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The 7-azaindole-methanol 1:2 cluster [7AI(&bH),;] undergoes excited-state triple-proton/hydrogen atom
transfer (ESTPT/HT) along the hydrogen-bonded network in the gas phase. The measurements of the resonance-
enhanced multiphoton ionization (REMPI) spectra of 7AI§OH),-d, (n = 0—3), where subscript indicates

the number of deuterium, and the fluorescence excitation spectrum of 74X @ktd, allowed us to investigate

the ESTPT/HT dynamics. By comparing the intensity ratios of the vibronic bands between 30K,

and 7AI(CHOH),-0; in REMPI spectra, we obtained the lower limit of an acceleration faci®) 6f 7AI(CHa-

OH),-do, which is the ratio of the reaction rate for the excitation of a vibronic state to that of the zero-point
state in $. The £°* values are 2.7 0.83 and 4.0t 1.2 for an in-phase intermolecular stretching vibration

(01) and its overtone (@) observed at 181 cm and 359 cm? in the excitation spectrum, respectively, while

that of the vibration¥./o; or va/o7) at 228 cmt is 1.1+ 0.83. Thus, vibrational-mode-specific ESTPT/HT
occurs in the low-energy region (600 chy The excitation of an intramolecular ring mode,(,) of 7Al at

744 cnt! substantially enhances the reaction rafe(f= 4.4 4 0.98), but the increase of% is not prominent

for the excitation ofvinya + 01 at 926 cm® (fov = 5.0+ 1.6), although the; mode is excited. These results
suggest that the ESTPT/HT reaction in 7AI(§€H).-d, directly proceeds from the photoexcited states with

the internal energy less thar600 cn1?, but it occurs from the isoenergetically vibrational-energy redistributed
states when the internal energy is large. This shows a remarkable feature of ESTPT/HT in {¥)gkhe

nature of the reaction mechanism changes from vibrational-mode specific to statistical fashion with increasing
the internal energy. The hydrogen-bonded network in 7AHQH),-d, is represented by a directed graph.
This shows that ESTPT/HT is one of the simplest examples of cooperative phenomena.

Introduction fuel cells, because the solvent molecules, which do not directly
participate in the proton relay along the hydrogen-bonded
network, make the potential/free energy profiles quite compli-
cated, although the solvent molecules that directly participate
in the proton/hydrogen atom relay control the reaction at the
molecular level. In addition, the analysis of the dynamics is
difficult in the presence of thermal fluctuations of the hydrogen-
bonded networks. Supersonically cooled hydrogen-bonded
clusters are good model systems to investigate the dynamics of
the multiple-proton/hydrogen atom relay at the molecular level,
an important role in a proton pump across a biomembrane of aWhere the number of the solvent molecules can be controlled

cell through the proton wire, where the proton transport is and the thermal fluctuation is insignificant.
achieved against a pH gradient in and outside the biomem- One of recent topics in the excited-state dynamics of the
brane#In addition to the biological phenomena, the mechanism heteroaromatic molecules and its hydrogen-bonded clusters is
of the proton transport is a central issue in developing modern Whether the proton transfers on the* surface or the hydrogen
polymer electrolyte fuel cells and direct methanol fuel cells, atom transfers through thes* surface occurs in the electronic
where the multiple-proton relay in the water networks may excited stat€- 231t is pointed out that the deactivation path from
proceed via Grotthuss mechanig8m. the electronic excited-state through the hydrogen atom transfer
Spectroscopic investigations of the mechanism of the multiple- accompanied with two conical intersections of the* —mo*
proton/hydrogen atom relay are useful in revealing characteristic andzo* —ground state plays a crucial role for the photostability
features of the multiple proton/hydrogen atom relay at the in the biological building blocks such as DNA badésn the
molecular level. However, it is difficult to obtain quantitative gas phase, when the dissociative product viasthe state is
information about the multiple proton/hydrogen atom relay by detected, itis possible to confirm whether the proton or hydrogen
experimental studies of the molecular systems such as cells anditom transfer occurs by spectroscopic experiméritsts For
example, the occurrence of the hydrogen atom transfer has been
* Corresponding author. E-mail: hsekiscc@mbox.nc.kyushu-u.ac.jp.  confirmed in phenol(Nk), (n = 0—5), and quantum chemical

The proton and hydrogen atom transfer is one of the most
basic chemical reactions and is important for the understanding
of more complicated physical, chemical, and biological phe-
nomena at the molecular leveFor example, the excited-state
multiple-proton relay along the hydrogen-bonded network is a
key reaction in revealing the fluorescence emitting mechanism
of green fluorescent protein and its mutahtshich are widely
used as fluorescence markers in the biological cells to clarify a
function of a specific gene. The multiple-proton relay also plays
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SCHEME 1 intermolecular stretching vibration, which is the cooperative
Me Me motion of the whole hydrogen-bonded network, enhances
0-H.gyMe Me~g-0f ESTPT/HT in 7AI(CHOH),. In contrast, no evidence for the
t,_, ﬁ) ESTPT/HT Hog formation of the tautomeric forms has been obtained for 7Al-
NN > A (CH,OH), (n =1, 3) from the dispersed fluorescence spectros-
@ w copy. In the present work, we report new aspects of the ESTPT/
HT reaction in 7AI(CHOH),. We have determined the relative
Normal form Tautomeric form reaction rates for vibronic states in the Sate by analyzing

the resonance-enhanced multiphoton ionization (REMPI) spectra
calculations of the excited-state potential energy surfaces of of the isotopomers. The most prominent finding is that the nature
phenol(NH)s are consistent with the experimental resgits. of the mechanism of ESTPT/HT in the, State drastically
Furthermore, the mode-specific hydrogen atom transfer through changes from vibrational-mode specific in the low-energy region
thesro* surface has been observed in phenolgNH* However, to statistical fashion in the high-energy region. We briefly

it is generally difficult to determine whether the proton or discuss ESTPT/HT as a simple model system to investigate the
hydrogen atom relay occurs from spectroscopic experiments cooperative phenomena.

