interacts through an in-plane mode against the carbonyl oxygen of AAQ. Another relaxed nonfluorescent
state is formed through an out-of-plane mode interaction between AAQ and the hydroxyl group of alcohol.

Introduction

In the electronic excited state, many molecules have dipole
moments larger than in the ground state.1 The dynamic changes
of the dipole sometimes induce formation of a strong hydrogen
bond in the excited state.2 The formation of a tight hydrogen-
bonded complex leads to very important phenomena. Two
π-conjugated systems show efficient deactivation by forming
hydrogen-bonded complexes as observed among aminopyrene3

or pyrenol4 and pyridine. The shifting of pyrene’s active proton
toward pyridine by an intermolecular hydrogen bonding leads
to lower ionization potential of pyrenes over 1 eV. Then
ultrafast electron transfer occurs in nonpolar solvent even when
the electron-transfer reactions are very endergonic as predicted
by the usual Marcus theory. The hydrogen-bonding interaction
between twoπ-conjugated systems also plays important roles
in triplet-triplet energy transfer as reported for the carbazole
and quinoline system5 and in porphyrins systems.6 Another
crucial case is a system between conjugated and nonconjugated
molecules. Aminoanthraquinones (AAQ) are characteristic
molecules that exhibit strong intermolecular hydrogen-bonding
interaction in the excited state, since the excited states have a
strong intramolecular charge-transfer nature.2 The large electron
density on the carbonyl oxygen of AAQ in the excited state
strongly promotes an intermolecular hydrogen-bonding interac-
tion with a nonconjugated molecule such as an alcohol. We

have reported an efficient deactivation of the excited singlet
state of AAQ in ethanol.2 An intermolecular hydrogen bonding
with the hydroxyl group of alcohol was revealed to be a
dominant mode of radiationless deactivation to the ground state,
and the electronic excited energy was supposed to dissipate
through the hydrogen bond as vibrational energy. The findings
were supported by many researchers for other AAQ
derivatives.7-11 Moog et al. also reported similar results on
aminofluorenone derivatives.12

Recently, we have found that not only alcohol but also
hydroperoxide quenched the fluorescence of AAQ.13 With the
fluorescence quenching the decomposition of hydroperoxide was
observed. The decomposition of hydroperoxide could mean that
dissipated energy through the intermolecular hydrogen bond was
converted selectively to induce chemical reaction such as bond
cleavage. Stern-Volmer analyses for the obtained products
show that the decomposition was closely related to the
fluorescence-quenching process. From the viewpoints of energy
dissipation, upon radiationless deactivation from the electroni-
cally excited state the excited energy has generally been accepted
to dissipate randomly through the surrounding solvent mol-
ecules.14 The sensitized decomposition of hydroperoxide
coupled with radiationless deactivation strongly suggests that
the excited energy is not randomly but at least partly selectively
transferred to a specific molecule surrounding the chromophore
in the case. An investigation of the microscopic molecular
mechanism of radiationless deactivation by intermolecular
hydrogen-bonding interactions would clarify the problem of
whether the energy dissipation is inherently isotropic or aniso-
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tropic. In this paper, we tried to understand the microscopic
molecular mechanism of radiationless deactivation induced by
intermolecular hydrogen-bonding interactions on the basis of
our previous findings.2

Experimental Section

Materials. 2-Piperidino-9,10-anthraquinone (2PAQ) and
2-amino-9,10-anthraquinone (2AAQ) were purified as reported
elsewhere.2 Purity was confirmed by HPLC (ODS, acetonitrile,
220 nm detection). Solid alcohols (diphenylmethanol, 1,2-
cyclohexanediol, diphenylethanol, triphenylmethanol) were puri-
fied by repeated recrystallization from benzene/hexane mixtures,
and liquid alcohols were refluxed over the corresponding
magnesium alkoxide or calcium hydride, then fractionally
distillated under nitrogen atmosphere. Methanol-d4 (Isotec,
99.96% D), methanol-d3 (Nakarai, 99.96% D), and ethanol-O-d
(Aldrich, 99.5%+ D) were used as received. Triphenylmetha-
nol-O-d was prepared by stirring the benzene solution with
deuterium oxide (Merck 99.95%D), then dried in vacuum.tert-
Butyl hydroperoxide was purified by fractional distillation under
reduced pressure for three times. Cumene hydroperoxide was
purified by the usual alkali salt method.15 Benzene was washed
with concentrated sulfuric acid, then with water, dilute sodium
carbonate aqueous solution, and water followed by drying with
calcium chloride, refluxing over benzophenone ketyl, and
fractionally distilling under nitrogen atmosphere.
Measurements. Absorption spectra were measured with

