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An investigation on the structures and the excited-state proton-transfer reaction has been carried out for size-
selected 7-hydroxyquinoline(7HQ)-methanol hydrogen-bonded clusters in supersonic jets. The structures of
the clusters were determined based on the analysis of the fluorescence-detected IR spectra in the OH stretching
region and by density functional theory calculations. Two isomers were found to exist for 7H{POH

One has the form in which the OH group of 7HQ is hydrogen-bonded to the oxygen #k;Hand the

other has the form in which the OH group of €bH is hydrogen-bonded to the nitrogen of 7HQ. For
7HQ-(CHOH), and -(CHOH);, their structures were determined to be “enol bridge” form, in which one end

of a chain-formed methanol cluster is hydrogen-bonded to the OH group and the other to the nitrogen of
7HQ. Photoinduced excited-state proton-transfer reaction was investigated by measuring the dispersed
fluorescence spectra for the clusters. Among them, a visible emission with a maximud3@tnm, which
coincides with the tautomer emission of 7HQ generated in methanol solution, was observed for the enol
bridge 7HQ-(CHOH); and larger clusters. This result presents a direct evidence for the enol bridge form
7HQ-(CH;OH); to be a precursor for the proton-transfer reaction in solution.

I. Introduction enol /@ij Keto m
c|> N/ ESPT o / N
" H

Proton transfer is one of the fundamental chemical reactions. 1 k
Especially, photoinduced proton transfer, so called excited state oMM o "
proton transfer (ESPT), is particularly important both in Me Mo Me  Me
chemistry and biology. Photoinduced anion formation of Figure 1. Keto—enol tautomerization scheme of 7HQ with two
aromatic acid such as naphthol in a protic solvent is a typical methanol molecules.
example of ESPT,in which a large Stokes-shifted visible e aiconolic concentration dependence of the absorption
emission due to the naphtholate anion is observed when ESPTgpecrym of 7H®and from the result of no visible emission
occurs after absorption of the UV light. in 8-methyl-substituted 7H@F Also, several theoretical calcula-

The keto~enol tautomerization of 7-hydroxyquinoline (7HQ), tions have been performed to reveal the structure and the
mediated by protic solvent molecules, is another system of reactivity5-17 However, up to now there has been no report
ESPT. 7HQ has an OH group acting as a proton donor (acid) which directly confirmed the bridge-type structure to be a
and nitrogen acting as a proton acceptor (base). Upon electronigyrecursor of the ESPT reaction. It is quite possible that such a
excitation, the OH group becomes more acidic and its proton- species is formed in supersonic jets, and one can obtain the
donating capability increases, while the nitrogen becomes moredirect evidence that the species is a precursor of the tautomer-
basic and increases its proton-accepting capability. Because ofization reaction.
the large distance between the OH group and the nitrogen, Several spectroscopic studies on the hydrogen-bonded (H-
however, the tautomerization reaction is not ||k8|y to occur in bonded) clusters of 7HQ have also been reported by using
isolated condition and is mediated by protic solvent molecules supersonic jets. Laser-induced fluorescence (LIF) and dispersed
through the multiple proton-transfer reaction. fluorescence spectra of 7HQ+@), were first reported by

Mason et al. first observed the dual fluorescence by irradiating Lahmani et al® Bach et al. observed dispersed fluorescence
7HQ with UV light in alcohol solutior?. Since then, various  spectra, resonant two-photon ionization (R2PI), and the-UV
spectroscopic investigations have been carried out for 7HQ in UV hole-burning spectra of 7HQ-@®),.1%-2! They proposed
bulk system, such as conventional spectroscopy at rooman H-bonding structure of 7HQ-@®), similar to that shown
temperaturé&® and matrix isolation spectroscopyi! as well in Figure 1, from the observed intermolecular vibrations and
as picosecond time-resolved spectroscopy!* Most of the by ab initio calculations. Though the ESPT reaction was not
works focused on solving two important problems for the ESPT observed for 7HQ-(kD), clusters, they recently showed
reaction of 7HQ. The first is to establish how many molecules evidence of the ESPT reaction for 7HQ-(§)K 4 and reported
are needed to promote this reaction and what kind of structurea possibility of the ground-state intracluster tautomerization
the intermediate species takes, and the second is to determineeaction for 7HQ-(NH);>7.22
whether this multiple-proton transfer reaction is a concerted or ~ Most of the studies described above were carried out by using
a stepwise process. It is generally understood that in methanolelectronic spectroscopy, so there has been no information about
solution the ESPT reaction occurs when two methanol moleculesthe OH stretching vibration which provides us with the most
form bridge-type hydrogen-bonds with 7HQ (Figure 1) from important information on the H-bonded structéfe3® Very
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recently, we succeeded in observing the IR spectra of the OHthe two lasers was set to 5us. The time delay (5.xs) and
stretching vibrations of size-selected 7HQ(, by using IR- the distance (10 mm) between the pump and the probe lasers
UV double-resonance spectroscopy. From the observed spectravere set to discriminate an intense fluorescence signal and
and by use of ab initio calculations, we concluded that 7HQ- scattered light caused by the pump laser from the fluorescence
(H20):1 has two isomers (OHO and N-HO structures) and  signal monitored by the probe laser.

