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ARTICLES

Molecular Mechanism of the Intermolecular Hydrogen Bond between
2-Piperidinoanthraquinone and Alcohol in the Excited State: Direct Observation of the
Out-of-Plane Mode Interaction with Alcohol by Transient Absorption Studies

1. Introduction

An excited molecule in its intramolecular charge transfer
(ICT) excited state has a large dipole moment. The surrounding
solvents reorientate themselves in response to the sudden chan
of the dipole moment to minimize the total energy of the
system? The solvation dynamics have been studied by analyzing
the dynamic stokes shift of the fluorescence by using ultrafast
time-resolved fluorescence spectroschpyy.Molecular dynam-
ics have also been used as a powerful tool for such a staéfy.

Recently, transient absorption spectroscopy of the ultrafast
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Radiationless deactivation of 2-piperidinoanthraquinone (2PAQ) in its excited singlet state induced by an
intermolecular hydrogen bond interaction was studied by picosecond and femtosecond transient absorption
spectroscopy in benzene. On addition of alcohol, the transient absorption of excited 2PAQ exhibited a blue
shift and was effectively quenched. Kinetic analyses of the transient decay obtained by experiments using a
picosecond pulse compared well with those from dynamic fluorescence studies; the observed transient
absorption was confirmed as being attributed to the excited singlet state of 2PAQ. Subpicosecond transient
absorption experiments indicated that even at high concentrations of ethatf3M)Lin benzene the primary
relaxation process was almost the same as that in neat benzene. A hydrogen-bonded excited state of 2PAQ,
due to an out-of-plane mode interaction with ethanol, was successfully detected for the first time. Using
detailed multicomponent analyses of the transient absorption, the spectra of both the out-of-plane mode species
with Amax @t 570 nm and the in-plane mode species With.x at 550 nm were obtained.

Among the different types of solvent relaxational behavior, the

reorientational motion of the solvent induced by a specific

intermolecular interaction has attracted special attention from

the viewpoint of the molecular processes involved in chemical
actions.

To understand the details of chemical reactions at the
molecular level, solvent relaxation, the microscopic molecular
motion of the solvent due to a specific solaolvent interac-
tion, is one of the key processes that needs to be studied. The
microscopic relaxational motion of a solvent molecule should
also govern how the vibrational energy is transferred from solute

vibrational relaxation in the electronic excited states has beenq ¢olvent molecule and how the vibrational energy is dissipated
reported by Kovalenko et &:°In the case of an aprotic solvent i sojution. The details of these processes are, however, not
molecule, the solvent reorientation is mainly induced by a yet fully understood.

dipole—dipole interaction between the solvent molecule and the
excited solute. Coumarin derivativés, Resolfiné and DCM
have been frequently used as probe molecules for studying the

From these points of view, we have been studying radiation-
less deactivation of an electronically excited state induced by a
specific solvation accompanying an intermolecular hydrogen-

reorientation of the aprotic solvent. Because these dyes arebonding interactiod8-2L We have found that aminoanthraqui-

sufficiently fluorescent and their fluorescence lifetimes are
nearly insensitive to various solvents, no specific deactivation
pathway is involved. On the other hand, the reorientational
motion of a protic solvent is sometimes affected by a specific
intermolecular hydrogen bond between the solvent molecules
themselves. The electronic state of the solute is also influenced;
by an intermolecular hydrogen bond with the protic solVé&At.

nones (AAQ) and aminofluorenones (AF) having ICT excited
states suffered substantial fluorescence quenching due to
intermolecular hydrogen bonding in ethanol, thereby drastically
reducing the fluorescence lifetim&s!® The exposed contact
area of the molecular surface of the hydroxyl hydrogen which
is accessible to a third molecule has been shown to correlate
well with the fluorescence quenchifgjndicating that inter-

molecular hydrogen bonding plays a key role in the deactivation.

:ng"}‘/’gow“ll tcrgggﬁtgcr’]”gﬁ?vﬁssigo“'d be addressed. The intramolecular charge transfer to the carbonyl group within
* Japan Advanced Institute of Science and Technology. the AAQ or AF molecules results in a sudden appearance of a
8 CREST, JST. negative charge on the carbonyl oxygen, and the hydroxyl group

10.1021/jp004560w CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/12/2001



Molecular Mechanism of an Intermolecular H-Bond J. Phys. Chem. A, Vol. 105, No. 39, 2008841

o
@ 0.75 ns
% x 1.75 ns
= N _ A 475 ns
e Qo —C % 3 © 875 ns
T 0 5|
$,(FO)] N g | e
, . 1 C
$(RX :non-Emlsswi)/ —{\\ S(RX:Emissive) §
<
' - N ,,-‘ I ‘ 4
\ / 370 420 470 520 570 620
e Wavelength (nm)
Figure 1. Simplified diagram of the relaxation processes corresponding (b) * 540-550nm

to each hydrogen-bonding mode with alcohol.  595-605nm

of the alcohol clings to the carbonyl oxygen forming an
intermolecular hydrogen bond which efficiently induces deac-
tivation.