Shimadzu UV-2100PC spectrophotometer. Steady-state fluo-
rescence spectra were measured by a Hitachi F-4010 spectrof-
luorometer equipped with Hamamatsu R928 photomultiplier
tube. Fluorescence decay and time-resolved fluorescence
spectra were measured by a picosecond fluorescence lifetime
measurement system (Hamamatsu C4334 streak scope, con-
nected with CHROMEX 250IS polychromater) with a Hamamat-
su PLP-02 semiconductor laser (420 nm, fwhm 20 ps, 1.19 mW,
1 MHz) under photon-counting conditions. Fluorescence time
profiles were fitted by a convolution method. All measurements
were carried out at room temperature.
Contact Molecular Surface Area Calculation. Contact

molecular surface area is defined as the van der Waals molecular
surface area that is exposed outside and is accessible by another
specific probe atom or molecule.16 A specific probe atom that
has a van der Waals radius is rolled on the surface of the
corresponding molecule in an optimized geometry, and the
unexposed area, which is not accessible, is named the reentrant
surface. The oxygen atom of the carbonyl in AAQ was chosen
as the specific probe atom in this case, and Gavezzotti-PcMol
van der Waals radii (H, 1.15 Å; C, 1.75 Å; N, 1.55 Å; O, 1.40
Å; F, 1.30 Å) were used.17 The quencher structures were first
estimated by molecular mechanics (MM2 parameter was used)
and further optimized by MOPAC (Version 94.10, PM3) of the
CAChe system on the Macintosh. The calculation of the contact
molecular surface area of the hydroxyl hydrogen of quenchers
(MS(OH)) was done by ARVOMOL, Version 2,18 on an IBM
RS/6000-590, and an MS-DOT algorism19 was used.

Results and Discussions

Absorption Spectra. Absorption spectra were little influ-
enced by the addition of alcohol under the experimental
conditions. On addition of excess alcohol, absorption spectra
showed red shifts with isosbestic points (Figure 1). Assuming
the change of each spectrum to be the formation of the 1:1
complex between AAQ and ethanol, association constants were

calculated to be smaller than 1.0 for 2AAQ and 1.0 for 2PAQ
in benzene. Under the experimental conditions of [ethanol])
0-0.05 M, more than 95% of AAQ exists alone without forming
a 1:1 complex with ethanol.
Steady-State Fluorescence Spectra.Fluorescence of AAQ

was quenched efficiently by the addition of various alcohols
and hydroperoxides as observed in the case of ethanol, while
absorption spectra were little influenced. In addition, fluores-
cence spectra showed substantial red shifts (Figure 2). Twenty-
six alcohols were examined. The red shift on addition of each
alcohol was plotted against the concentration of alcohol in the
inset of Figure 2. Very interestingly, the plot afforded a simple
line that involves all the data from various alcohols at different
concentrations. Hydroperoxides also offered the data on the
line. This suggests that all the alcohols behave in a similar
manner and that hydroperoxides also simply act as alcohols in
the fluorescence-quenching processes. We then examined the
difference of quenching efficiency for various alcohols and
hydroperoxides. The Stern-Volmer analysis is written as

Here,ΦF0, ΦF, kq, andτ are fluorescence quantum yield in the
absence and presence of quencher, quenching rate constant, and
fluorescence lifetime in benzene, respectively. The apparent
Stern-Volmer constant (Ksv) of 2AAQ, calculated for fluores-
cence intensity atλmax, varied from 57.5 (kq ) 7.7× 109 M-1

s-1), the maximum value for methanol, to 10.4 (kq ) 1.4× 109

M-1 s-1), the minimum value for triphenylmethanol. Fluores-
cence-quenching efficiencies in terms of the apparent Stern-
Volmer constantKsv are shown in Table 1. Fluorescence

Figure 1. UV-vis absorption spectral changes of 2AAQ upon addition
of ethanol. [ethanol]) 0, 0.3, 0.5, 0.7, 1.0 M, and the inset shows
those differential spectra.

Figure 2. Fluorescence spectra (left) and their normalized spectra
(right) of 2AAQ upon addition of ethanol, where [ethanol]) 0-0.05
M and the inset shows the 2AAQ fluorescenceλmax dependence on
quencher’s concentration: (O) primary alcohols; (4) secondary alco-
hols; (0) tertiary alcohols; (9) hydroperoxides.