that the structures of 7HQ-@), and 7HQ-(HO); are of bridge 7HQ and 7HQ-(CHOH), clusters were generated by a
form, in which a linear-form water dimer or trimer is bound to  supersonic expansion of a 7HQ vapor seeded in a 5% mixture
the OH hydrogen and the nitrogen atom of 7FfQ. of CHzOH/He at a total pressure of 3 atm. 7HQ was heated at

In this study, we report our spectroscopic and theoretical 450 K to obtain a sufficient vapor pressure. The mixture was
studies on 7HQ-(CkDH),. The main theme of this work isto ~ expanded into vacuum through a pulsed nozzle having an 800
obtain firm evidence of the bridge-type structure to be a um orifice. The probe UV light was a second harmonic of a
precursor of the ESPT reaction and to determine how many Nd:YAG laser (Spectra-Physiks INDI-5(0)-pumped dye laser
solvent molecules are needed to initiate the reaction. We first (Lumonics HD-500 with DCM or Pyridinel dye). The output
present the IR spectra of the OH stretching vibrations of 7HQ- power and the spectral resolution of the UV light wereb
(CHs;OH), that are observed by HRUV double-resonance and 0.2 cm?, respectively. Fluorescence was collected by a
spectroscopy. The structures are determined from the observedens and detected by a photomultiplier tube (Hamamatsu
IR spectra and those of the clusters obtained by density Photonics 1P28) after passing through a band-pass filter. The
functional theory (DTF) calculations. We then examine the photocurrent from the photomultiplier tube was integrated by a
intracluster ESPT reaction by observing the dispersed fluores-boxcar integrator (Par model 4400/4420) connected with a
cence (DF) spectra of the above-mentioned clusters. We foundmicrocomputer. A tunable IR light for FDIR spectroscopy was
that the critical size of the ESPT in 7HQ-(@BH), is n = 3. generated by a difference frequency mixing between a second
The size-dependence of ESPT will be discussed from the harmonic of an injection-seeded Nd:YAG laser (Quanta Ray
difference of the interatomic distances of the calculated struc- GCR 230) and the Nd:YAG laser-pumped dye laser (Continuum

tures. ND6000, DCM dye) with a LiNb@crystal. The typical output
power and the spectral resolution of the IR light were 0.4 mJ
Il. Experiment and 0.1 cm?, respectively. The pump UV laser light for

) UV—-UV SHB spectroscopy was a second harmonic of the

In the present experiment, we used{BV double-resonance  jpjection-seeded Nd:YAG laser (Quanta Ray GCR 230) laser-
spectroscopy with fluorescence detection, so-called fluorescencey,;mped dye laser(Continuum ND6000), and its typical output
detected infrared spectroscopy (FDIRS), to measure the Vibra‘power was 0.3 mJ. Dispersed fluorescence spectra were
tional spectra of size-selected 7HQ-(BH), clusters. The  measyred with ah= 250 mm monochromator (Nikon G-250).
experimental setup for FDIRS was the same as that describedzq was purchased from Acros Organics and was used without
elsewheré> The tunable UV and IR light was coaxially  pification.
introduced into the vacuum chamber in a counterpropagating  pensity functional theory calculations were carried out to
manner. The two laser beams were focused on a supersonic fre%nalyze the structures and vibrations of 7HQ-(OH). Fully

jet 15 mm downstream of the nozzle by using lense$ fa obtimi o

- ptimized minimum-energy structures were computed at the
500 T)m lens fOLUV and;l—hZSO mmllens for IR). The”d((ajlag/ B3LYP/6-31G(d,p) level without any constraints. Normal
time between the IR and the UV pulses was controlled by a .5 ginate calculations to obtain the harmonic frequencies were

pligitaél dedlay generator (S\’/R?_hDGSP}S) with the IR pulse 5qieq out for each optimized structure at the same level. The
introduced 50 ns prior to UV. The UV frequency was tuned 10 50jated frequencies were multiplied by a scaling factor of

the S—S electronic transition of a particular species, and the 0.9565. The H-bond binding energieBe(and Do) were also

flfuor:escence(;nten3|ty WaT’ mon't\%ﬁd’ WE'CTRW?S the MEeasUre ., culated. The zero point energy (ZPE) correction was done
of the grou_nh -s_éate_ popiu ation. ?nht e | rgquenr_:y W?]S by using the same scaling factor. The full counterpoise (CP)
resonant with vibrational transition of the selected species, the - .eqyre was used to correct the binding energy for the basis

grouln_d-st_ate (rjnollecgles }Nirefloumped to the V|br_at|o_|r_1r?| Ievr?l, set superposition error (BSSE)The calculations were carried
resulting in a depletion of the fluorescence intensity. Thus, the ¢+ \\sing the Gaussian 98 prografn.