Detailed kinetic analyses of the fluorescence dynamic decay
revealed that the intermolecular hydrogen bonding involved at
least two species with different lifetimes. We proposed that the
two modes of interaction are the following: (1) an in-plane
mode; (2) an out-of-plane mode. Each is due to a specific i i
interaction with a specific molecular orbital of the carbonyl Time (2 ns/ div)
oxygen: a porbital in the former case ande(p,) in the latter Figure 2. (a) Transient absorption spectra of 2PAQ in benzene with
(Figure 1). The emissive relaxed state corresponding to the in-0-02 M ethanol at 0.75, 1.75, 4.75, and 8.75 ns after excitation. The
plane mode species could be definitely observed by time- 9at€ Width is 0.5 ns. (b) Transient decay profiles at-5880 nm @)
resolved fluorescence spectroscopy, while the out-of-plane modeand 595-605 nm Q).
could not yet directly be detected due to its short lifetime and
low emission yield. The direct detection of the out-of-plane
mode species and the observation of its dynamic behavior would
be very important for the understanding of the molecular
mechanism involved with the energy dissipation.

In this paper, the direct detection of the nonemissive out-of-
plane mode species of hydrogen-bonded 2-piperidinoanthraqui-
none (2PAQ) in the excited state and the observation of its
dynamic behavior were attempted using transient absorption
spectroscopy.

Absorbance (a.u.)

%Qm. ® €08 &

For the measurements in time regions shorter than 1 ns, a
double-beam subpicosecond puagrobe method was adopted,
the details of which were described elsewh@r&The delayed
second harmonic of a Fisapphire laser (400 nm, 1 kHz) was
used as the pumping light. Femtosecond supercontinuum pulses
generated by the fundamental were used to probe the absorbance
change in the 506620 nm. After interaction with the sample,
the supercontinuum probe pulses were recorded with a dual
photodiode array. At the same time, supercontinuum pulses not
passing through the sample were also detected for reference.
Wavelength-dependent signals were obtained at every time step

7 O of 4 ps (200 ps/full scale), 0.96 ps (48 ps/full scale), and 0.24
N ps (12 ps/full scale). Signals taken every 8 nm, between 500
O‘O and 620 nm, were averaged to obtain a decay profile. The
instrument response function and time zero at each probe
6 wavelength were estimated by optical Kerr effect cross cor-
2PAQ relation, in which neap-dichlorobenzene was used as the active
medium. The full width at half-maximum of the instrument
2. Experimental Section response function was 0.59.65 ps. The decay profiles were
not deconvoluted. The probe pulse energy w&0 nJ. The
' 20 diameter of the pump and probe pulse at the sample position
previously:> Ethanol and dry benzene were also prepared asyere 0.3 and 0.2 mm, respectively. No signal was detected in

reported. EthanoB-d (Aldrich, 99.5+% D) was used as  peat henzene without 2PAQ by the pico- and subpicosecond
received. The absorption spectra were recorded on a Shimadzy,,aasurement conditions employed in this study.

UV-2100PC spectrophotometer. To obtain the transient absorp-
tion spectrum, we used two laser photolysis systems.

For observation of the region from 1 to 20 ns, the third
harmonic of a N&"YAG laser (EKSPLA PL2143B; 355 nm, 3.1. Measurements Using Picosecond Pulses and Assign-
25 ps fwhm) was used for excitation. A continuum probe light ment of Transients. The transient absorption spectrum and the
was generated by focusing the fundamental pulse of tie-Nd  transient decay curve obtained upon excitation of 2PAQ in
YAG laser onto a high-pressure Xe tube. The probe light was benzene including ethanol (0.02 M) using the third harmonic
monitored by a streak camera (Hamamatsu, C4334) equippedof a N&F"YAG picosecond laser pulse under an aerated
with a polychrometer (CHROMEX 2501S). A single 1 ps pulse condition are shown in Figure 2. At this ethanol concentration,
from a regenerative amplifier (PL2143B) was extracted by an formation of a ground-state hydrogen-bonded complex of 2PAQ
InGaAs photodiode (Hamamatsu, G3476-05) and used as awith ethanol is negligibl@® The transient decay is thus
pretrigger for the streak scope. considered to reflect the dynamic process of the excited 2PAQ

2-Piperidinoanthraquinone (2PAQ) was purified as reported

3. Results and Discussion
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Figure 3. Two excited-states diagram including the original fluorescent
state 2PAQ* and only one relaxed state 2PAQ*(RX). The rate constants
k, k1, k-1, andk’ denote the deactivation rate constant from 2PAQ* to
the ground state, the forward relaxation rate constant from 2PAQ* to
2PAQ*(RX), the backward process from 2PAQ*(RX) to 2PAQ*, and
the deactivation rate constant from 2PAQ*(RX) to the ground state,
respectively.

in the solution. A rise and decay of the transient (4300 nm)

was observed in the shorter wavelength region, whereas onIyP
two component decays were observed in the longer Wavelengthti

region (586-620 nm), within the time delay of 10 ns (Figure
2b). These dynamic processes could not be observed in th
absence of ethanol. The two-step process in the time range i
understood as forming a hydrogen-bonded complex in th
excited state from a FranelCondon state of 2PAQ. Assuming
only one relaxed state formed by the interaction with ethanol,
the state diagram in Figure 3 was obtained, as reported
previously?° Each rate constant can be estimated by a two-
component analysi$of the transient decay in Figure 2b. Each
concentration of the FranelCondon state and the relaxed state

e

of 2PAQ with ethanol are expressed by eqgs 1 and 2, respectively.