ΦF0

ΦF
) 1+ kqτ[ROH] ) 1+ Ksv[ROH] (1)
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lifetimes of 2AAQ and 2PAQ were also measured. The
lifetimes were shortened on addition of alcohols and hydrop-
eroxides. The Stern-Volmer constants of lifetime measure-
ments coincide well with those of steady-state fluorescence
quenching.20 These results clearly indicate that the fluorescence
quenching by alcohols and hydroperoxides is almost a dynamic
process. Deuterium isotope effects of the hydroxyl hydrogen
of alcohols were appreciably observed in theKsv’s among
methanol (Ksv(OH)/Ksv(OD)) 1.24), ethanol (Ksv(OH)/Ksv(OD)
) 1.14), and triphenylmethanol (Ksv(OH)/Ksv(OD) ) 1.19),
while deuteration of the methyl group of methanol did not affect
Ksv at all (Table 1). The hydroxyl group is indicated to play a
crucial role in the fluorescence quenching.
Steric and Electronic Factors in Fluorescence Quenching.

Obviously, primary alcohols have larger Stern-Volmer con-
stants, while secondary and tertiary alcohols were less effective
for the fluorescence quenching. The difference in quenching
efficiency would reflect the molecular properties of quenchers
and be mainly ascribable to (1) the electronic factor and (2) the
steric one. One of the typical experimental indexes of the
electronic factor of the hydroxyl group might be the pKa value.
Any definite correlation, however, between theKsv’s and pKa’s
of the examined alcohols and hydroperoxides was not observed
at all.21 The hydrogen bond donor acidity (R) introduced by
Kamlet and Taft showed good correlation with the fluorescence-
quenching efficiency, though the data points were limited to
four kinds of liquid monoalcohols.22 Those results suggest that
the steric factor predominates over the electronic one in the
fluorescence quenching, since the pKa’s are defined as acid-
base equilibrium against the water molecule, while the inter-
molecular hydrogen bonding requires an orientation of the
hydroxyl hydrogen toward the carbonyl oxygen atom of AAQ’s,
which are inherently bulky molecules for the alcohols and
hydroperoxides. We need some other appropriate indexes that

involve the steric factor also. The chemical shift of13C NMR
might be one of the candidates. The chemical shift of13C NMR
reflects mainly electron density23 and simultaneously does type
and number of substituents also. As shown in Figure 3, a good
correlation between the fluorescence quenching efficiency and
the 13C NMR chemical shift of carbinol carbon was observed.
For the more microscopic molecular index for the steric factor,
here we use a concept of contact molecular surface area, which
had been originally used in biochemistry, especially for
interpretation of protein structures.24 Some attempts on quan-
titative treatment of molecular properties such as solubility,
viscosity, and the heat of vaporization were reported by
calculating molecular volumes and molecular surfaces.25 The
contact surface area of only hydroxyl hydrogen (MS(OH)),
which should be responsible for the intermolecular hydrogen
bond and is accessible by the carbonyl oxygen of AAQ was
calculated (see Experimental Section). The MS(OH) is largely
dependent on the rest of the atoms within the molecule as shown
in Table 1. Primary alcohols have the largest contact molecular

TABLE 1: Apparent Stern -Volmer Constants for the Fluorescence Quenching (Ksv)a of 2AAQ and 2PAQ by Alcohols and
Hydroperoxides and Contact Molecular Surface Areab of Hydroxyl Hydrogen (MS(OH)) of Quenchers

Ksv (M-1) Ksv (M-1)

MS(OH) (Å) 2AAQ 2PAQ MS(OH) (Å2) 2AAQ 2PAQ

6.44 57.5 52.4 4.36 32.9 27.5

5.82 46.7 40.0 4.15 23.7 27.7

5.82 45.2 62.3 2.91 20.5 31.7

5.40 23.1 31.8 2.29 10.4 23.0

5.81 50.8

4.78 24.4 29.3 42.2

4.99 37.9 31.1 52.7

3.95 31.0 39.3 35.0

4.57 32.9 35.4 19.4

8.30 69.4 81.6 11.2 112 110

8.30 70.9 81.4 11.2 98.3 94.8

6.23 40.0 48.7 6.44 54.4 66.0

a Apparent Stern-Volmer constants obtained from fluorescenceλmax intensity.bGavezzotti/PcMol van der Waals radii (H, 1.15 Å; C, 1.75 Å;
N, 1.55 Å; O, 1.40 Å; F, 1.30 Å) and MS-DOT algorithm were used in the ARVOMOL program, and the probe radius is fixed to 1.40×81Å.