FDIR spectrum was obtained as a fluorescence-dip spectrum
by scanning the IR frequency while monitoring the fluorescence
signal.

UV —UV spectral hole-burning (SHB) spectroscopy was also ~ A. $S1—Sp LIF Spectrum. 1. 7HQ-(CHOH),. First of all, it
carried out to discriminate different species in the jet. Two iS necessary to mention the existence of two isomers for bare
tunable UV lasers were used: one was an intense pump laser/HQ, that is, cis- and trans-rotamers depending on the direction
and the other was a weak probe laser. The probe laser frequencgf the OH group with respect to the quinoline plane. As was
was tuned to the electronic transition, normally tHe and, reported in our previous paper, the laser induced fluorescence
of a particular species in the jet, and its fluorescence intensity (LIF) intensity of the G, band of cis-isomer is 6 times stronger
was monitored as a measure of the ground state populationthan that of trans-isoméf. Furthermore, we found that the
similar to FDIR spectroscopy. The frequency of the pump laser relative LIF intensities of the clusters of the trans-isomer are
was scanned through the electronic transition, and depletionsmuch weaker than those of the cis-isomer. Thus, we can safely
in the fluorescence intensity occurred when pump laser frequen-assume that all the clusters observed here are dois-®HQ.
cies coincided with the electronic transitions of the same species The §—% LIF spectrum of 7HQ-(CHOH); is presented in
monitored by the probe laser. Thus, the SHB spectrum was Figure 2. Two electronic transitions exhibiting different spectral
obtained as a fluorescence-dip spectrum similar to FDIR features are observed in the lower frequency side of fge 0
spectroscopy. The pump and probe laser beams were focusedband of barecis-7HQ at 30 843 cm!. One is located in the
on the jet at 5 and 15 mm down stream of the nozzle, 30 100-30 300 cnT! region, where the band origin occurs at
respectively, withf = 500 mm lenses, and the delay time of 30 131 cnt! with a few intermolecular vibrations in the higher

I1l. Results and Discussion
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A TABLE 1: Binding Energies of 7HQ-(CH3;0OH), at the
B3LYP/6-31G(d,p) Level Calculatior?
cis-7HQ-(CH3OH)1 (B) Eef DL BSSE ZPE D¢
G THOCHOH) () S0%63 e Cis7THQ-(CHOH): (OH-N) 0 —-3102 1234 536 —1332
Cis7HQ-(CH;OH), (OH-0) 105 —2996 1061 491 —1444
cis- 7HQ-(CHOH), (bridge) 0 —7948 2641 1226 —4 081
%ﬁf_’%‘s" Cis-7THQ-(CHOH); (ring) 1010 —6937 2587 1162 —3181
7KQ-(CHsOH), (bridge) 3308 —9137 2751 1161 —5225
trans-7HQ
30520 cmt cis-7HQ-(CHOH); (bridge) 013771 3864 1648 —8 259
w ‘ l Cis 7THQ-(CHOH); (ring) 2001 —11770 3358 1630 —6 782
. ;11* 7KQ-(CHsOH); (bridge) 2469—15800 4100 1561—10 139
““H m aIn inverse centimeter8.Total energy relative to most stable isomers

‘ i for each cluster siz€.Difference between the potential minimum of
W d oy 1 ‘ cluster and the sum of that of componeritScaled by a factor of

R L L Ry Ry L SRR AL LR RREA SRR AARA AR RRRNs 0.9565.¢ Energy difference including zero point enerdyo(= De +
30100 30200 30300 30400 30500 30600 30700 30800 30900 BSSE+ ZPE)
UV wavenumber / cm-1
Figure 2. S;—S LIF spectrum of bare 7HQ antls-7HQ-(CH;OH);.

Bands marked by asterisk are due to an impurity. fixing the probe laser frequencies to the bands at 28 501 and

28 962 cntl, respectively. As seen in Figure 3b, when we
monitored the band at 28 501 cf no depletion occurred at
28 962 cnt?, which means that the species of the band at 28 501
cm! differs from that of the band at 28 962 cf As will be
described later, we measured the FDIR spectra by monitoring
the bands at 28 962 and 28 501 ¢hnand assigned them to the
0% transitions of 7HQ-(CHOH), and -(CHOH)s, respectively.
The redshifts of the @ band frequencies of 7HQ-(GBH),
and -(CHOH); relative to that of theciss7HQ monomer are
1881 and 2342 crt, respectively. These values are similar to
§ those of 7HQ-(HO),, that is 1650 and 2072 cthfor n = 2
‘;;'5%'1(%'#?”)3 ;g‘;%'z(%';g?“h and 3, respectivel§? -3 Also, 7HQ-(NH)n exhibit very
@ similar redshifts in electronic transition frequencies, that is,
1729 and 2045 cm for n = 2 and 3, respectivel§2 Thus,