[2PAQ*(FO)](t) = Aexp(—A;t) + Bexp4,t) (1)

[2PAQ*(RX)](1) = C{exp(-4t) — exp(-4)}  (2)

Ay = 0.5+ k[EtOH] + k_; + K F { (k + ky[EtOH] —
k_, — K)? + 4k_,k[EtOH]} ]

Here [2PAQ*(FC)] and [2PAQ*(RX)] denote the concentrations
of the excited 2PAQ in the FranelCondon state and the relaxed
state with ethanol, respectivelk;, k, k-1, and k' are the

€

Morimoto et al.

TABLE 1: Rate Constants of 2PAQ in the Two-state Model

method ki (10°M-1s e k (108sh)d  Kk(1Bshe
fluorescence 1.2 9.6 5.3
transient alds 1.1 5.2 3.3

aReference 2 Transient absorption decays of 2PAQ at 5450
nm. °Determined from the slope df + 1, vs [EtOH] plot. “Calculated
from eq 6.°Determined from the slope df. vs [EtOH] plot.

analyses in Table 1. Some contribution of-Tr; absorption
along with experimental error may be the reason for the small
discrepancy?® The results in Table 1 clearly indicate that the
transient absorption in Figure 2 is due to 2PAQ in its singlet
excited state and its dynamic behavior reflects the relaxation
process induced by its interaction with ethanol.

3.2. Measurements in Neat Solvents Using Femtosecond
ulses: Specific and Nonspecific Solvatiof.ransient Absorp-

on in BenzeneThe transient absorption spectrum and its decay
upon excitation of 2PAQ in benzene using the second harmonic
(400 nm) of a femtosecond Fsapphire laser pulse are shown

Sin Figure 4. A very fast rise (e.g. Figure 4b, opened circle) or

decay (e.g. Figure 4b, closed circle) around 3.7 ps was observed
at every wavelength. Maroncelli et al. reported that even a
nonpolar solvent like benzene has very fast multiexponential
relaxation time constants.Of the reported ultrafast relaxations
of benzene, the slowest one was observed in the present study
due to the time step of 0.24 ps of the system.
Hydrogen-Bonded Complex between 2PAQ and Ethanol in
the Ground Statel-or 2-substituted anthraquinone derivatives
are known to form ground-state hydrogen-bonded complexes
with alcohols?® The UV-vis spectral change of 2PAQ in
benzene upon addition of ethanol is shown in Figure 5. Very
interestingly, the spectrum changed in two steps with increasing
ethanol concentration: the absorption peak of 2PAQ at 460 nm
first gradually shifted to the red, and then at much higher
concentrations of ethanol (above 8.5 M) the peak shifted to the
blue. The complex formation constant was estimated using the
Benesi-Hildebrand treatment for the absorption intensity at 370
nm 25 whereAOD, ¢p, andep-a denote the absorbance change
at the observed wavelength and extinction coefficient of 2PAQ

corresponding rate constants in Figure 3. The preexponentialand the hydrogen-bonded complex, respectively. [2PAQ)],

termsA—C are functions of the time constanfs,and/,, and
the concentration of ethanol. The sum and product of the time
constantsl; and/, are dependent on the ethanol concentration

as expressed in egs 3 and 4. The slope obtained from a plot of

them affords the rate constarksandk'.
)
(4)

The apparent SterfiVolmer constant in the steady-state

A+ Ay =K+ K + k_; + k[EtOH]

A, = Kk, + K) + KK [EtOH]

[EtOH], andKeq are concentrations of 2PAQ and ethanol and
the complex formation constant, respectively.

1 1 (

= 1 1
AOD (¢, — 6D—A)[ZPAQ]\

KoJEtOH]

) @)

A linear plot was obtained for a concentration of ethanol
belov 6 M asshown in Figure 6a. This indicates that 2PAQ
and ethanol form a 1:1 complex over that concentration range.
The red shift of the spectrum of the hydrogen-bonded complex

fluorescence quenching experiment can be expressed as eq sUggests that the excited state is more stabilized by complex

assuming the relaxed state is almost nonemissive. The-Stern
Volmer constant is written as in eq 6. The rate constant
thus can be obtained from the relation of eq 6 and the rate
constank, obtained from the steady-state fluorescence quench-
ing experiment and the lifetime of the excited 2PAQ in benzene.

®)
(6)

The results obtained by the two-component fitting analyses
of the transient absorption decay at 5850 nm were compared

DD = 1+ Kg [EtOH]

Koy = kik = kK/k(K + k_y)

formation than the ground state.

