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Excited-State Double-Proton Transfer in the 7-Azaindole Dimer in the Gas Phase. 2.
Cooperative Nature of Double-Proton Transfer Revealed by H/D Kinetic Isotopic Effects
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The dispersed fluorescence (DF) spectra of the 7-azaindole dimej) @#d deuterated dimers 7Ahd and
7Al,-dd, wherehd and dd indicate the deuteration of an imino proton and two imino protons, have been
measured in a supersonic free jet expansion. The undeuteratgdty dimer exhibits only the tautomer

fluorescence, but both the normal and tautomer fluorescence have been detected by exciting the origins of

7Al-h*d, 7Al,-hd* and 7Al-ddin the S—S, region, wherdn* and d* indicate the localization of the excitation
on 7Al-h or 7AI-d moiety. The DF spectra indicate that A d and 7AbL-hd* undergo excited-state proton/
deuteron transfer (ESPDT), while excited-state double-deuteron transfer (ESDDT) occurs-thd.7Ahe

H/D kinetic isotopic effects on ESDPT have been investigated by measuring the intensity ratios of the normal

fluorescence to the tautomer fluorescence. The ESPDT rate is about 1/60th of the ESDPT rate, and the ESDDT

rate is about 1/12th of the ESPDT rate, where ESPDT rate is an average of the rates{flord7amd 7AL-
hd*. The observed H/D kinetic isotope effects imply that the ESDPT reaction of f#d a tooperatie”

nature; i.e., the motion of the two moving protons strongly couples each other through the electron motions.

The difference in the estimated ESPDT reaction ratesx91&° and 6.9x 10° s'* for 7Al,-h*d and 7Ab-
hd*, respectively, is consistent with the concerted mechanism rather than the stepwise mechanism.

Introduction deuterated dimers due to the narrowing of the bandwidths. This
enabled us to provide unambiguous assignments for the vibronic

ands. We suggested that the biexponential decay profiles in
the femtosecond time-resolved study result from the excitations
of closely spaced vibronic bands having different lifetimes
arising from vibrational mode-selective ESDPThus, the
observation of biexponential decay profiles by Douhal et al.
O1shows no direct evidence of the stepwise mechahfsm.

The dispersed fluorescence (DF) spectrum of the deuterated
7Al, was measured in the low-temperature mat?ixn this

The proton transfer reaction in hydrogen-bonded systems ha
been a subject of numerous spectroscopic and theoretical studie
not only because it involves the quantum mechanical tunneling
process but also because it plays a crucial role in many chemical
and biological processes. The doubly hydrogen-bonded 7Al
dimer (7Ab) is a prototypical system that exhibits the excited-
state double-proton transfer (ESDPT) and has been recognize
as a simple model molecule of the hydrogen-bonded DNA base

pairs. The investigation of the reaction mechanism of ESDPT
in 7Al, may provide information about the mutation of DNA spectrum, fluorescence from the normal form of the deuterated
induced by UV irradiation. 7Al; was opservepl, but the tautomer fluorescence was absent.
Since the first observation of ESDPT in 7Aty Kasha et On the b_aS|s of this observation, the authors concluded that the

al.,, many experimental and theoretical studies have beenESDDT in the deutergted 7Als blocked at low temperature.
However, El-Bayoumi et al. had observed dual fluorescence

reportedt—2° The time-resolved studies on 7AWwith femto- he d d 7AHi in 3 ol ith
second resolution have concentrated on whether the two protong,rom the deuterated 7Atimer in 3-methylpentane at ,77 Kwit
time-resolved spectroscopy. Femtosecond and picosecond

translocated in a concerted way (concerted mechanism) or in a.
stepwise way (stepwise mechanism) in the ESDPT reatioff yme-resolved fluorescence spectroscopy at room temperature
Douhal et al. observed biexponential decay signals with fast " the condensed phase showed that the time constants are

components of 208650 fs and slow components of 8.3 similar for the undeuterated and deuterated,/diimers: 7 ~
ps with the femtosecond time-resolved pumgobe mass 1 ps for the undeuterated 7Adndr ~ 2—5 ps for the deuterated

spectrometry. They assigned the fast component to the first /Al2**#1“Thus, the observed H/D kinetic isotope effect on the
proton transfer and the slow component to the second proton ESDPT reaction in 7Al is inconsistent between authors;
transfer. On the basis of these data the stepwise mechanisrﬁherefore’ the measurements of the vibronic state-selected kinetic
was proposed for the ESDPT reaction in ZAEssentially the isotope effects in a supersonic molecular beam are desirable. It

same conclusion was obtained from a femtosecond time-resolvedS VETY important to inve_stigate the accurate kinetic isot.ope
Coulomb explosion techniqug. effects on ESDPT for 7Alin order to understand the dynamics