all these results support our assignments of theb@nds for
7HQ-(CH;OH), and -(CHOH)s.
B. IR Spectra and Structural Analysis. In this section, we

present the FDIR spectra of the OH stretching vibrationssf
7HQ-(CH;OH),, obtained by fixing the UV frequencies to the
corresponding bands shown in Figures 2 and 3. In addition, we
'(E?ﬂg%&?)sagio ggiﬁ%ﬁﬂ gf Z(':"b%é?b?vﬁgzr :rtlge-(croﬂt%"gséer present energy-optimized structures and simulated IR spectra
— . N . . ; .

frequency is tunec? to the band at 28 501 &m(c) UV—FL)JV SHB obtained by DFT calculations, which are compared with the
spectrum of 7HQ-(CkEDH),, where the probe laser frequency is tuned obsgrved IR spectra. The c_alculf_;lted H-bond binding energies
to the band at 28 962 crth of cis-7HQ-(CHOH),-3 are listed in Table 1. The frequencies

of the observed and the calculated OH stretching bands are listed
frequency side. The other transition is observed in the 36-360 in Table 2.
30450 cn1! region, where a 10 cmt progression is seen 1. 7THQ-(CHOH),. Figure 4a,b shows energy-optimized
starting from the band origin at 30 363 cin Lahmani et al. structures of two isomers afis-7HQ-(CH;OH); obtained by
assigned the former to the transition toéins-7HQ-(CH;OH), DFT calculations at the B3LYP/6-31G(d,p) level. The isomer
and the latter tocis-7HQ-(CHOH)..18 However, as will be shown in Figure 4a has the form in which the OH group of
discussed later, the two transitions are assigned to two different7HQ acts as a proton donor. The other isomer shown in Figure
isomers ofciss7HQ-(CHsOH);. We refer the former asis- 4b has the form in which the nitrogen site of 7HQ acts as a
7HQ-(CH;OH)1(A), and the latter asis-7HQ-(CHOH).(B), proton acceptor. The structures of the two isomers are quite
as indicated in Figure 2. The IR spectroscopic measurementssimilar to those ofcis-7HQ-(H0)1, reported in a previous
and the DFT calculations for determination of those structures paper’* and we refer them as “OHO” and “N—HO”",

(©

(b)

T T T T
28600 28800 29000 29200

UV wavenumber / cm-1

will be discussed later. respectively. The calculated binding energies of the “@M

2. THQ-(CHOH), and -(CHOH)z. Figure 3a shows the  and the “N-HO” isomers are 1444 and 1332 chrespectively.
S;—S LIF spectrum ofcis-7HQ-(CHOH), and -(CHOH)s. Because of the small energy difference, the two isomers are
There are two intense bands at 28 962 and 28 501! cand expected to coexist in a supersonic jet.
their vibronic bands are seen in the 29 6@9% 200 and 28 560 Figure 5c¢,d shows the FDIR spectra obtained by monitoring

28 700 cmi® regions, respectively. Lahmani et al. described that the LIF bands at 30131 and 30400 Tmin Figure 2,
the bands observed in these regions might be due to the clusterespectively. For comparison, the position of the OH stretching
of 7HQ involving two or three CEDH molecules, from the  vibration of gas-phase GH and the FDIR spectrum of bare
results of the methanol vapor pressure dependence of the banais-7HQ are shown in parts a and b of Figure 5, respectively.
intensities'® To make more definitive assignment for these In parts ¢ and d of Figure 5, two vibrations are observed, which
bands, we applied UVUV spectral hole-burning (SHB)  are assigned to the OH stretching vibrations of either 7HQ or
spectroscopy. Figure 3b,c shows the SHB spectra obtained byCH3;OH. Since the observed spectra exhibit different OH
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(a) cis-7HQ-(CH30OH)4
(OH - O)

0.9820

2.7730

0.9660

Matsumoto et al.

(b) cis-7HQ-(CH3OH)4
(N - HO)

0.9673

2.8852

0.9807

Figure 4. The energy-optimized structures of (@3-7HQ-(CHOH),(OH—0) and (b)cis-7HQ-(CHOH),(N—HO) obtained by the DFT calculations

at the B3LYP/6-31G(d,p) level. The values indicate the OH bond length and the interatomic distance between O and O (N) in A unit. The figures

are drawn by using the MOLCAT prograth.