The hydrogen bonding of ethanol with aminoanthraquinones
could involve three modes of interaction: (1) a donating
hydrogen bond interaction with the carbonyl oxygen of 2PAQ;
(2) a donating interaction with the amino nitrogen; (3) an
accepting interaction with the amino hydrogen atoms. The third
possibility can be excluded, because the 2PAQ has no amino
hydrogen. The second possibility, the hydrogen bonding with
the amino nitrogen, should induce a blue shift of the spectrum,
which is supported by molecular orbital calculations. The red
shift of the spectrum thus strongly supports the first possibility
that hydrogen bonding of ethanol with the carbonyl oxygen of

with those estimated from the time-resolved fluorescence decay2PAQ is involved.
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Figure 5. Changes in the U¥vis absorption of 2PAQ in benzene

upon addition of ethanol: (a) [ethanaf 0, 0.85, 1.7, 3.4, 6.4 M; (b)
[ethanol]= 8.5, 13.6, 17.0 M (neat ethanol).
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Figure 4. (a) Transient absorption spectra of 2PAQ in benzene at 0, = 10k
8, 28, 76, and 128 ps after excitation (400 nm, 4 ps time interval). (b) 2
Transient absorption decay profile in benzene at-6d20 nm @) and
501-509 nm Q). The inset shows the transient profile in the shorter Sr
time region (10 ps/div).

0 1 L
At higher concentrations of ethanol (above 6 M), the Benesi 0 0'3[Et03']6,1 (qu)g 1.2

HII(_ie_brand plot_drastlcally Changed (F!gure 6D). A!thOUQh no Figure 6. Benesi-Hildebrand plot of 2PAQ and ethanol in benzene:

definite conclusion can be made involving such a high concen- (ay a wide ranging ethanol concentration region ([EtGHP.085-

tration of ethanol due to the possible change in the polarity of 10.5 M); (b) a high ethanol concentration region ([EtOH].85-17

the solvent from benzene and the self-aggregation of ethanol,M).

2PAQ may partly form a 1:2 complex with ethanol. The decay profile at all wavelengths was successfully
Transient Absorption in EthanolThe transient absorption  analyzed by curve fitting, showing three time constants for two

spectrum and its decay behavior in ethanol were drastically relaxations in the excited singlet state and one deactivation from

different from those in benzene as shown in Figure 7. Two kinds the relaxed singlet state. The results are shown in Table 2. The

of solvent relaxation were observed in neat ethanol. A fast decaytwo relaxation times obtained coincided well with those reported

(1.9 ps) observed in the longer wavelength region of-6820 for Coumarin 153 by analyzing the time correlation function
nm corresponded well with a rapid rise (1.8 ps) in the 565 of a dynamic stokes shift.
572 nm region. In the shorter wavelength region of 5809 Alcohols have been reported to have three kinds of relaxation

nm another slow rise~30 ps) was distinctly observed. In the times corresponding to (1) a microscopic rotational motion of
entire wavelength region, the decay of the transient with a time the OH group, (2) a unimolecular rotational diffusion, and (3)

constant around 60 ps was also observed. The 60 ps decay rotational diffusion caused by cleavage of hydrogen bonds
coincides well with the fluorescence lifetime (60 ps) of 2PAQ with other alcohols among clustei&Yoshihara et al. reported

in ethanol, indicating that the transient can be assigned as 2PAQthat Coumarin 102 exhibited three relaxation times of 0.18, 1.96,
in its excited singlet state. and 15.36 ps for the time-resolved fluorescence dynamics in
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TABLE 2: Relaxation Time and Lifetime of 2PAQ in

@128 ps Benzene and Ethanol
solvent relaxation time (ps) lifetime (ps)
e | benzene 3.&0.2 c
76 s ethanol 1.74 0.3 o7 604 2d
ethanolo-d 1.7+ 0.3 31° 90+ 7

a Averaged value of the analyzed relaxation time of the transient

m\ absorption decay profile at 10 wavelengths from 509 to 589 nm excited

53 with a subpicosecond laser pulse (12 ps/full scale, not shown).
ps b Analyzed relaxation time of transient decay at 5&D9 nm (48 ps/

full scale, not shown)<Lifetime is too long to be analyzed for this
time scale YAveraged value of the analyzed lifetime at 12 wavelength
regions from 500 to 589 nm.

been reported to undergo proton transfer in their excited

states%31 Though to make a distinct discrimination between a
proton transfer and a hydrogen bonding interaction is rather
difficult, a proton transfer generally has a larger deuterium

0 ps isotope effect. The effect on the deactivation of the excited
2PAQ is pretty small at a factor of 1.5 (Table 2). This strongly
suggests that hydrogen bonding is actually involved in the
deactivation of the excited 2PAQ as previously repotfed.
500 330 560 590 a0 Tran3|§nt Absorption of 2PAQ at ngh. Concentrat|on§ of
Wavelength (nm) Ethanol in Ben;eneAt a low concentration of ethanol in
benzene the excited 2PAQ relaxed to the hydrogen-bonded state
and deactivation from the relaxed state had a moderate lifetime
of 1.9 ns (5.3x 1(® s tin Table 1) as described above. On the
other hand, in neat ethanol a much faster deactivation with a
lifetime of 60 ps was confirmed, also by transient absorption
decay. In the previous study by time-resolved fluorescence, the
species having the longer lifetime (1.9 ns) was assigned as the
in-plane mode hydrogen-bonded complex in the excited state
and that with the shorter lifetime was presumed to be due to
the out-of-plane mode speci&sThe out-of-plane mode species,
however, has not been directly detected in benzene.