when the proton/hydrogen atom relay along the hydrogen-
bonded network is not dissociative. Experimental
In the last few decades, detailed mechanism of the single-
and double-proton transfer was clarified by spectroscopic and
theoretical studie¥>" The mechanisms of the single- and
double-proton transfer in the molecules and hydrogen-bonde
clusters studied so far provide insights into the multiple-proton/

The experimental setup was described elsewtfePé. 9 The
sample introduced in a stainless tube was heated to 353 K by
! coiled heater and expanded into the vacuum chamber with
Ne as a carrier gas. The backing pressure was 2.5 atm. The

hydrogen atom relay in the hydrogen-bonded network. For carrier gas passes through a reservoir containing undeuterated
example, it was revealed that both the intra- and intermolecular and_/orgd%uéerate(;_methanol. A pulsed c\j/alvio(ﬁen_?;al %/é:\\/llg’l
proton tunneling should be described by the multidimensional S€€S 9. 0.5 mm diameter) was operated at 10 Hz. The

potential energy surface, i.e., the moving proton(s) couples with s_pectr?ﬂ\_/vire measured with a dlffehrenUaIIy pumpedFllnera]lr
the motions of the heavy atoms. In the hydrogen-bonded clusterstime-of-flight mass spectrometer with a mass gate. or_t N
REMPI experiments, a frequency-doubled dye-laser (Sirah

such as 7-hydroxyquinoline(7-HQ)(GBH); and 7-HQ(NH)s, Cobra stretch) pumped by a second harmonic of & NAG

the proton and/or hydrogen atom relay occurs along the laser (Spectra Physics GCR 230) was used. The-UV hole-

hydrogen-bonded solvent wire (i.e., one-dimensional hydrogen- burning spectra were measured by using a frequency-doubled
bonded network) by the photoexcitation of the clusters in the dye-laser (Spectra Physics PDL-3 and Inrad Autotracker ll)

63 . X
gas phas&63 The influence of the motion of the solvent oumped by a second harmonic of the IYAG laser

molecules to ESHT in 7-HQ(N#)}s was investigated by Leutw- .
yler’s group®? However, it has not been well understood how (Spectra Physics GCR 150) as a pump laser. The fluorescence
the motions of the solvent molecules (i.e., the heavy atom excitation (FE) spectra were measured by using a frequency-
motions) influence the proton and/or hydrogen atom relay doubled dye-lqser (Slrah Cobra stretch) pumped by a
dynamics. second harmonic of the N_ti._YAG Ias_er _(Spectra Physics GCR

The excited-state double-proton transfer (ESDPT) was ob- Zﬁoz, anﬁ. (l)_nly l_L|JV or V|tS|blggzrg|ss!f[)hnTwas_bdeEa\;;%dv by a
served for 7-azaindole dimer (7Aland the substituted 7Al photomultip |gr( amamatsu RO ) with Toshi a )
The mechanism of ESDPT in 7Alvas studied in details by JF)I3SngIas§ fll:l)tlers for U.V emission andda Toshiba Y51 glass

. - in th h |te_r or visible emission. REMPI and FE spectra were

spectroscopic experiments in the gas and condensed phas Calibrated against the laser powers. 7Al, undeuterated, and

together with theoretical calculatioAs:3” On the other hand, deuterated methanol hased f TClL Wak d
in the condensed phase, ESDPT was observed for 7Al(algohol) euterated methanol were purchased from ftl, Waxo, an
Aldrich Co. Ltd., respectively. They were used without further

(alcohols used are methanol, ethanol, buthanol, etc.) and ificati
7AI(H,0),.2364°69 A two-step model of ESDPT was proposed punnication. . .
for 7Al(alcoholy and 7AI(HO).. In the two step model, the Quantum chemical calculations at the B3LYP level were

! i 1l - *% i
photoexcited 7Al(alcohof)and 7AI(H0); clusters undergo the C&:rl?d ?rl]“ fr?rdthe &ar;)d [?éis(tja;e (\jN'th thet6 ?&Hﬁ .:oass d
solvent reorganization into the optimal precursor followed by sets forthe hydrogen-bonded ny: rogen atoms, afl nitrogen an
ESDPT. This model is widely accepted as the mechanism of oxygen atoms, and with the 6-31G* basis sets for the other