TABLE 2: Observed and Calculated Frequencies (cm?) of
OH Stretching Vibrations of ciss7HQ-(CH3OH), (n = 1-3)

frequency
observed calculatéd assignment
Cis-7THQ 3650 3650 vou
trans7HQ 3659 3660 wvou
cis-7HQ-(CHOH); (OH-0) 3686 3661  freeon(CH3OH)
3420 3363  H-bonadon(7HQ)
cis-7HQ-(CHOH); (OH—N) 3644 3646  freeon(7HQ)
3382 3374  H-bonaon(CHsOH)
Cis-7HQ-(CHOH), (bridge) ~ 3439 3421  H-boneby
3323 3333  H-bondon
3305  H-bondvon
cis-7THQ-(CHOH); (ring) 3522
3363
3175
7KQ-(CH;OH), (bridge) 3324
3210
3151
Cis-7THQ-(CHOH); (bridge) 3255 3218  H-bongby
3205 3152  H-bonaton
3133 3049  H-bondon
3078 H-bond/OH
cis-7THQ-(CHOH); (ring) 3395
3257
3151
7KQ-(CH;OH)3 (bridge) 3144
3055
2912

aEach frequency is multiplied by a scaling factor of 0.9565.

stretching vibrations, they are due to different isomersisf
7HQ-(CHOH);, and we have to determine which species
corresponds to which isomer in Figure 4. In the FDIR spectrum
of cis7HQ-(CH;OH)1(A) shown in Figure 5c, the higher
frequency band (3686 cm) is very close to the OH stretching
vibration of CHOH in the gas phase (3681 c#).38 So this
band is assigned to the OH stretch of thesOH site acting as
acceptor. The small redshift (5 c®) is typical for the OH
stretch vibration free from H-bond in many H-bonded clus-
ters23.25 On the other hand, the intense band at 3420m
which is redshifted by 230 cn from the OH stretch of bare

vou(CH30H)

(a) CH30H (gas phase)
3681

(b) bare THQ

vor(7TH®
3650

LN L e s e s e B B B B s B B B e B s s

(¢) cis-THQ-(CH30H)1(A)

vor(THQ)
3420

voH(CH30H)
3686

vou(THQ)

¢is-7THQ-(CH30H)1
3363

(OH-O, caled.) vor(CH3OH)
3661

B L e e e e e Am e T

(d) cis-THQ-(CH30H)1(B)

Vor(THQ)
vor(CH5OH)
3389 3644
cis-THQ{CH30H) |,
on(CH30H) (TH!
(N-HO, caled.) 8374 Yo
1
3200 3400 3600

IR wavenumber / cm-1

Figure 5. (a) Position of the OH stretching vibration of the gas-phase
CH;OH molecule. (b) FDIR spectrum of bams-7HQ obtained by
monitoring the band at 30 843 cta (c), (d) FDIR spectra ofis-7HQ-
(CH30H),(A) and cis-7HQ-(CHOH),(B) obtained by monitoring the
bands at 30 131 and 30 400 chrespectively. Stick diagrams are the
calculated IR bands of two isomers@é-7HQ-(CHOH),(OH—O and
N—HO) obtained by DFT calculations at the B3LYP/6-31G(d,p) level.

cis-7HQ (3650 cm?), is assigned to the H-bonded (or donor)
OH stretching vibration of the 7HQ site. Thus, we conclude
thatcis-7HQ-(CHOH),(A) corresponds to the “OHO” isomer
shown in Figure 4a.
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(a) cis-THQ-(CH30H)s
(enol bridge)

(b) cis-7THQ-(CH3OH)g

(enol ring)

(c) TKQ-(CH30H)s

(keto bridge) )

Figure 6. Energy-optimized structures of (ajs-7HQ-(CHOH); (enol bridge), (bis-7HQ-(CHOH), (enol ring), and (c) 7KQ-(CkOH), (keto

bridge) obtained by DFT calculations at the B3LYP/6-31G(d,p) level. The inserted values are the OH bond lengths and the interatomic distances

between O and O (N) atoms in A unit.

In the FDIR spectrum otis-7HQ-(CH;OH)y(B) shown in
Figure 5d, it is noticed that the band at 3644 ¢nis very close
to the OH stretch of bareis-7HQ. Thus, this band is assigned

to the OH stretch of 7HQ free from H-bond by the similar reason

described above. The band at 33827¢éns assigned to the
H-bonded OH stretch of C¥#DH, which is redshifted by 299
cm! relative to bare CkDH. This redshift is larger than that
of cis-7HQ-(H,0)1(B) (256 cn11), which is consistent with the
larger acidity of CHOH than HO.34 Thus, the IR spectrum
indicates that the nitrogen site ofs-7HQ is acting as proton
acceptor, and C§DOH as proton donor. That isis-7HQ-
(CH30OH)1(B) is associated with the “NHO” isomer shown in
Figure 4b.

The stick diagrams in Figure 5c,d show the calculated IR

(a) cis-THQ-(CH30H)q
(obs.)