In ethanol, 2PAQ is surrounded by many ethanol molecules.
Multiple ethanol molecules could thus interact with the excited
2PAQ to simultaneously form both the in-plane mode and the
out-of-plane mode species. Such a doubly interacted species
may have the short lifetime of the out-of-plane-mode one. That
is, in ethanol the in-plane mode species with the longer lifetime
would be “masked” by the short-lifetime species (out-of-plane-
mode one) and therefore not be detected, while, at a low
concentration of ethanol in benzene, the out-of-plane mode
species again cannot be detected due to the deactivation of the
species occurring faster than its formation (rat¢ethanol] x
rate constant (diffusion controlled one as a maximum limit)).

. . . Detection of the out-of-plane mode species having the fast
Time (50 ps/ div) deactivation is thus expected to be possible by increasing the
Figure 7. (a) Transient absorption spectra of 2PAQ in ethanol at 0, 8, concentration of ethanol to shorten the rise time of formation
28, 76, and 128 ps after excitation (400 nm, 4 ps time interval). (b) of the species to less than 60 ps. The rise time would be ca.
Transient absorption decay profile in ethanol at 6620 nm @) and 100 ps for 1 M ethanol and ca. 30 ps M ethanol, because
i’ﬁﬁfgﬁg%% g:rz dT;?Qas:]%rg_%b(sg)rpnon decay profile at 5E09 the rate constant for hydrogen-bonding formation between
’ ethanol and the excited 2PAQ is estimated to be mostly diffusion
methanok” They also observed a deuterium isotope effect of controlled?° At 1 M ethanol the out-of-plane mode species may
ca. 10% for the third relaxation time. The two relaxation times not be explicitly observed, but it could be detected at 3 M
observed in the present study could thus correspond to the sloweethanol in benzene.
two relaxations involving a unimolecular rotational diffusion The purpose of the present study is to detect both the in-
and a rotational diffusion caused by cleavage of hydrogen bondsplane mode and the out-of-plane mode species in benzene and
with other alcohols among clusters. verify the previous assumptions. The transient absorption

The slower relaxation time (27 ps) exhibited a deuterium spectrum of 2PAQ was observed in benzene with high concen-
isotope effect of 10% as indicated in Table 2, corresponding trations of ethanol (1 and 3 M). At high concentrations of ethanol
well with the report by Yoshihara et al. The deactivation lifetime 2PAQ forms mainly a 1:1 complex with ethanol as indicated
of the relaxed state of the excited 2PAQ also had a deuteriumby the straight line of the BenesHildebrand plot below 6 M
isotope effect (Table 2). Some anthraquinone derivatives haveof ethanol in Figure 6; 38% and 64% of the ground-state 2PAQ
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Figure 8. (a) Transient absorption spectra of 2PAQ in benzene with Figure 9. (a) Transient absorption spectra of 2PAQ in benzene with
1 M ethanol at 0, 8, 28, 76, and 128 ps after excitation (400 nm,4 ps 3 M ethanol at 0, 8, 28, 76, and 128 ps after excitation (400 nm,4 ps
time interval). (b) Transient absorption decay profile at-6620 nm time interval). (b) Transient absorption decay profile at 6630 nm

(0), 565-572 nm @), and 50+-509 nm Q). (0), 565-572 nm @), and 501509 nm ).

formed the complex at ethanol concentrations of 1 and 3 M,
respectively, because the formation constant is 078.M

The transient spectra and their decay profiles are shown in
Figures 8 and 9. The spectral changes are very drastic. In the
case 6 1 M ethanol in benzene, the time-resolved transient
absorption spectrum exhibited a rapid blue shift while losing
the structure of the initial excited 2PAQ in the FrarcBondon
state. The spectrum in the caseM ethanol was already
structureless, even immediately following the laser pulse. The
decay profiles showed other interesting aspects. The rise profile
at 501-509 nm within 12 ps after the laser pulse is shown in
Figure 10. Very interestingly, the rise profiles of the signal e )
immediately following the laser pulse were almost the same Time (2 ps/ div)
between those for neat benzene "?‘”d benzene with ethanol (JFigure 10. Rise profiles of 2PAQ in several solutions at short time
and 3 M). On the other hand, the rise was apparently different ;o\ a/s: 0) in neat benzene®) in neat ethanol:m) in 0.5 M of

in neat ethanol. These observations strongly suggest that 2PAQsthanol in benzenex) in 1 M of ethanol in benzenex() in 3 M of
suffers the same primary solvent relaxation as that in benzeneethanol in benzene.