ESDPT in 7Al(alcoh d 7AI(BO) in th d dphase. &toms. The stable structures were obtained for thstag by
In additlir(;n, o(r?Ct(r)]eOhl))grs]is of(lt—r%e )lalr?alyzigogf iﬂzevizcgzﬁy- CIS/6-3H-+G**/6-31G* calculations, while the energies of

dependent ESDPT rate and its kinetic isotope effect (KIE), it each structure were obtai_ned_ by TDB?’LYP/ G&G**/ 6-31G*

was suggested that the solvent fluctuation including the motions calculations. The harmonic vibrational frequencies are calculated
of the heavy atoms (i.e., N and O atoms) of 7Al and water or by CIS/6-3H-+G**/6-31G* calculations. All calculations were
alcohols assists ESDPY.It was pointed out that the low- performed by using a GAUSSIAN 03 program package.

frequency vibrations in protein (i.e., the heavy atom motions)
assist the hydrogen tunneling in the catalytic reaction in the
enzyme at around the room temperattfreé! Therefore, the Figure la,b shows the UWUV hole-burning and REMPI
investigation of the role of the heavy atom motions in multiple- spectra of 7AI(CHOH), in the S—S (7*) region. These
proton/hydrogen atom relay in the hydrogen-bonded clusters spectra clearly show that only a single isomer is detected under
may provide insight into the mechanism in the catalytic reactions our experimental conditions. In the case of 7AIQ), (n =

of enzymes. 1-3), evidence of cyclic structures, where two water molecules

Very recently, we reported the excited-state triple proton/ bridge an NH group and a heteroaromatic N atom of 7Al, is

hydrogen atom transfer (ESTPT/HT) in 7AI(@BH); in the obtained by the rotationally resolved FE spectra and the IR-dip
gas phase (Scheme “).It was shown that the in-phase spectr&”’*The vibronic structures of;S S electronic spectra

Results
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Figure 3. REMPI spectra of (a) 7AI(CEDH),-do, (b) 7AI(CH;OH)-
dh, (c) 7AI(CH;OH),-d,, and (d) 7AI(CHOH).-ds. The 0-0 transitions
of 7AI(CH3OH),-do, 7AI(CH30H)2-d,, 7AI(CH3;OH),-dz, and 7AI(CH-
OH),-d; are observed at 32367, 32381, 32407, and 32442'cm
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Figure 1. (a) UV—UV hole-burning and (b) REMPI spectra of 7Al-

(CH3OH),. The 0-0 transition is observed at 32367 cinThe relative
wave numbersy(0—0) — v) of prominent vibronic bands are indicated

in the figure. respectively. Three strong origins are observed in the spectra of 7Al-
(CHz0OH),-d; and 7AI(CHOH),-d, (see Supporting information). Here,
(a) REMPI (1:2) we show only the 60 bands detected at the lowest wavenumber.
Notationso: and 25, are the fundamentals and overtones of the in-
0 phase intermolecular stretching vibration, respectively. The displace-
5 a s (b) FE (visible) ments of the atoms in the; mode are shown in Figure 5.
o < ® N
< 1 2 . Figure 3 shows the REMPI spectra of the deuterated 7Al-
g X (CH3OH),-d,, (n = 0—3), where subscript n indicates the number
g of deuterium. Figure 3a is the same REMPI spectrum as Figure
. la. Panels b and c of Figure 3 display the REMPI spectra of
(©) FE (UV) 7AI(CH30H),-d; and 7AI(CHOH),-d,, respectively. The 60

bands of 7AI(CHOH),-d; and 7AI(CHOH),-d, are observed

at 32381and 32407 criy, which are 14 and 40 cm blue-shifted
Figure 2. (a) REMPI spectrum of 7AI(CEDH),. FE spectra measured from that O.f 7A.I(CH30H)2'd°’ re'spectlvely. The vibronic bands
by detecting (b) visible fluorescence and (c) UV fluorescence. Closed observed in Figure 3b,c split In_to three components. In 7Al-
circles and closed squares correspond to the vibronic bands of 7Al- (CHsOH)z-do, the NH hydrogen in 7Al and the OH hydrogen
(CH3OH); and 7AI(CHOH),, respectively. The transitions of the in the two CHOH molecules may be preferentially deuterated.
vibronic bands of 7AI(CHOH), are saturated. Therefore, there are three isotopomers for both 7AHGH),-

d; and 7AI(CHOH),-d,, whose zero-point energies are different
one another. The assignments for the three isotopomers of 7Al-
(CH30H),-d; and 7AI(CHOH),-d, are described in detail in
Supporting Information. The three isotopomers of 7AIEH
OH),-d; and 7AI(CHOH),-d, show very similar vibronic
patterns, suggesting that the effect of deuteration on the

32800 33200
Wavenumber / cm!

32400 33600

of 7AI(H20), and 7AI(CHOH), in the region of the intermo-

lecular vibrations are quite simil&?.”2We carried out quantum

chemical calculations at the CIS/6-8G**/6-31G* level for

S; and B3LYP/6-3%+G**/6-31G* levels for &; The stable

structure of 7AI(CHOH), is similar to that of 7AlI(HO),.7°

These results suggest that 7AI(gDH), has a cyclic structure,  vibrational distribution is insignificant.

where two methanol molecules bridge an NH group and a  Figure 3d shows the REMPI spectrum of 7AI(gDH,)-ds.

heteroaromatic N atom of 7Al. We have already reported that The 0-0 band of 7AI(CHOH).-ds at 32442 cm® is 75 cn1?!