Very recently, we have measured the YWV hole-burning of the ESDPT reaction. Douhal et al. measured the decay

spectra of 7Ad and deuterated 7Alin a supersonic free jet ~ Profiles of the deuterated 7Alas well as those of the
expansiort® The vibronic bands are well separated in the Undeuterated 7Alin a supersonic molecular bedrkiowever,
it is difficult to select the vibronic states of 7Alith the
* To whom correspondence should be addressed. E-mail: hsekiscc@ Ultrashort femtosecond pulse, as suggested by the WV hole-
mbox.nc.kyushu-u.ac.jp. burning spectra®
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double proton proton/deuteron double deuteron Figure 1. FE spectrum of a mixture of the undeuterated and deuterated
transfer transfer transfer 7Al; in a supersonic free jet expansion. The open circles indicate the
(ESDPT) (ESPDT) (ESDDT) transition due to 7A+hh. Two transitions separated by 21 chare

detected in the spectrum of 7Ahd due to the localization of the

o . excitation on the 7AR or 7Al-d moiety; the two localized dimers are
We have shown that the excitation is completely localized denoted by 7A+h*d and 7Ab-hd*, respectively.

in one monomer unit in the;$tate of 7A-hd;2° therefore it is
possible to measure the DF spectra of Z&1d and 7Ab-hd*
separately by exciting the vibronic bands of each species. The 60

measurement of the normal fluorescence and the tautomer =
fluorescence by exciting a single vibronic state may provide g
crucial information on the ESDPT dyamics. In the present work, § 40+
we report the first observation of the DF spectra of jet-cooled 5
7Al>-hd and 7Ab-dd, wherehd anddd indicate that one of the g
imino hydrogen (N-H) and the two imino hydrogens are 3%

deuterated, respectively. Dual fluorescence has been observed
in the DF spectra of 7Athd and 7Ab-dd, respectively,
indicating that excited-state proton and deuteron transfer (ES-
PDT) or double-deuteron transfer (ESDDT) occurs in these
species (Scheme 1). The measurement of the relative intensity o )
ratios of the normal dimer fluorescence to the tautomer Figure 2. Calibration curve used for the correction of the fluorescence

. - . intensity. The calibration curve was obtained by comparing the spectral
fluorescence for 7Athd _and_ 7Ab'dd provides vibronic state- irradiance of the standard halogen lamp to the actual signal intensity
selectechtVh*d/hd*/dd kinetic isotope effects on the ESDPT  getected with the photomultiplier. The experimentally obtained coef-
reaction. Prominent H/D kinetic isotope effects have been ficients and the curve fitted with polynomial functions are indicated
observed. We discuss the ESDPT dynamics in, 0Althe basis by the open circles and the solid line, respectively.

of the kinetic isotope effects.
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assigned by the U¥UV hole-burning spectroscopy. We
Experimental Procedures clearly observed the origins and intermolecular vibrations of

four isotopomers, 7Athh, 7Al,-h*d, 7Al,-hd*, and 7Ab-dd

The experimental apparatus used for the fluorescence excitain Figure 1. It should be noted that the lowest excited states of