and is surrounded by benzene molecules even at rather high

concentrations of ethanol. A hypothesis of diffusional collision when the primary relaxation is already completed, did not

between ethanol and 2PAQ should be valid in this case. depend on the concentration of ethanol (Figures 8 and 9). The
In the longer wavelength region (63820 nm) the slow decay profile at the transient signal (1.9 ns) in the shorter

decay profile (1.9 ns) observed after a delay time of ca. 80 ps, wavelength region (502509 nm) in the same time region also

Absorbance (a.u.)
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Jp— ? ,,,,,,,,, . comdsae o Y time immediately following the laser pulse is that in benzene
e da S Ae ey «t— 00§ (3.7 ps). Reasonably good fits (correlation coefficierd.95-
Q,,y 0.99) using four preexponential parameters for the four com-
. /1; e Access In/; e Access R ponent decay were obtained for the entire wavelength region
(Emissive) | (Emissive) (500-612 nm).

Upon excitation of the free 2PAQ and the hydrogen-bonded
2PAQ in the ground state having an in-plane mode, the excited
molecule would undergo the processes depicted as follows:

& /2{EtOH] k) /2[EtOH]

Franck-Condon State (FC)

Solvation State (SS) ks [2PAQ*(FC)] Solvation State (SS}

ks

[2PAQ*(SS)] [ 2PAQ i EtOH*(FC)] | == [ 2PAQ ' EtOH*(SS)] K
lkﬁ[EtOH] &, /2[EOH] 2PAQ*(FC)— 2PAQ*(SS) (8)

ks
Out-of-plane Access (Out-oé—plane A)ccess ZPAQ*_ EtOH (FC)_’ 2 PAQ*_ EtOH (SS) (9)

{non-Emissive) non-Emissive

| . ak,[EtOH]

P e “ ,6’?’?‘?2’ 77777 9 2PAQ*(SS) . 2PAQ*(in-plane)  (10)
/Caoa _k> Ground State 41(_ OO§HOQ

! @) - d o’ 2PAQ*(SS) 2PAQ*(out -of-plane)  (11)

Figure 11. Simplified kinetic scheme proposed for the system in which *_ ) kalE R *_ N
both free 2PAQ and the 2PA&ethanol complex exist in the ground 2PAQ*-EIOH(SS ZPAQ EtOH(in plan(el)z)

state. The rate constarks, ki, k', andk” denote the relaxation rate
constant by solvent (benzene) obtained from Table 2, the diffusion-

controlled rate constant by ethanol, the decay rate constant for in-plane  2PAQ*— EtOH(SS)—» 2PAQ*(out-of-plane) (13)
mode interactions of the complex, and the decay rate constant for out-

of-plane mode interactions of the complex. 2PAQ*(in-pIane)—* 2PAQ(GS) (14)
seemed to be independent of ethanol concentration (Figures 8 2PAQ*(out-of-pIane)£) 2PAQ(GS) (15)
and 9). These results indicate that the same species, having rather

long lifetimes around 1.9 ns, are formed by interaction with 1 2PAQ*—EtOH(in-pIane)£> 2PAQ(GS) (16)
or 3 M ethanol and are observed at these wavelength regions. "

On the other hand, a very drastic effect related to ethanol con- 2PAQ*—EtOH(out-of-planey— 2PAQ(GS)  (17)

centration was observed in the region of 5&2 nm. A clear
rise and decay profile was observed ® M ethanol (Figure Hereks, ak, Sk; k', andk denote the rate constants for solvent
9b)! Such a profile was not so evident in the cakg M ethanol relaxation in benzene, interaction with ethanol to form the
(Figure 8b), but the tendency was apparently observed. relaxed hydrogen-bonded complex with in-plane mode in the
These results clearly indicate that a species with a short excited state, one with the out-of-plane mode, deactivation of
lifetime should exist in this region (56572 nm). By increase  the in-plane mode species, and deactivation of the out-of-plane
of the concentration of ethanol, an out-of-plane mode speciesmode species, respectively.+ = 1. Assuming that ethanol
with a shorter lifetime than the in-plane mode species (1.9 ns) forms the in-plane mode species and out-of-plane one in equal
was successfully detected in the region of 562 nm as opportunity,a. = = 0.5. The concentration of each species
expected! As hypothesized previously, the relaxation processescan then be written as the following:
in Figure 11 can be depicted as two species having different
modes of interaction with 2PAQ. One of the two species is the [2PAQ*(FC)] = [2PAQ*(FC)], exp(—kd) (18)
in-plane mode species having a longer lifetime, which has a
hydrogen-bonding interaction on the grbital of the carbonyl [2PAQ*—EtOH(FC)]= [2PAQ*—EtOH(FC)}, exp(—k{)
oxygen of 2PAQ, the same as the ground state hydrogen-bonded (29)
complex. The other one is possibly the out-of-plane mode k[2PAQ*(FC)]
species which interacts on the(p,) orbital and only exists in [2PAQ*(SS)]= 0( xp(—kg) —
the excited state. k,[EtOH] — k,
To simplify the analysis without losing the essential points, exp(—k,[EtOH]t)) (20)
the following assumptions were adopted: (1) The out-of-plane
mode species derived from both the unimolecular 2PAQ [2PAQ*—EtOH(SS)]=
(2PAQ*(out-of-plane)) and the hydrogen-bonded complex of k[2PAQ*—EtOH(FC)],