ESTPT and/or ESHT occurs in 7AI(GAH).. Hereafter we use  blue-shifted from that of 7AI(CkDH).-do. Both strong and very

an abbreviation ESTPT/HT, since it is difficult to distinguish weak vibronic bands are detected in Figure 3d. The strong

the two mechanisms at this stafelhe structure of 7AI(Cht vibronic bands in Figure 3d are assigned to 7AI¢OH),-ds,

OH), obtained by CIS/6-3t+G**/6-31G* calculation is where the NH hydrogen in 7Al and the OH hydrogen in the

inserted in Figure 1. two CH;OH molecules are deuterated. The weak vibronic bands
Figure 2a-c shows the REMPI spectrum of 7AI(GEH), around the strong bands are assigned to another isotopomers of

and FE spectra obtained by detecting visible and UV emission, 7AI(CH3OH),-ds, where the CH hydrogen(s) may be deuterated.

respectively. It is worth noting that visible fluorescence is The relative intensities of the vibronic bands to eaetdo®and

detected only from the tautomeric form of 7AI(@BH),, while are very different in Figure 3ad, suggesting that the rate of

all vibronic bands in Figure 2b also appear in Figure 2a. On ESTPT/HT that generates the tautomeric forms substantially

the other hand, the vibronic bands of 7Al(gbH); and 7Al- depends on the number of the deuterated atoms, i.e., ESTPT/

(CH3OH)3 in Figure 2c are not detected in Figure 2b. These HT in 7AI(CH30H), exhibits remarkable KIE.

results clearly indicate that the visible fluorescence from the  Figure 4a,b displays the REMPI spectra of 7Al(§CHH),-do

tautomeric form originates from ESTPT/HT in 7AI(GEH), and 7AI(CHOH),-d; including vibronic bands at higher energy

in this energy region. The relative intensity of a vibronic band region than those in Figure 3. The vibronic bands observed at

atv(0—0) + 181 cn1 to the 0-0 band is prominently stronger ~ »(0—0) + 744 andv(0—0) + 1088 cnt! of 7AI(CH3zOH),-do

in the FE spectrum than that in the REMPI spectrum. Based onare assigned to intramolecular vibrational modes from the

the normal mode calculation, the bandvéd—0) + 181 cnt?!
was assigned to an intermolecular stretching medg (vhich
exhibits in-phase cooperative motion of the whole hydrogen-
bonded network?

comparison of the wavenumbers of the observed vibronic bands
with those obtained by the ab initio calculation at the CIS/6-
31++G**/6-31G* level. The corresponding vibrational modes

in 7Al(CH30H),-d; are detected at(0—0) + 744 andv(0—0)
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Figure 4. REMPI spectra of (a) 7AI(CEDH)-dy and (b) 7AI(CH- * i
OH),-ds. The abscissa is the relative wavenumber from thé Bands Normal form Tautomeric form

in the two spectra. The assignments of the main vibronic bands are Figure 6. Energy diagram for 7AI(CEDH),-do. The energies of S

indicated in the figure. The displacements of the atoms in the vibrations and Dy were calculated at the B3LYP/6-3%G**/6-31G* level, while

01, Vinra(744), andvings(1088) are shown in Figure 5. that of § was calculated at the TDB3LYP/6-31-G**/6-31G* level
for stable structures obtained by the calculations at the CIS{6+&**/

. . " 6-31G* level. Inbtlhebla state, the energy of thg noLsz form of 7¢I-h
> CH3OH), is stable by 0.025 eV, as compared with the energy of the
"’%u ¢ "%_t ¥ k%& * gaut?)me)ric form. g P ¥
: Qﬁ'k ot o8
& . " the normal form of 7AI(CHOH), is larger than the experimental
‘ L ] n “h“’k L-Q‘-‘,‘, . one. Howeyer, thg relative energies_ ir_1 the same electronic states
‘r ‘* <A may be reliable since the errors originated from the electronic
"_‘\ & \ % “!..-‘-.t correlations may be similar in the same electronic states;
& therefore, the total errors are canceled to a certain extent. The
relative energies of the normal and tautomeric forms of 7Al-
G, Vil 744) Viural 1088) (CH3OH), strongly depend on the electronic states. The normal
Veis = 154 om™! Ve = 823 om! s = 1225 em™! form of 7AI(CH3;OH)z is more stable than the tautomeric form