3323 3439

(b) cis-7THQ-(CH30H)2 328

(enol bridge)
3421

3305 |
1

bands for the energy-optimized structures shown in Figure 4. (. . 7HQ-(CH;0H),

Though the calculated spectra do not give complete agreement
with the observed one, they reproduce characteristic features
of the H-bonded and free OH stretching vibrations with respect

to the positions and intensities. As seen in Table 1, the calculated

binding energiesDy, of cis-7HQ-(CHOH);(A) and -(B), are

almost equal, which also agrees with the observation, that is,
comparable intensities of the two transitions in the LIF spectrum

of Figure 2.

2. THQ-(CHOH),. Three possible isomers were obtained for
7HQ-(CH:OH), by DFT calculations at B3LYP/6-31G(d,p)
level, which are shown in Figure 6&. The calculated binding

energies of three isomers are also listed in Table 1. Figure 6a

shows the “enol bridge” structure @is-7HQ-(CHOH),, in
which (CHOH), is H-bonded to the OH hydrogen and to the
nitrogen atom otis-7HQ. This structure is the most stable one
among the three isomers similar to that of 7HQ@): shown

in our previous work* and by Bach et & Figure 6b shows
the “enol ring” structure otis-7HQ-(CHOH),, in which the
OH group ofcis-7HQ and two CHOH molecules form a cyclic
H-bonding. This structure is very similar to that of 2-naphthol-
(H20),2% and phenol-(H0),.2° The total energy of the enol ring

(enol ring) 3175

3363
| 3521

(d) 7TKQ-(CH30H)2
(keto bridge)
3151

3210
3324

rTrTT T T T T T T e T T T T T T T

3400 3600 3800
IR wavenumber / cm-1

Figure 7. (a) FDIR spectrum ofciss7HQ-(CHOH), obtained by

monitoring the bands at 28 962 cin (b)—(d) Calculated IR spectra

of three possible isomers of 7HQ-(@BH), obtained by DFT calcula-

tions at the B3LYP/6-31G(d,p) level.

I e
3000 3200

structure is 1010 cmi higher than the enol bridge structure.
Figure 6¢ shows the “keto bridge” structure of 7-keto-quinoline-
(KQ)—(CH30H),, in which (CHOH), is H-bonded to the amide
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(a) vol(THQ + CHsOH(ow) + CH3OH(B)
(3305 cm-1)

CH30H(p)

(¢) vOH(CH30H(0)
(3421 ¢m-1)

Matsumoto et al.

(b) vOH(7HQ - CH3OH(B))
(3333 cm-1)

CH30H(w)

Figure 8. Normal modes and frequencies of the OH stretching vibrationgssfHQ-(CHOH), (enol bridge) obtained by DFT calculations.

hydrogen and to the carbonyl oxygen of 7KQ, where 7KQ is
the tautomer otis-7HQ. The total energy of this structure is
3308 cn! higher than that of the enol bridge structureces
7HQ-(CH:OH),. Thus, it is concluded that the enol bridge
structure ofcis-7HQ-(CHOH), is the most stable isomer. It

motions were reported for the bridge type 2-pyridonedii
cluster by Zwier’s groug?®

3. 7THQ-(CHOH)s. Similar to 7HQ-(CHOH),, three stable
forms were obtained for 7HQ-(GI®H)s; the enol bridge, enol
ring, and keto bridge forms. Figure 9a shows their energy-

should be noted that the H-bond binding energy for the keto optimized structures obtained by DFT calculations at the

bridge form is 1144 cm' larger than that of the enol bridge

B3LYP/6-31G(d,p) level. As shown in Table 1, the total energies

form, though its total energy is less stable than that of the enol of the enol ring and keto bridge forms are higher than that of

bridge form. Thus, the difference of the energies betwaen
7HQ-(CHOH),; and 7KQ-(CHOH), is mainly ascribed to the
difference between 7HQ and 7KQ.

The enol bridge structure for the obsengsl7HQ-(CHOH),

the enol bridge form by 2001 and 2469 threspectively. Thus,
the enol bridge is the most stable isomer of 7HQ-§OH)s.
Figure 10a shows the FDIR spectrum @$-7HQ-(CHOH);3
obtained by monitoring the LIF band at 28 501 ¢min the

is further supported by the analysis of the IR spectrum. Figure spectrum, three broad bands are overlapped in the region of

7a shows the FDIR spectrum ois-7HQ-(CH;OH), obtained
by monitoring the LIF band at 28 962 crh In the spectrum,
two intense broad bands appear at 3323 and 3439,anhich

3000-3300 cntl. These bands are assigned to the H-bonded
OH stretch vibrations whose frequencies are much more
redshifted than those o€iss7HQ-(CHOH),. Sharp bands

are assigned to the H-bonded OH stretching vibrations. Sinceappearing below 3000 cm are assigned to the CH stretch

no band occurs in the region of free OH stretching vibration
(3650-3750 cntl), all the OH groups are thought to be

vibrations of CHOH molecules. Similar to the case@$-7HQ-
(CH3OH),, the FDIR spectrum is compared with the calculated