2PAQ in the ground state with the in-plane mode species (exp(—ky) — exp(=k,[EtOH]t))

(2PAQ*—EtOH(out-of-plane)) all have the same lifetimes. (2) ky[EtOH] — kg

The in-plane mode species formed from both the unimolecular (21)

2PAQ (2PAQ*(in-plane)) and the hydrogen-bonded complex Kk I (FO)]

of 2PAQ in the ground state with the in-plane mode species _ 4[EtOH][2PAQ*(FC)],

(2PAQ*—EtOH(in-plane)) also have the same lifetimes. [2PAQ*(in-plane)]= 2(K — k)(k[EtOH] — k) expky)
The decay profiles at every wavelength were computer-fitted !

for four components assuming that (1) the rate constant of the kk;[EtOH][2PAQ*(FC)],

ethanol interaction with the excited 2PAQ is diffusion controlled, — —~ exp(—k;[EtOH]t)
(2) the deactivation lifetime of all of the out-of-plane mode 2(k 1[EIOH]) (K [EIOH] = k)
species is 60 ps, which is the fluorescence lifetime in ethanol, k&, [EtOH][2PAQ*(FC)]
(3) the lifetime of all of the in-plane mode species is 1890 ps, E 0

as adopted in Table 1, and (4) the primary solvent relaxation 2(k' — kJ(K — k[EtOH])

exp(—kt) (22)
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[2PAQ*(out-of-plane)}=
k&, [EtOH][2PAQ*(FC)],
2(K" — kJ(ky[EtOH] — k)
kd [EtOH][2PAQ*(FC)],
~ 2(K" — Ky [EtOH])(ky[E1OH] — k)

exp(kd)

exp(—k,[EtOH]t)

k¢ [EtOH][2PAQ*(FC)],
2(K" — k)(K" — k[EtOH])
[2PAQ*—EtOH(in-plane)]=
kk,[EtOH][2PAQ*—EtOH(FC)},
2(K — kJ(ky[EtOH] — k)
k,[EtOH][2PAQ*—EtOH(FC)},
 2(K — K [EtOH])(k,[EtOH] — k)

exp(—k't) (23)

exp(—kd)

exp(—k,[EtOH]t)

kk,[EtOH][2PAQ*—EtOH(FC)},
2(K — k(K — k,[EtOH])

exp(—kt) (24)

[2PAQ*—EtOH(out-of-plane)
k&, [EtO H][ZPAQ*—EtOH(FC)})A

20— K(KEOH] — kg PCHD

kk,[EtOH][2PAQ*—EtOH(FC)},
" 2(K" — K,[EtOH])(k[EtOH] — k)

exp(—k,[EtOH]t)

k¢ [EtOH][2PAQ*—EtOH(FC)},
2(K" — k)(K" — k[EtOH])

exp(—k't) (25)

Here, [2PAQ*(FC)j and [2PAQ-EtOH*(FC)] are the concen-
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Figure 12. (a) Extinction coefficients for the two FraneiCondon
states at 14 wavelengths (56620 nm) obtained from kinetic
analysis: @) free 2PAQ* obtained from the transient absorption spectra
in benzene; ©) 2PAQ*—EtOH calculated using eq 27 (see text). (b)
Extinction coefficients at 14 wavelengths (56620 nm) obtained from
kinetic analysis (eq 26): &) in-plane mode speciesOj out-of-plane
mode species.

To reduce the number of free parameters, the four different time

constants for each species were carefully determined by experi-
ment as described above. The rest of the parameters, the four
preexponential terms in eq 26, were taken as free parameters
during the curve fitting. To obtain reference spectra for the in-

trations of free 2PAQ and hydrogen-bonded 2PAQ in the ground plane and out-of-plane mode species, the following assumptions
state at time zero, respectively. The observed transient absorptiorwere also adopted: (1) all of the in-plane mode species had the

can be expressed as eq 26:
AOD = ¢[2PAQ(FC)]+ €,[2PAQ*(SS)]+ ¢ [2PAQ*(in-plane)]+
€2PAQ*(out-of-plane)H € [2PAQ*—EtOH(FC)]+
&[2PAQ*—EtOH(SS)]+ €,[2PAQ*—EtOH(in-plane)+

€,[2PAQ*—EtOH(out-of-plane)]

Iea[2PAQ*(FC)]0 + eJJ2PAQ* — EtOH(FC)}, !