in S. However, the relative energy between the normal and
tautomeric forms is reversed in;3he energy of the tautomeric
form is substantially lower than that of the normal form. The
calculated energies are consistent with the observation of largely
red-shifted fluorescence from the tautomer.
+ 1090 cntl, respectively. The displacements of the atoms in ~ The calculated energies of the, Btate of the normal and
these vibrational modes are illustrated in Figure 5. We also tautomeric forms of 7AI(CEOH), are similar, although the
observed a combination banghy(744) + 1oy at v(0—0) + relative energies of Sand S are very different. As a result,
925 cnrt in the spectrum of 7AI(CBDH)-do, and those of  the Dy — S, transition energy of the tautomeric form is much
Vinta(744) + 1ot and vinga(744) + 201 at v(0—0) + 923 and larger than that of the normal form. It should be noted that the
»(0—0) + 1102 cnt! in the spectrum of 7AI(CEDH),-ds, ionization of the tautomeric form of 7AI(C#DH), occurs from
respectively. The combination bangus(744) + 201 of the S vibronic states with large vibrational quantum numbers,
7AI(CHsOH),-dp is too weak to determine the accurate position. because the energy difference between the normal and tauto-
meric forms in $is very large. The\v propensities for the P
— S, transitions of the normal and tautomeric forms may be
roughly similar, because electronic characters of both the normal
and tautomeric forms in ;Sand Dy are similar. Thus, the
effective excess energy of the tautomeric form @fi® much
smaller than that of the normal form. Therefore, the ionization
FE spectrum of 7AI(CHOH). is very different from thatin the  efficiency from S of the tautomeric form is much smaller than
REMPI spectrum. In 7Al the ionization cross section from  that of the normal form of 7AI(CEDH),. These arguments are
the § state of the tautomer is much smaller than that from the consistent with the assumption that the ionization cross section
normal form. By analogy, it is reasonable to assume that the from S, of the tautomeric form is much smaller than that of the
ionization cross section in the tautomeric form of 7AIEH  normal form.
OH). is smaller than that in the normal form of 7AI(GEIH).. B. Analysis of Vibrational Mode-Specific ESTPT/HT. In
Therefore, the remarkable difference in the relative intensities the previous communication, we showed that the vibrational-
between the FE and REMPI spectra in Figure 2 is due to the mode specific ESTPT/HT occurs in 7AI(GEH)..7° However,
acceleration of ESTPT/HT when the vibronic bands containing the differences in the ESTPT/HT rates between vibronic states
the o1 mode are excited. have not been quantitatively analyzed. The relative ESTPT/HT
In order to confirm the validity of the assumption described rates for some vibronic bands have been obtained by measuring
above, we carried out DFT calculations at the B3LYP/6- the REMPI spectra of isotopomers.
31++G**/6-31G* level for S and Oy and at the TDB3LYP/ Figure 3 displays the REMPI spectra of the deuterated 7Al-
6-31++G**/6-31G* level for S;. The results are summarized (CH3OH), clusters. The relative intensities of the in-phase
in Figure 6. The calculated:SSy(szr*) transition energy of intermolecular stretching bandsi} to the 0-0 bands are

Figure 5. Normal modes of 7AI(CHOH).-dy calculated at the CIS/
6-31++G**/6-31G* level of theory. v¢is indicates the calculated
wavenumber (not scaled). The displacements of the atomg;i(v44)
andviny2(1088) are mainly localized on the 7Al ring.

Discussion

A. Difference of the lonization Cross Sections between
Normal and Tautomeric Forms. It is clear from Figure 2 that
the relative intensity of d; (181 cnt?) to the 0-0 band in the
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Figure 7. Schematic energy level diagram of the normal form of 7Al-
(CH3OH),. M(t), A(t), andM™*(t) indicate the populations of the normal
7AI(CH3OH), in S, S, and Dy, respectively.a and &, indicate the
absorption cross sections for the & S and Dy — S, transitions,
respectively ketmr, ki, andky, indicate the rate constants for ESTPT/
HT, the radiative decay fromy$0 S, and the nonradiative decay from
S, respectivelyl(t) indicates the laser intensity.

different between the spectra in Figure-3h In particular, the
intensity distribution of vibronic bands in 7AI(G®H),-d3 is
very different from that in 7AI(CHOH)-do. In 7AI(CH30OH),-

do, the excitation of vibronic bands containing the mode
promotes ESTPT/HT relative to the zero-point level, whereas
volos (or va/os) has little effect on ESTPT/HT, whene/os (or
valos) is the OH...O intermolecular stretch modes)( of the
methanol molecules mixed with an intramolecular out-of-plane
modes ¢, or v3).7° Therefore, the vibronic pattern in the REMPI
spectrum of 7AI(CHOH),-dy must be very different from that
predicted from the FranekCondon distribution when the
vibrational-mode specific ESTPT/HT reaction occurs; i.e., the
intensity distribution in the REMPI spectrum may significantly
depend on the relative rate for ESTPT/HT to the ionization rate
from S state of the normal form. On the basis of the ab initio

calculations in ref 70, there are potential energy barriers along
the ESTPT and ESTHT reaction paths. Therefore, ESTPT/HT

may occur via the tunneling mechanism. In 7AI(§CHH),, three

hydrogen must transfer to generate the tautomeric form. Hence,
KIE is predicted to be large, and the radiative and nonradiative

transitions from $become much faster than the ESTPT/HT
rate in 7Al(CHOH),-ds. It is reasonable to consider that the
vibrational intensity distribution in 7AI(CEOH),-ds reflects the
Franck-Condon distribution. We note that the relative intensities
of the o1 bands to the 60 bands gradually increases on going
from 7AI(CH3zOH),-dy to 7AI(CH30H),-ds. On the basis of the
assumption that the ionization cross section froify S 0, 01)

to Do does not depend on the degree of deuteration, this implies
that the ESTPT/HT rate gradually reduces with increasing the

number of deuterated atoms in comparison with the ionization

rate. This observation is consistent with the tunneling mechanism

in ESTPT/HT.
In order to analyze the vibrational mode-specific ESTPT/
HT quantitatively, a kinetic model illustrated in Figure 7 is

employed. The rate equations representing the numbers of

clusters in each electronic state are given by

d
%(t) — —al(HM() ™
dA
_d'Et) =alOM() — a;|(OAD) — (& + ky + Ko A (2)
d +
Mdt O~ 2100 ®)

whereM(t), A(t), andM *(t) are the populations of clusters in
S, S1, and Dy, respectively, whileay anda, are the $— S
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and Dy — S; absorption cross sections, respectivé(). is the
laser intensity, while;, kn;, andkeyt are the radiative decay
constant for the 5— S transition, the nonradiative decay
constant, and the ESTPT/HT rate constant, respectively.