Figure 3. Correlation between apparent Stern-Volmer constants of
the fluorescence quenching (Ksv) of 2AAQ and13C chemical shift of
carbinol carbon in CDCl3: (O) primary alcohols; (4) secondary
alcohols; (0) tertiary alcohols.
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surface area, while tertiary alcohols have the smallest ones.
Hydroperoxides have rather large contact surface areas as
anticipated from their structures where the hydroxyl hydrogen
is more exposed outside than alcohols owing to the presence
of another adjacent oxygen atom. The correlation between the
fluorescence-quenching efficiency and contact molecular surface
areas is shown in Figure 4. Very good correlation was obtained.
The results show that the larger the contact surface area of the
exposed hydroxyl hydrogen itself, the greater the quenching
efficiency. Hydroperoxides also afforded the data on the line
(Figure 4), indicating again that they simply act as alcohol
molecules. In the case of hydrogen-bonding interaction, the
formation of a hydrogen bond is difficult when hydroxyl
hydrogen is sterically hindered. Thus, contact molecular surface
area can be a good parameter of steric hindrance.
Though pKa values of alcohols and hydroperoxides had

apparently no correlation with the fluorescence quenching,
correlation was again examined among a series ofpara-
substituted benzyl alcohols that have almost the same contact
surface area and the same steric factors. The Hammet plot for
2PAQ is shown in Figure 5.26 Substitution by an electron-
withdrawing group enhanced the fluorescence quenching. A
good linear relationship was obtained. This indicates that benzyl
alcohols act as a hydrogen-bonding donor.
All the results obtained above clearly demonstrates that the

fluorescence quenching by alcohols and hydroperoxides is
directly correlated with the specific intermolecular interaction
between the hydroxyl hydrogen of alcohols and the carbonyl
oxygen of AAQ. The interaction can be concluded as an
intermolecular hydrogen bonding between the carbonyl oxygen
and hydroxyl group of alcohols or hydroperoxides. Steric effects
on excited-state chemistry have been studied for many photo-
chemical processes such as energy transfer,27 electron transfer,28

exciplex formation,29 and other reactions.30 Generally, the

extent of steric effects is more evident in the gas-phase rather
than in solution where many collisions within the solvent cage
would mask the effect.31 In excited energy-transfer processes,
the steric effects are more profound in the triplet excited state
than in the singlet one.32 The triplet state energy transfer that
proceeds through a Dexter type electron exchange mechanism
requires overlapping of orbitals between the two chromophores.
As easily understood, intermolecular interaction, which requires
proximity between the two molecules such as in intermolecular
hydrogen bonding, makes the steric effects more evident. The
chemical shift of13C NMR and contact molecular surface area
of hydroxyl hydrogen can be good quantitative parameters for
the steric effect as demonstrated in the present case.
Time-Resolved Fluorescence Spectra. Fluorescence-quench-

ing dynamics were studied by time-resolved spectroscopy. As
described earlier, the Stern-Volmer constant for steady-state
fluorescence and fluorescence lifetime (all emission) agreed well
within experimental error. In detail, however, more complex
decay phenomena were observed. As shown in Figure 2, the
steady-state fluorescence spectra on addition of ethanol normal-
ized at theirλmax intensities indicated that new emission appeared
in the long wavelength region to induce the shift of the
fluorescenceλmax to the red. Similar tendencies were also
observed in other alcohols and hydroperoxides. In accord with
the steady-state fluorescence spectra, time-resolved fluorescence
spectra of 2AAQ on addition of ethanol also exhibited a red
shift of theirλmaxduring the decay (Figure 6). Obviously, new
emission has appeared in the long wavelength region. Fluo-
rescence decay in the shorter wavelength region (475-495 nm)
showed two-component decay profiles, and clear rise and decay

Figure 4. Correlation between apparent Stern-Volmer constants of
the fluorescence quenching (Ksv) of 2AAQ and contact molecular
surface area of hydroxyl hydrogen (MS(OH)) of quenchers: (O) primary
alcohols; (4) secondary alcohols; (0) tertiary alcohols; (b) 1,3-
propanediol and 1,6-hexanediol; (2) cis- andtrans-1,2-cyclohexanediol;
(9) hydroperoxides.

Figure 5. Hammet plot for apparent Stern-Volmer constants of the
fluorescence quenching (Ksv) of 2PAQ by para-substituted benzyl
alcohols.

Figure 6. (a) Time-resolved fluorescence spectra of 2AAQ with 0.05
M ethanol at 0s, 1.8, and 4.5 ns after excitation. Gate width is 0.4 ns.
(b) Fluorescence decay profiles in short (475-495 nm) wavelength
region. (c) Fluorescence decay profiles in long (601-621 nm)
wavelength region.
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profiles were observed at longer wavelengths (601-621 nm)
one (Figure 6). Steady-state fluorescence in rigid ethanol at
77 K afforded substantial information about the new emission.
Theλmaxof fluorescence of 2PAQ in rigid ethanol at 77 K (580
nm) was much shorter than in fluid ethanol at room temperature
(674 nm) and was almost the same as that in benzene at room
temperature (584 nm). Similar tendencies were also observed
in the case of 2AAQ, though theλmax in rigid ethanol (550 nm)
was a little longer than in benzene (527 nm) but much shorter
than in fluid ethanol at room temperature (631 nm).