tion (FE) spectra of the 7Aldimers has been described in part 7Al,-hhand 7Ab-dd can be explained by a weak coupling case
125 and the literatur@® We briefly describe about the dispersed of the exciton modet?=25i.e., the excitation islelocalizedon
fluorescence (DF) spectroscopy. The DF spectra were measuredhe dimer. In contrast, the excitationle&zalizedon a half unit
by using a frequency-doubled dye-laser (Lumonics HD-300 and of 7Al»>-h*d or 7Al>-hd* in the lowest excited state of 74hd
Lumonics HT-1000) pumped by a second harmonic of th&"Nd  and the separation of the two origins is 21 ¢85 therefore
YAG laser (Spectra Physics GCR 230). A single monochromator each monomer unit can be distinguished in #Adl and
(Spex 1704) was used to measure the dispersed fluorescenceeparately excited with a UV laser.
spectra. The dispersed fluorescence was detected by a photo- Figure 2 shows the calibration coefficient versus wavenumber
multiplier (Hamamatsu R955). Because the detection sensitivity to correct the detection sensitivity of the optical system including
of the monochromator including the photomultiplier and focus- the monochromator, photomultiplier, and focusing lenses. This
ing lenses is different in each wavelength, the calibration of curve was obtained by comparing the spectral irradiance of the
the detection sensitivity was carried out with a halogen lamp standard halogen lamp to the photosignal detected with the
(USIO Inc. JPD-100-500CS). The vertical axis of the dispersed photomultiplier and the digital oscilloscope. Very low detection
fluorescence spectrum in this paper corresponds to the relativesensitivity in the visible region is mainly due to both the low
photon number. 7Al was purchased from TCI and was used diffraction efficiency of a grating brazed at 300 nm and the

without purification. Deuterated 7AWere produced by intro-  low sensitivity of the photomultiplier. Thus, we obtained the
ducing a few drops of BD into the nozzle housing. DF spectra where the intensity of fluorescence is converted to

the relative photon numbers by calibrating the uncorrected DF
Results spectra.

In Figure 3, we show the uncorrected and corrected DF
Figure 1 shows the FE spectrum of a mixture of the spectra of 7Ad-h*d and 7Ab-hd*, respectively. The DF spectra
undeuterated and deuterated 74l the 1B-1A4 or 2A™-1A' of 7Al>-h*d or 7Al>-hd* are indicated by the broken and solid
region measured by monitoring visible emission with a Y45 lines, respectively. The intensity distributions in the corrected
filter. The vibronic bands detected in this spectrum are definitely spectra are very different from those of the uncorrected DF
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Figure 3. Uncorrected (a) and corrected (b) DF spectra of ##td
and 7Ab-hd*. The DF spectra of 7Ath*d and 7Ab-hd* are indicated
by the broken and solid lines, respectively. The bands marked with

the asterisks contain the laser scattering light.
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Figure 4. DF spectra of 7A+hh (a), 7AlL-h*d (b), 7Al-hd* (c), and
7Al,-dd (d) measured by exciting the-®@ transitions of each dimer.
The relative photon number is indicated as the intensity of fluorescence.
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Figure 5. DF spectra of 7A+-dd measured by exciting the transitions
to the zero-point level and intermolecular vibrations dnd 1. The
relative photon number is indicated as the intensity of fluorescence.
The bands indicated by the asterisks contain the laser scattering light.

Fluorescence Intensity

normal dimer fluorescence to the tautomer fluorescence are
different between 7Ath*d and 7AbL-hd*, respectively; the
normal dimer fluorescence is more strongly observed in7Al
hd* than in 7Ab-h*d. Figure 4(d) shows the DF spectrum of
7Al,-dd. In this spectrum, the normal dimer fluorescence is
clearly observed, together with the tautomer fluorescence. The
strongly observed normal dimer fluorescence of /dd
indicates that the ESDDT rate for 7Adldis much slower than

the ESPDT rates for 7Alhd* and 7Ab-h*d. The reductions in

the ESPDT and ESDDT rates for the deuterated,®iiners

as compared with the ESDPT rate for the undeuterated 7Al
suggest that the ESDPT of 7Aproceeds through the tunneling
mechanism in the gas phase.

Figure 5 shows the DF spectra of %Ald following the
excitation of the origin, intermolecular bendingjland
stretching (&) vibrations. The normal dimer fluorescence is
observed in these spectra, together with the tautomer fluores-
cence. The relative intensity ratio of the normal dimer fluores-
cence to the tautomer fluorescence substantially depends on the
excited vibronic state. The intensity ratios are similar for the
excitation of the intermolecular bendinglvibration and the
origin. But, the intensity of the tautomer fluorescence drastically
increases when the intermolecular stretching) (dibration is
excited, and weak normal dimer emission is also detected.