In the condensed phase, the occurrence of ESPT (excited-
state proton transfer) was reported for 7AI(§CHH);. The time
constant of ESPT was measured to 400 ps"%° The
experimental conditions are different between the gas phase and
the condensed phase. However, if we assume that the time
constant of ESPT in the condensed phase is close to that of
ESTPT/HT in the gas phasepfqr)~t may be~100 ps. This
value suggests that ESTPT/HT in 7AI(@BH),-dy is a fairly
fast process. Therefork, andk, can be ignored as compared
with the kety7 value. For simplicity, we assume that the laser
intensity does not depend on time, although the laser pulse used
has a time-dependent intensity profile. We also assume the
steady-state condition for;SUnder these assumptions we
obtained the following relation with eqs—B:

Korpr(v) + &yl ~ M7 (0—-0) &)
Kerr(0 — 0) + 3y M* () a(0—0)

wherekpryr(0—0) andkerqr(v) are the ESTPT/HT rates for
the excitation of the 80 state and the vibronic state of 7Al-
(CH3OH),-do, respectively.M *(0—0)/M *(v) indicates the
intensity ratio of the 60 band to a vibronic band in the
spectrum of 7AI(CHOH),-do. a(v)/a;(0—0) corresponds to the
ratio of the FranckCondon factor of the S— S (v—0)
transition to the 6-0 transition of 7AI(CHOH),-do. In 7AI(CH3-
OH),-d;, the ESTPT/HT rate may be much smaller than the
radiative and nonradiative rates. Therefore, the vibronic distribu-
tion in the REMPI spectrum of 7AI(CDH),-ds; should be very
similar to the Franck Condon distribution. Thus, we can obtain
a(v)/a(0—0) for 7AI(CH3OH),-dy by using the intensity
distribution in the REMPI spectrum of 7AI(GEH),-d; as a
reference.

In the left-hand side of eq 4, a tereal exists in both the
numerator and denominator, which makes the analysis of eq 4
difficult. However, under the condition odyl < ket the
following equation is derived:

Korr(v) ~ M*(0—0) &)
Kerr(0 — 0) M*(v) a(0—0)

In eq 5, the term in the left-hand side corresponds to the ratio
of the ESTPT/HT rate constant of the vibronic statéo the
zero-point state. The conditioa;| < kpr is not necessarily
satisfied, thus the following inequality 6 is derived, because
the left-hand side of the eq 4 is smaller than that of the eq 5:

Kersr(v) - M'(0-0) a()
kerr(0—0)  M*(») &(0—0)

Hence, we can estimate the lower limit of the relative rate
constant of the vibronic state to the-0 state from eq 6. We
define fa = kprut(v)/keru1(0—0) as an acceleration factor.
Several values of the lower limit of the accelerating factgf f
are plotted in Figure 8, together with the REMPI spectrum of
7AI(CH30H),-do. Table 1 summarizes thgo values. Thefov
value of 1o; is 2.7 £ 0.83, while that of the,/os (or v3/os)
state at 228 cmt is 1.14= 0.83. Although the energy difference
between the &; andv./o3 (or v3/o3) states is only 48 crit, the
fdow values of by (2.7 £ 0.83) andva/os (or valos)(fiov= 1.1
+ 0.83) are explicitly different. The/f¥ value of the 2; state
is 4.0+ 1.2, which shows further enhancement of the ESTPT/

(4)

(%)

(6)
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Figure 8. The lower limit of the acceleration factors/{f) of vibronic
bands in the REMPI spectrum of 7AI(GEH), obtained with eq 6 are

plotted against the relative wavenumber.

TABLE 1: f Jo¥ Values and Assignment for Vibronic Bands

relative
wavenumber (cm') fiowa assignment
0 1 0-0
181 2.7+ 0.83 oz}
228 1.1+ 0.83 V2/03 or V3/G3
359 40+1.2 201
409 2.7+ 0.44 Vg/()’g (OI’ 1/3/0’3) + lo1
598 2.5+ 0.55 Vinua(598)
744 4.4+ 0.98 Vinga 744)
925 5.0+ 1.6 Vinra( 744) + 101
1088 4.5+ 0.89 Vintra(1088)

aflow is the lower limit of the acceleration factor. The definition of
the acceleration factor is given in eq 6.

HT rate by exciting two quanta of the; mode. A vibronic
band at 409 cm' is assigned to the combination band of the
valos (or valos) and Iop modes. The oY value of this state is
2.7 £+ 0.44, which is almost the same as the value of the 1
state. A very similar 2 value of thev,/oz (or vslos) + 1oy
state to the d; state suggests that the excitation of In the
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Figure 9. The density of states of each vibronic state of 7AlgCH
OH), are calculated by the BeyeBwinehart direct counting algorism.
The harmonic vibrational wavenumbers are obtained by calculation at
the CIS/6-3%#+G**/6-31G* level. The accurate density of states of
each vibronic state is indicated in the figure. The inserted figure shows
an expansion of the density of states in fhee= 0—600 cn? region.