These results strongly suggest that the new emission that
appeared in the long wavelength region is ascribable to
reorganization of the surrounding solvent ethanol. In the
presence of ethanol in benzene solution, reorganization of
ethanol to the excited AAQ to form a relaxed intermolecular
hydrogen-bonded excited state would induce the new emission
in the long wavelength region.

Rate Constants of Fluorescence Quenching.All the results
obtained above clearly show that this system is described well
by assuming two emitting levels such as the original fluorescent
state in benzene AQ*, which is close to the Franck-Condon
state, and the less emissive relaxed state AQ*(RX) as shown in
Figure 7. The alcohols or hydroperoxides would be strongly
hydrogen bonded to the carbonyl of AAQ in the relaxed state
AQ*(RX). Time dependencies of these state populations are
expressed as in eqs 2-7:33

where [AQ*]0 denotes the initial concentration of AQ* just after
the laser pulse andk, k1, k, andk′ are rate constants in Figure

7. Then eqs 2-7 give the following relationship for the time
constantsλ1 andλ 2 (eqs 8 and 9):

The individual rate constant can be estimated by observing the
concentration dependence of time constantsλ1 andλ2. We tried
to estimate these rate constants for the 2AAQ-ethanol system
and the 2PAQ-ethanol or-ethanol-O-d system. It would be
expected that in the short wavelength region, emission is mainly
from the original fluorescent state in benzene and in the long
wavelength region emission is mainly from the RX state, though
both the emissions are superimposed with each other over the
entire wavelength region. Owing to a limited signal-to-noise
ratio in the short wavelength region where the fluorescence from
the RX state is by far the weaker than in the long wavelength
region, concentration dependencies of the time constants were
examined for the data of long wavelength region. The results
are shown in Figure 8 and Table 2. The plot of Figure 8
suggests that the datak1, k′ obtained from the slope are more
reliable than the data (k-1 + k′) from the intercept, which has
an appreciable error inherently.34 Thus, the rate constantk-1
was estimated by the following procedure. Supposing the
fluorescence-quenching scheme is as in Figure 7, the Stern-
Volmer equation (eq 1) of steady-state fluorescence quenching
should be modified to give eq 10.35

wherek ) kF + kNR, k′ ) kF′ + kNR(RX) with kF andkF′ being
the radiative rate constants of the original fluorescent state and
the relaxed state, respectively.kNR and kNR(RX) denote
nonradiative rate constants of the original fluorescent state and
the relaxed state, respectively. The good linear Stern-Volmer
plot in each case36 strongly suggests that the term [kF′k1/(kF-
(k-1 + k′))][ROH] in the denominator of eq 10 is negligible
and that the equation can be written as

Thus, the Stern-Volmer constantKsv in eq 1 leads to the relation
Ksv ) kq/k ) k1k′/(k(k-1 + k′)). The apparent quenching rate
constantkq obtained in steady-state fluorescence quenching is

Figure 7. Two emissive excited states diagram including original
fluorescent state AQ* and relaxed emissive state AQ*(RX). The rate
constantsk, k1, k-1, andk′ denote the deactivation rate constant from
AQ* to the ground state, the forward relaxation rate constant from AQ*
to AQ*(RX), the backward process from AQ*(RX) to AQ*, and the
deactivation rate constant from AQ*(RX) to the ground state, respec-
tively.

[AQ*]( t) ) A exp(-λ1t) + B exp(-λ2t) (2)

[AQ*(RX)]( t) ) C{exp(-λ1t) - exp(-λ2t)} (3)

A) (k+ k1[ROH] - λ2
λ1 - λ2 )[AQ*] 0 (4)

B) (λ1 - k- k1[ROH]

λ1 - λ2 )[AQ*] 0 (5)

C)
(k+ k1[ROH] - λ1)(k + k1[ROH] - λ2)

k-1(λ1 - λ2)
[AQ*] 0 (6)

λ1,2) 0.5{k+ k1[ROH] + k-1 + k′ -

x(k+ k1[ROH] - k-1 - k′)2 + 4k-1k1[ROH]} (7)

Figure 8. Concentration dependence of the time constant for 2PAQ
with ethanol or ethanol-O-d: (O) λ1 + λ2 (ethanol); (b) λ1 + λ2
(ethanol-O-d); (0) λ1λ2 (ethanol); (9) λ1λ2 (ethanol-O-d)).