H-bonded in the cluster. The simulated IR spectra of the enol IR spectra of three possible isomers. The stick diagrams in
bridge, enol ring, and keto bridge forms are shown as stick Figure 10b-d show the calculated IR spectra of the enol bridge,
diagrams in Figure 7bd. It is evident that the enol bridge the enol ring, and the keto bridge forms, respectively. Among
spectrum reproduces the observed one very well. Thus, fromthem, itis clear that the calculated IR spectrum of the enol bridge
the calculated binding energy and the agreement of the IR form well reproduces the observed one. Thus, we conclude that
spectrum, we conclude that the structureisf7HQ-(CH;OH), the most probable structure ofs-7HQ-(CHOH); is the enol

is the enol bridge form as shown in Figure 6a. bridge form, similar to that o€is-7HQ-(CHOH),.

Figure 8a-c shows the calculated normal modes of the OH
stretch vibrations of the enol bridge forais-7HQ-(CHOH),.

C. ESPT Reaction of 7THQ-(CHOH),. 1. Size-Dependence.
As described in the Introduction, when 7HQ is excited to the

It is seen that these vibrations are delocalized among all S; state in alcoholic solution, a dual fluorescence (ultraviolet

the OH groups. The lowest frequency mode (3305 Ynis
the “in-phase” motion of the OH stretch vibrations of 7HQ,
CH30H(o) and CHOH(B) so that this mode is denoted as
“vou(7HQ + CH3zOH(a)+ CH3OH(p))". This mode has a weak

and visible) is observed. The visible fluorescence is attributed
to the keto-tautomer (7KQ) generated by ESPT reaction. In the
H-bonded clusters of 7HQ in the jet, a similar dual fluorescence
was observed in 7THQ-(NgL—7 by Bach et al?? indicating an

IR absorption intensity as seen in Figure 7b. The mode with a occurrence of ESPT. In this section, we examine the ESPT

frequency of 3333 cmt is the “out-of-phase” motion of the
OH stretching vibrations of 7HQ and GEH(j), so that this
mode is expressed az/gu(7HQ-CHOH(A))”. The highest
frequency mode (3421 crf) is relatively localized on CHOH(),

so that it is expressed ason(CH3;OH(a))”. It should be noted

reaction for 7HQ-(CHOH), by observing the dispersed fluo-

rescence (DF) spectra and discuss the size and structure effects

on the ESPT reaction.
Before showing the DF spectra of each species, we should
mention the presence of higher clusters in the electronic spectra.

that such the delocalized motions are not observed in the “ring As seen in the LIF spectra of Figures 2 and 3, there exists broad

type” phenol-(HO), or 2-naphtnol-(HO), cluster, and are
unique to clusters having “bridge type” structure. Similar

background transition beneath the sharp bands. The broad
background transition is thought to be due to larger size clusters.
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(enol bridge)

(a) cis-THQ-(CH30H)3

(b) cis-THQ-(CH30H)3

(enol ring)

(c) TKQ-(CH30H)3

(keto bridge)

Figure 9. Energy-optimized structures of (ajs-7HQ-(CHOH); (enol bridge), (b)xis-7HQ-(CHOH); (enol ring), and (c) 7KQ-(CkDH); (keto

bridge) obtained by the DFT calculations at the B3LYP/6-31G(d,p) level. The inserted values are the OH bond lengths and the interatomic distances

between O and O (N) (bold) in A unit.

(a) cis-THQ-(CH30H)3 (obs.)

3078
3255

3133 3205
(b) cis-THQ-(CH3OH)3 (enol bridge)

3049

3152
3218

(¢) cis-7THQ-(CH30H)3 (enol ring)
3151 3257 3395

(d) TKQ-(CH30H)3 (keto bridge)

2912

— :
3000 3200 3400
IR wavenumber / cm-1

LA S B LML B L e

Figure 10. (a) FDIR spectrum oftis-7HQ-(CHOH); obtained by
monitoring the bands at 28 501 cin (b)—(d) Calculated IR spectra
of three possible isomers of 7HQ-(@BH); obtained by DFT calcula-

tions at the B3LYP/6-31G(d,p) level.

To examine the ESPT reaction explicitly for each species, we

The DF spectra obtained with such a process are shown in
Figure 11. Figure 1lac shows the DF spectra of baots-
7HQ andcis-7THQ-(CHOH),(A) and -(B), obtained by exciting
their @y bands. The spectral resolution of the monochromator
was 300 cm. The spectra represent a well resolved vibronic
feature in the 25 00831 000 cnT! region without the visible
emission. These results indicate that the ESPT reaction does
not occur in barecis-7THQ, cis-7THQ-(CH;OH)1(A) or -(B).
Figure 11d shows the DF spectrum ois-7HQ-(CH;OH),,
obtained by exciting the%band at 28 962 cmi. The spectrum
was obtained with a monochromator resolution of 500 €m
Similar to the case o€is-7HQ-(CHOH);, only UV emission
is seen in the 22 06029 000 cm?! region with no visible
emission. Though we also observed the DF spectrum by exciting
the vibronic band at 29 429 crh (0% + 467 cnT1), no visible
emission was observed. These results indicate that ESPT does
not occur in the enol bridgeis-7HQ-(CH;OH),, or that the
reaction barrier may be much higher than 467 é¢m