The solid line connecting each point is only to guide the eye.

Density of states / 103 states/cm-"!

energy redistribution (IVR) may occur, and ESTPT/HT does
not occur directly from thevings(744) state, but from the
isoenergetically vibrational energy redistributed states that
partially contain thes; mode. Therefore, when th@ny,(744)
state is photoexcited, the component in the isoenergetically
redistributed states contribute to the acceleration of ESTPT/
HT. Similarly, when thei(744) + 1o, state is photoexcited,
IVR may proceed from thejnys(744)+ 1o; state. The memory
of the initially excited statevfnyo(744) + 1o3) is erased due to
IVR, so that the vibrational-mode specificity disappears. The
redistributed states from thgy(744)+ 1o state should contain
theo; component. Therefore, ESTPT/HT accelerates by exciting
Vinra(744) + 1o1. The £°V value of vins(1088) is similar to
those ofvinya(744) andvinga(744) + 1o1. This may be also due
to IVR.

The relative rate constants for ESTPT/HT and IVR are quite

combination modes is responsible for the enhancement of theimportant to determine the vibrational mode-specific nature or

fiow value.

C. Appearance of Statistical Nature in ESTPT/HT with
Increasing the Internal Energy. In Figure 8, we show the
acceleration factors{#) for an intramolecular vibrational mode
at 744 cm! (vinga(744)) and its combination band at 925 ¢t
(Vinwa(744) + 1o7). The £ow value for the excitation of one
quantum ofvinya(744) is 4.4+ 0.98, which is much larger than
that for 1o;. On the other hand, thg¥ value of viy(744) +
101 is 5.0+ 1.6. The §°% value ofvinya(744)+ 1oy is only 1.1
times larger than that forinya(744), althoughvinga(744) + 1o
contains ther; mode. It should be noted that the acceleration
factor of viny2(1088) is 4.5+ 0.86, which is also similar to those
of Vinwa(744) andvings(744) + lo1.

It is surprising from the view point of the vibrational-mode
specific reaction that thes(744) mode promotes the ESTPT/
HT reaction, because the displacement of #hgy(744) mode
contains a little component along the ESTPT/HT coordinate.
Similarly, only a little increase of the/# value ofvingo(744)

+ 10, as compared with that ofinys(744) cannot be well
explained by the vibrational-mode specific reaction, singg-
(744) + 107 involves the displacements along the ESTPT/HT

the statistical nature in ESTPT/HT. As is discussed above, the
time constant for ESTPT/HT in the gas phase may be close to
the ESPT time constant in the condensed phad®Q ps). The
observation of the similar acceleration factors forthes(744),
Vinra(744) + loi, and vings(1088) states suggests that IVR
proceeds faster than ESTPT/HT. Therefore, in the energy region
where the statistical nature is observed in ESTPT/HT, IVR may
proceed faster than the order of 100 ps, although the possibility
that IVR competes with ESTPT/HT cannot be excluded
completely.

At the present stage, it is difficult to estimate the rate for
IVR in 7AI(CH30H),. However, it is well-known that the IVR
rate is roughly proportional to the density of states at the given
internal energy (i.e., Fermi’s golden rule), although it has been
proposed that the doorway state(s) plays an important role in
the IVR dynamics in some cases (i.e., Tier modé&ln order
to estimate the tendency of changing the IVR rate with the
internal energy, we calculated the density of states by the
Beyer—Swinehart direct counting algorisfiFigure 9 displays
the calculated density of states. The vibrational frequencies
obtained by CIS/6-3t+G**/6-31G* calculation were used to

reaction coordinate. These observations indicate the disappearestimate the density of states. Although the calculated density

ance of the vibrational-mode selectivity in ESTPT/HT. This new

of states should contain some errors originating from the

feature of ESTPT/HT can be elucidated by considering the ignorance of the anharmonic effects and the inaccuracy of the

vibrational-energy dissipation paths from the initially excited
states. Whenings(744) is excited, the intracluster vibrational

calculated vibrational frequencies, we can infer the change of
the IVR rate with the internal energy from Figure 9. Up to the
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(a) b O M0 in our experimental conditions. Thus, the cooperative phenom-
& 'bg.‘; 4 F|I enon in ESTPT/HT in 7AI(CBEOH), is energetically driven.
- : ; The investigation of the dynamics of the cooperative phenom-
£ ¥ =1 ! = N—0—0N i isi i
. ®_é = v = enon in small systems is important to reveal the essential features
¢ ¢ »e N——N directed graph of the cooperative phenomenon at the molecular level, which
L‘"“'., " | | is quite difficult (or impossible) for the macroscopic systems
< - due to the large numbers of degrees of freedom.
(b) N—p—0—p—0——N  Normal 7AI(CH,OH), Conclusions
W | esteTmT We have measured the mass-selected REMPI spectra of 7Al-
(CH3OH),-d, (n = 0—3) and FE spectra obtained by detecting
N—4-O—4-0—€-N  Tautomeric 7AI(CH,0H), the UV and visible emission from the tautomeric form.