λ1 + λ2 ) k+ k-1 + k′ + k1[ROH] (8)

λ1λ2 ) k(k-1 + k′) + k′k1[ROH] (9)

ΦF0

ΦF
)

1+
k1k′

k(k-1 + k′)
[ROH]

1+
kF′k1

kF(k-1 + k′)
[ROH]

(10)

ΦF0

ΦF
) 1+

k1k′
k(k-1 + k′)

[ROH] (11)
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thus expressed as eq 12

The backward processk-1 was thus calculated from eq 12 by
the values ofkq, k1, andk′. The forward relaxation processes
(k1) forming the hydrogen-bonded states were nearly diffusion
controlled,37 while the backward ones (k-1) were almost
negligible compared withk1. The decay rate constant from the
RX state of 2AAQ (k′) was about 5 times larger than the decay
rate constantk in benzene.
The deuterium isotope effect was examined in the case of

2PAQ, which has no NH bond and suffers no deuteration of
the amino substituent in contrast to 2AAQ.2 Ethanol-O-dwas
used for the quencher, and the obtained rate constants are
compared in Table 2. A moderate deuterium isotope effect was
observed onk′ (k′OH/k′OD ) 1.5). The effect may reflect the
difference in Franck-Condon factor betweendO‚‚‚HsOs and
dO‚‚‚DsOs in the radiationless transition through the inter-
molecular hydrogen bond. Interestingly, the deuterium isotope
effect was also observed in the shape of the fluorescence
spectrum on addition of ethanol-O-d or ethanol-O-h. The
normalized spectra are compared in Figure 9. The relative
intensity in the long wavelength region on addition of ethanol-
O-dwas stronger than in the case of ethanol-O-h. This is well
rationalized by the larger contribution of the new emission in
the long wavelength region due to the longer lifetime (1/k′) of
the RX state in the case of ethanol-O-d.
Here, we could recognize a very crucial point. The deactiva-

tions from the RX state in benzene (k′) were 6.4× 108 s-1 for
2AAQ and 5.3× 108 s-1 for 2PAQ, by far slower than those
in neat ethanol, 1.9× 1010 s-1 (τ ) 54 ps for 2AAQ) and 2.5
× 1010 s-1 (τ ) 40 ps for 2PAQ).2 Though the emitting state
in neat ethanol is a relaxed hydrogen-bonded excited state,38

the discrepancy between the deactivation in benzene and ethanol
might be too large for a simple difference of solvent character
such as polarity. It strongly suggests that the hydrogen-bonded
excited states of AAQ are not necessarily the same but have a
different nature in benzene and ethanol. In benzene solution
unimolecular collision of ethanol would induce the formation

of the relaxed hydrogen-bonded excited state, while in neat
ethanol AAQ are all surrounded by plural ethanol molecules,
and more than one ethanol molecule may play important roles
in the deactivation.
Fluorescence Quenching by Diol. To get more information

about the above point, fluorescence quenchings by diols, which
have two hydroxyl groups within one molecule, were further
examined. 1,3-Propanediol as a flexible diol andcis- andtrans-
1,2-cyclohexanediol as rigid diols were used, and the results
were compared with other monoalcohols. As expected, the
contact molecular surface areas (MS(OH)) of the diols were
calculated to be almost as doubled as with those of monoalco-
hols (Table 1). Stern-Volmer constants of steady-state fluo-
rescence quenching in benzene were also well correlated with
the MS(OH) as indicated in Figure 4. Any characteristic
difference was not observed in the Stern-Volmer constant
among monoalcohols and diols. A striking difference, however,
evidently appeared in the shape of the fluorescence spectra.
Fluorescenceλmax of 2AAQ in benzene against relative fluo-
rescence intensities on addition of ethanol,cis- and trans-1,2-
cyclohexanediol, and 1,3-propanediol are compared in Figure
10. As described earlier, theλmax shifted substantially to the
red on addition of ethanol owing to the appearance of a new
emission band in the long wavelength region, while 1,3-
propanediol hardly induced the new emission, and thus, the shift
of λmax was very small (Figure 10). Interestingly, the charac-
teristic difference was observed only in the case of 1,3-
propanediol, and other diols such ascis- and trans-1,2-
cyclohexanediol exhibited larger spectral shifts as in the case
of ethanol. The results suggest that 1,3-propanediol can quench
the new emission in the long wavelength region, which has
appeared in the cases of other alcohols. The phenomena must
be closely related to the deactivation in neat ethanol where
efficient quenching is operating owing to a possible participation
of more than one ethanol molecule. The results could be
plausibly explained as follows. Once the one hydroxyl group
of 1,3-propanediol is attached to the carbonyl oxygen of excited
AAQ, the second hydroxyl group within the diol molecule
presumably attacks the carbonyl oxygen to induce an efficient
deactivation. The efficient deactivation leads to a quenching
of the new emission in the long wavelength region. Supposing
that two hydroxyl groups on the carbonyl oxygen induce an