. K&l2PAQ (FO)L + {2PAQ*—EOH(FC)})
k,[EtOH] — k,
= |, KIETOHI(J2PAQU(FC)} + €f2PAQ*—EIOH(FO)D [exp(-ky)
2(K — k) (I, [EtOH] — k)
. KKIEIOHI([2PAQ*(FO)l, + &,[2PAQ*—EIOH(FC)))
2(K" — k) (k,[ETOH] — k)

]
k(e[2PAQ*(FC)], + &[2PAQ*-EtOH(FC)})
K[EtOH] — k.
K [EtOH](e J2PAQH(FC)], + €,[2PAQ*~EtOH(FC)})
-t 2(K — K[EtOH])(k,[EtOH] — k) EXP(y[EOH]Y)
Kk, [EXOH] (¢ [2PAQ*(FC)], + €[2PAQ*—EtOH(FC)})
2(K' — K [EtOH]) (K [EtOH] — k)

N [kskl[EtOH](eC[zPAQ*(FC)]O + eg[ZPAQ*—EtOH(FC)L)] expkY)

2(K — k(K [EtOH] — k)
N [kskl[EtOH](ed[2PAQ*(FC)]O + eh[ZPAQ*—EtOH(FC)},)]

2" — k)(K[ETOH] — k) exp(k'y (26)

same spectrume{ = ¢g) as did all of the out-of-plane species
(ed = €n); (2) the spectral change due to the primary solvent
relaxation of benzene was negligible, & ¢).

At first, the reference spectrung,, of the Franck-Condon
excited state of the hydrogen-bonded complex (2PADH*-
(FC)) was estimated. The ratio of the extinction coefficients at
the excitation wavelength (400 nm) for the free 2PAQ to the
hydrogen-bonded 2PAQt 8 M ethanol was estimated to be
17:20. Thus, the initial concentration ratio of the free 2PAQ in
the Franck-Condon state ([2PAQ*(FCj) to the Franck
Condon excited hydrogen-bonded complex ([2PAQ*-EtOH-
(FC)]op) can be calculated to be 32:68, using the ground-state
hydrogen complex formation constatte, and [EtOH]. The
transient absorption far= 0 for 3 M ethanol in benzene can
be expressed as eq 27, where [2PAQ*(bhGhd [2PAQ*
EtOH(FC)} denote the initial concentrations of the excited free
2PAQ in the FranckCondon state and the Frane€ondon
excited hydrogen-bonded complex having an in-plane mode,
respectively.

A(0,2) = €[2PAQ*(FC)], + ¢J2PAQ*—EtOH(FC)}, (27)

The relative extinction coefficient, can be taken as the
transient absorption spectrumtat 0 in benzene. Using eq 27,
the estimated,, and the ratio of the two FranelCondon states

Heree,—en denote the extinction coefficients for each species. concentrations, the extinction coefficiead of the Franck-

A curve fit for a decay profile involving four components

Condon excited hydrogen-bonded complex (2PA@tOH)

has eight parameters and thus might involve substantial error.was calculated as shown in Figure 12a. The spectrum is very
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similar to the transient spectrumtat 0 in ethanol. This seems  bonding interaction. We have already studied the photophysical
quite reasonable, because almost all of the ground-state 2PAQcharacteristics of aminofluorenones by time-resolved fluores-
forms a 1:1 hydrogen-bonded complex in ethanol. cence spectroscopy and have reported results very similar to

The reference Spectra of the in_p|ane mode Spe@&and those fOT-AAQ:.I'g’IZlA transient absorption Study of aminofluo-
the out-of-plane speciesq were thus determined using the F€NONES IS NOW In progress.
preexponential factors derived from eq 26, following the
assumptions described above. The two reference spectra arg. conclusions
shown in Figure 12b. The in-plane mode species has a spectrum
very similar to that of the transient spectrum observed in the  The relaxation process of an excited 2-piperidinoanthraqui-
time region greater than 140 pgf® M ethanol in benzene as  none with ethanol has been studied by picosecond and femto-
indicated in Figure 9. This strongly supports the validity of the second transient absorption spectroscopy. A hydrogen-bonded
results obtained in the kinetic analysis and seems quite reasonspecies with an out-of-plane mode interaction, which had been
able, because in the time region greater than 140 ps the out-postulated but not previously directly detected by a time-resolved
of-plane mode species should have already disappeared, leavinfluorescence spectroscopy, was successfully detected for the first
only the in-plane species. The blue shifts seen in spectra of bothtime. The reference spectra for four species were determined:
the hydrogen-bonded species in the excited state and the(1l) the Franck-Condon excited state of 2PAQ); (2) the Franck
Franck-Condon state could be explained by stabilization of Condon excited state of hydrogen-bonded 2PAQ; (3) the excited
those states by the hydrogen bonding. Thex of the spectra hydrogen-bonded complex of 2PAQ and ethanol with out-of-
follow the order FranckCondon state> out-of-plane mode plane mode interaction; (4) the excited hydrogen-bonded
species> in-plane mode species. The order is also in accord complex of 2PAQ and ethanol with in-plane mode interaction.
with the drastic blue shift seen in the actual transient spectrum,
because the out-of-plane mode species with the short lifetime
and moderate blue shift disappears faster leaving the in-planeG
mode species dominant in the shortest wavelength region.

One may ask the simple question why does the out-of-plane
mode species deactivate faster than the in-plane mode one? One
possible explanation might be a difference in the vibrational References and Notes
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