) ) ) ] Fluorescence from the tautomeric form was observed only from
Figure 10. (a) Schematic representation of the directed graph. The 7AI(CH3OH),. This shows the occurrence of the excited-state

directions of the arrows correspond to that of each hydrogen bond. .. - A
The hydrogen-bonded network in 7AI(GBIH), can be illustrated as a triple-proton and/or triple-hydrogen atom transfer (ESTPT/HT)

one-dimensional hydrogen-bond network. (b) Directed graphs of the IN 7Al(CH:OH).. The nature of ESTPT/HT has been quanti-
normal and tautomeric forms of 7AI(GBH).. Upon photoexcitation ~tatively characterized by introducing the acceleration factpr (f
the normal form undergoes ESTPT/HT reaction, leading to the reversed The comparison of the lower limit of the falues (§°%) of
directions of the hydrogen bonds over whole hydrogen-bonded network various vibronic states clearly show that ESTPT/HT is vibrational-
in the tautomeric form. mode specific in the low-energy regiof~+600 cntl). The
excitation of the vibronic states containing the mode
remarkably accelerates ESTPT/HT, whereas the excitation of
volos (or valos) mode provides little effect on the ESTPT/HT
rate. In contrast with the vibrational-mode specific behavior in
the low-energy region, the behavior in the higher energy region

energy of thev,/os (or va/os) + lo; state, the vibrational mode-

specific nature was observed in ESTPT/HT. Above this state,
the statistical nature gradually appears in ESTPT/HT. Around
the energy region aof./os (or valos) + 1oy, the density of states
changes from the order of 4@ 1( states/cm!. Therefore, ) )
the IVR rates may become similar (or larger) to the ESTPT/ is very different. The 4o values ofvina(744), vina(744) +

HT rates when the density of states exceeds the order of 10 101, andvinz(1088) hgve been found to be similar. Th.is drastic
states/cml. Thus, the disappearance of the vibrational-mode change of the behavior has been successfully explained by the

specific nature of ESTPT/HT in the higher energy regia6@0 statistical nature induced by IVR. The ESTPT/HT occurs from

cm 1) has been successfully explained by the opening of the the vibrational energy redistributed states that containothe
IVR process. The ESTPT/HT reaction has a statistical nature M0de- Thus, the nature of the mechanism of ESTPT/HT changes

in the higher energy region. Thus, the nature of the mechanism,from v[brationgl-mode specific to statistical fashion with
of ESTPT/HT changes from vibrational-mode specific to 'Ncréasing the internal energy. To our best of knowledge, such

statistical fashion with increasing the internal energy. To our internal-energy dependent change of the mechanism of the
best of knowledge, this is the first observation of changing the excited-state proton/hydrogen transfer reaction has been found

nature of the mechanism of the proton/hydrogen atom transfer " the first time. o
reaction in aromatic molecules and molecular clusters. We have shown that the directions of the hydrogen bond are

D. Cooperative Phenomenon in ESTPT/HT.Figure 10 completely reversed over the whole hydrogen-bonded network
illustrates the hydrogen-bonded network in 7AI(EHH), as simultaneously after EST_PT/HT by representing the hydrogen-
directed graphs, where the directions of the hydrogen bondsPonded network as the direct graphs. We suggest that ESTPT/
are represented with the arrofsin the directed graphs, the HT in 7AI(CH3OH), is a basic model system of the cooperative

hydrogen-bonded network in 7AI(GBH), is represented as phenomenon, which is nseful for the investigation of the
one-dimensional hydrogen-bonded chains. In Figure 10 (b), the dynamics of the cooperative phenomenon.
directions of all arrows in the normal form are reversed to those
of the tautomeric form; i.e., the direction of the hydrogen-bonded
network in the normal form is opposite to that of the tautomeric
form. The ESTPT/HT is triggered by exciting ther* state.
Therefore, the photoexcitation that is limited to the electronic
system in 7Al induces the reversion of the directionsabf
hydrogen bonds. In other words, the changes of the directions
of the hydrogen bonds in 7AI(G®H), simultaneously occur
over the whole hydrogen-bonded network; hence, the termino
ogy “simultaneously” does not mean the mechanism of ESTPT/
HT but the static conformation after ESTPT/HT. This indicates
that the direction of each hydrogen bond in 7AI(§CHH),
cannot change independently; i.e., there are correlations in the (1) In Atom Tunneling Phenomena in Physics, Chemistry, and Biplogy
directions of each hydrogen bond. These considerations showMiyazaki, T. Ed.; Springer: Berlin, 2004.
that ESTPT/HT in 7AI(CHOH), is a basic model system for gg E:)mdgﬁr'HM'ggﬁ(mAR',’\hg?s% ;i?j |735~9kaiser C. A Krieger, M.
the investigation of the cooperative phenomena about the seot, M. P.; Zipurski, L.; Darnell, JMolecular Cell Biology W. H.
reorganization of the hydrogen-bonded networks. Freeman & Co., 2004.

The reason why the cooperative ESTPT/HT occurs in 7Al- (4) Kandori, H.Biochim. Biophys. Act200Q 146Q 176.
(CH3OH), is obvious. According to the ab initio calculations 200&5)595'352.”'”9' M.; Kornyshev. A. A.; Kucernak, A. RPhys. Today
inref 70, the energies of the configurations, where the hydrogen- (g, Pino, G. A.: Dedonder-Lardeux, C.: Gregoire, G.; Jouvet, C.;
bond directions are partially reversed, are too high to populate Martrenchard, S; Solgadi, . Chem. Phys1999 111, 10747.
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