TABLE 2: Rate Constants in Fluorescence Quenching of AAQ by Ethanola

quencher
k1

(1010M-1 s-1)b,c
k′

(108 s-1)b,d
kq

(109 M-1 s-1)e
k-1

(108 s-1)f

2AAQ ethanol 0.98 6.4 6.2 3.7
2PAQ ethanol 1.2 5.3 4.2 9.6

ethanol-O-d 1.1 3.5 3.7 7.1

a k values in benzene are 1.3× 108 s-1 (2AAQ) and 1.1× 108 s-1 (2PAQ), respectively.b Fluorescence decays of 2AAQ (601-621 nm) and
2PAQ (660-680 nm) were analyzed.cObtained from the slope ofλ1 + λ2 vs [ROH] plot. dObtained from the slope ofλ1λ2 vs [ROH] plot.
eApparent fluorescence quenching rate constant obtained from eq 1 forλmax intensity. f Calculated by eq 12.

Figure 9. (Left) Fluorescence spectra of 2PAQ with ethanol in benzene,
where the intensity was normalized atλmax: (solid line) 0.05 M ethanol;
(broken line) 0.05 M ethanol-O-d). (Right) Ratio (ethanol-O-d/ethanol)
of normalized spectra.

kq )
k1k′

k-1 + k′ (12)

Figure 10. Fluorescenceλmax of 2AAQ on addition of ethanol (O),
1,3-propanediol (b), and 1,2-cyclohexanediol (2) against quenching
ratio (IF0/IF).
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efficient deactivation, a size fitting between the carbonyl and
diol molecule would operate in the process. The geometrical
situation of the two hydroxyl groups of 1,3-propanediol may
be suitable for seizing the carbonyl oxygen, whilecis- andtrans-
1,2-cyclohexanediol may have too short distances, and congested
hydroxyl group with rigid structure may prevent the second
attack of another hydroxyl group on the carbonyl oxygen.
New Emission in the Long Wavelength Region. Simple

questions may arise from the results and the speculation above.
What is the actual species that causes the new emission in the
long wavelength region? What is the difference in interactions
between the first and the second attack of the hydroxyl group
toward the carbonyl oxygen in the case of 1,3-propanediol? As
described earlier, 2AAQ and 2PAQ formed hydrogen-bonded
complexes upon addition of excess ethanol, though the formation
constants were rather small. The new absorption band due to
the hydrogen-bonded species appeared in the original absorption
edge as indicated by the difference spectra in the inset of Figure
1. Selective excitation of the hydrogen-bonded species in the
ground state on addition of excess ethanol induced an emission
other than the original fluorescence. The new emission can be
safely assigned as the fluorescence from the excited state of
the ground-state hydrogen-bonded species of AAQ. Quantum
yields of the fluorescence were 0.0023(2AAQ) and
0.0047(2PAQ),39 2 orders of magnitude less emissive than the
original fluorescence (ΦF ) 0.14 (2AAQ) and 0.13(2PAQ),
respectively). The shape andλmax (612 nm, 2AAQ; 644 nm,
2PAQ)39 of the fluorescence look very similar to those of the
new emission in the long wavelength region observed in the
steady state and time-resolved fluorescence spectra under the
normal conditions ([ethanol]) 0-0.05 M) where the formation
of the ground-state hydrogen-bonded complex is negligible.
Thus, the relaxed excited state (RX) depicted in Figure 7 could
be assigned as the corresponding excited state of the ground-
state hydrogen-bonded complex. Since a hydrogen bonding to
a ground-state carbonyl oxygen is generally induced on a
nonbonding py orbital as shown in Figure 11a,40 the conforma-
tion should be the same in the RX state, which is the excited
state of the ground-state complex. The relaxation to hydrogen-
bonded excited state (RX) thus could be induced by an “in-
plane mode attack” of the hydroxyl hydrogen to the carbonyl
oxygen of excited AAQ (Figure 11a).
Molecular Mechanism of Fluorescence Quenching. The

second question arises here again. What is the difference in
interactions between the first and the second attack of the
hydroxyl group on the carbonyl oxygen in the case of 1,3-
propanediol? The electronic structure of the excited AAQ
should be a crucial point. Since the lowest excited state of AAQ
has a strong intramolecular charge transfer nature that involves
a transition mainly from theπ orbital of the amino nitrogen to
theπ* orbital localized mainly on the carbonyl group, the total
electron density in the excited state is mostly emphasized on
the carbonyl oxygen.41 The second mode attack of the hydroxyl
hydrogen would be most plausibly understood as an interaction
through theπ* orbital, which may be called an “out-of-plane