Figure 11e shows the DF spectrum @$7HQ-(CH;OH)s,
obtained by exciting the% band at 28 501 cri. In addition
to the UV emission in the 22 0629 000 cn1! region, a weak
visible emission associated with the keto-form is clearly seen
in the region of 16 00620 000 cm®. Thus, we conclude that
ESPT occurs at the zero-point level of enol bridde 7HQ-
(CH3OH); in the S state. We then extended our investigation
to its vibronic band, and Figure 11f shows the DF spectrum
obtained by exciting the band at 28 973¢nf0% + 472 cnY).
By comparing the spectra between parts e and f in Figure 11,
we see that the intensity ratio of the visible to the UV emission
is 3 times stronger for the vibronic band excitation than that of
the origin excitation. Thus, if we assume that the fluorescence
lifetimes are not different between the two levels, we can
conclude that the ESPT rate constant becomes larger in the upper
level.

2. Structure EffectAs described above, we obtained experi-

have to discriminate the contribution of the larger size clusters. mental evidence that the ESPT reaction occurs from the enol
So, we observed two kinds of DF spectra: one is the spectrumbridge cis-7HQ-(CHOH), in S; and its critical size is1 = 3.
obtained by exciting the sharp band, and the other is that Hereafter, we discuss the difference of reactivity of ESPT
obtained by detuning the UV frequency slightly from the sharp betweencis-7HQ-(CHOH), and -(CHOH); based on the
band. Finally, the former spectrum was subtracted by the latter. structure of the clusters obtained by the DFT calculations.
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Figure 11. DF spectra obtained by exciting (a) th& Band of barecis-7HQ, (b) the & band ofcis-7HQ-(CHOH).(A), (c) the B + 36 cnT?t
band ofcis-7HQ-(CHOH)(B), (d) the G band ofcis-7HQ-(CHOH),, (e) the G, band ofcis-7HQ-(CHOH); (0% excitation), and (f) the @ +
472 cn1! band ofcis-7HQ-(CHOH)s. Spectral resolution of the monochromator is 300 tfor parts a-c, and 500 cm! for parts d-f.

(a) 7-HQ-(CH30H), (b) 7-HQ-(CH30H)g4 (a) cis-THQ-(CH3OH),,4
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Figure 12. Schematic diagrams of the double minimum potential

energy surface for the ESPT reaction corresponding t@i&fHQ-

(CH3OH), and (b)cis-7HQ-(CHOH)s. 2800 3000 5200 3400 3600
IR wavenumber / cm-1

(c) DF spectrum of cis-7THQ-(CH3OH), .4

Since ESPT occurred from the zero-point level and its rate
constant increased with the energy in enol bridge7HQ-
(CH3OH)s, the reaction may occur as a proton tunneling along .
the double minimum potential energy surface constructed with ) X 10
“enol” and “keto” forms, as shown in Figure 12. If it is the
case, the proton tunneling probability depends on the height
and width of the barrier which are governed by the-O and
O:---N interatomic distances along which the proton transfer
takes place. So we examined the and G--N interatomic
distances of the calculated enol bridgs-7HQ-(CHOH), and TTTTIR000 | 22000 26000 30000
-(CH3OH)3 clusters shown in Figures 6a and 9a. We found that wavenumber / cm-1
the average O-Q qnpl O--N interatomic distance is 2.92 A in Figure 13. (a) FDIR spectrum ofis7THQ-(CHOH). obtained by
the former, while it is 2.69 A in the latter. Thus, the average monitoring the broad LIF background at 28 487 @m(b) FDIR
interatomic distance ofis-7HQ-(CHOH); is 0.23 A shorter spectrum ofcis-7HQ-(CHOH); for comparison. (c) DF spectrum
than that ofcis-7HQ-(CHOH),. Though the calculations were  obtained by exciting the broad background at 28 487'cifihe sharp
not performed for the Sstate, we expect a similar situation for peak at 28 480 cnt is due to scattered light which cannot be eliminated
the clusters in the Sstate. Thus, these results strongly suggest PY the monochramator.

the higher proton tunneling probability ofs-7HQ-(CH;OH)3 For the larger clusters, that is, 7HQ-(gPH)q>4, we have
than cis-7HQ-(CHOH),, which explains our observation of not carried out the calculation. However, the observed FDIR
ESPT reaction incis-7HQ-(CH;OH)z but not in cis-7THQ- spectrum indicates a similar enol bridge type structure for them.

(CH3OH),. Figure 13a shows the FDIR spectrum obtained by monitoring
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