mode attack” as depicted in Figure 11c. The out-of-plane mode
attack was also reported in hydrogen bonding to the fluorenone
radical anion.42 The dual mode interactions in the case of 1,3-
propanediol suggests that the phenomena should be closely
related to the efficient deactivation in neat ethanol where plural
alcohol molecules can participate in the solvent cage. In ethanol,
the dual mode interactions of in-plane and out-of-plane are
thought to operate simultaneously to lead to very efficient
deactivation (Figure 12). These experimental results and
discussions further lead to the following speculation. In benzene
solution, unimolecular attack of ethanol may not necessarily
be predominant in the in-plane mode, but the out-of-plane one
is thought to operate also. The unimolecular attack in the out-
of-plane mode would form another nonemissive relaxed excited
state that suffers very efficient deactivation. All the obtained
results and discussions thus could depict Figure 12 as the
molecular mechanism of fluorescence quenching.
To the original fluorescent state in benzene AQ*, the in-plane

mode attack of alcohol (ki) leads to the formation of the less
emissive, relaxed hydrogen-bonded state AQ*(RXi), which is
the excited state of the hydrogen-bonded complex in the ground
state. The out-of-plane mode attack (ko) will form another
nonemissive hydrogen-bonded excited state AQ*(RXo) where
the interaction is through theπ* orbital of AAQ. The observed
k1 is thus expressed ask1 ) ki + ko. The rate constantk′ thus
represents the deactivation from the less emissive, relaxed
excited state (RXi), which is hydrogen-bonded by the in-plane
mode. Since the RXi state has a moderate lifetime as indicated
in Table 2, the first in-plane mode attack by one hydroxyl group
in the case of 1,3-propanediol would be followed by the second
out-of-plane attack by the other hydroxyl group to form a doubly
hydrogen-bonded nonemissive state AQ*(RX′′) that suffers an
efficient deactivation. On the other hand, supposing the first
attack of one hydroxyl group being in the out-of-plane mode,
the resultant nonemissive state (RXo) may not have enough
lifetime to suffer the second in-plane-mode attack by the other
hydroxyl group of 1,3-propanediol. Since hydroperoxides were
demonstrated to behave as alcohols, the out-of-plane mode
hydrogen-bonded form, which suffers more efficient deactivation
than the in-plane-mode form, would play a crucial role in the
sensitized decomposition. The microscopic molecular mecha-
nism of how the hydrogen-bonding interaction causes the
fluorescence quenching should be a very crucial point to be
clarified. How the excited energy is dissipated through both

Figure 11. Molecular orbitals of carbonyl group and approaching
direction to form the hydrogen bond. a and b are in-plane mode
approachs to py and spx orbitals. c is the out-of-plane mode approach
to the pz orbital.

Figure 12. Oversimplified picture of the molecular mechanism of
fluorescence quenching. The left path (ki) represents a relaxation to
the emissive state AQ*(RXi). The right path (ko) represents a relaxation
to the nonemissive state AQ*(RXo) where the effective deactivation to
the ground state is dominant. Relaxation to the AQ*(RX′′) could be
induced in the case of 1,3-propanediol.
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modes of in-plane and out-of-plane interactions is most curious.
Stabilization of the excited state by hydrogen bonding may alter
the radiative and nonradiative processes as discussed by
Harriman and Mataga et al.43 The observed deuterium isotope
effect, however, emphasizes again the possibility that the
intermolecular hydrogen bond vibration acts as an accepting
mode of radiationless transition as previously postulated.2 The
fluorescence quenching of AAQ might be one of the typical
examples that show that the microscopic molecular process of
radiationless deactivation is not necessarily isotropic but inher-
ently anisotropic in general. Investigations of a similar process
in aminofluorenone derivatives are now in progress. Only one
carbonyl group within the molecule in the case of aminofluo-
renones would be expected to exhibit the phenomena in a more
explicit manner.

Conclusion

Fluorescence quenching of AAQ by alcohols and hydroper-
oxides through intermolecular hydrogen-bonding interaction was
found to be one of typical systems for studying the microscopic
molecular mechanism of radiationless deactivation. The quench-
ing phenomenon was successfully explained by steric factors
mainly ascribable to the hydroxyl group of alcohols. The
contact molecular surface area of the hydroxyl hydrogen was
revealed to be a good index for the steric factors. Deactivation
of excited AAQ proceeded through dual modes of interaction
between the carbonyl oxygen of AAQ and the hydroxyl group
of alcohols. In-plane-mode attack of hydroxyl hydrogen toward
carbonyl oxygen results in the formation of an emissive
hydrogen-bonded complex in the excited state, and an out-of-
plane-mode attack induces an efficient deactivation to the ground
state.
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