The bands indicated by the asterisks contain the laser scattering light.

spectra. It should be noted that the fluorescence intensity of
7Al-h*d is clearly different from that of 7Athd* in the UV

Discussion

A. Dual Fluorescence and ESDPT Rate®ual fluorescence
has been observed by the photoexcitation of,#d and 7AbL-

region both in the corrected and uncorrected DF spectra. Thisdd under the isolated conditions for the first time. The ESPDT

result indicates that there is significant difference in the ESPDT
rates for 7Ab-h*d and 7AL-hd*.

Figure 4 shows the corrected DF spectra of four isotopomers
following the excitation of the origin bands. In Figure 4a,
fluorescence from the tautomer of 7ZA&ih is observed in the
visible region, whereas fluorescence from the normal dimer in
the UV region is absent. This result is consistent with the
occurrence of rapid ESDPT reaction{ = 1.1ps) and a very
low fluorescence quantum yield (2:9 1075) for the normal
dimer of 7AL-hh measured in the condensed ph¥sBarts b
and c of Figure 4 show the DF spectra of 3Akd and 7Ab-
hd*, respectively. In these spectra, weak UV fluorescence from
the normal dimer is detected, together with the largely Stokes-
shifted tautomer fluorescence. The observation of the normal
dimer fluorescence from 7Adh*d and 7Ab-hd* indicate that
the ESPDT rates for 7Adh*d and 7AbL-hd* are slower than
the ESDPT rate for 7Athh. The relative intensity ratios of the

and ESDDT rate constants for the deuterated, @hers can

be estimated from the relative intensity ratios of the normal
dimer fluorescence to the tautomer fluorescence by considering
a kinetic model schematically represented in Figure 6. The
relative fluorescence intensity in Figures 4 and 5 is converted
to the relative photon numbers; therefore the intensity ratio of
the normal dimer fluorescence to the tautomer fluorescence
corresponds to the relative ratio of the fluorescence quantum
yields of the normal dimersE") to the products of the quantum
yield of the ESPDT (or ESDDT) reaction and the fluorescence
quantum yield of the tautomereY):

I(normal) "
I(tautomer) ¢!

1)

wherel(normal) and (tautomer) are the fluorescence intensities
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Figure 6. Energy level diagram for the normal dimer and the tautomer
of 7Al,. K© and kK’ are the rate constants for the radiative and the
nonradiative decay in the normal dimenm)(and the tautomert),
respectively, andker denotes the ESDPT rate constant.

TABLE 1: Intensity Ratios of the Normal Dimer
Fluorescence to the Tautomer Fluorescence, and the ESDPT,
ESPDT, and ESDDT Rate Constants

species I(norma)/I(tautomey ket/s™t
7Al-hh ~0 a
TAl>-h*d 0.029+ 0.002 (9.8+0.6) x 1¢°
7Al-hd* 0.042+ 0.006 (6.9+£1.1)x 10°
7Al>-dd 0.36+ 0.08 (7.0+1.0)x 10

a An upper limit of the ESDPT rate constant for Alh (=5 x
10" s71) has been estimated from the band shape of the origin band in
the FE spectrun® Experimental errors arise from the fluctuations of

the detected fluorescence intensity. These errors are employed to

estimate the errors iker listed in the column okpr/s™.

of the normal dimer and the tautomer, respectivéijy.and ®!
in eq 1 are expressed as follows,

K

€+ RS

-
&R K K,

wherek’® andK" are the rate constants for the radiative and
nonradiative decay in the normal dimem) @nd the tautomer
(t), respectively. The rate constamﬁﬁ for ESDPT, ESPDT,
and ESDDT are distinguished with notatiok, k35, andk2S.
From (2) and (3), we obtain the following equation.

kéx _ k? ) (k: + k;r)
T —(Dn
(o)
The radiative lifetimes of the normal dimer and the tautomer
of 7Al-hh are determined to be) X = 38 ns andK) ! =
160 nst? The decay profiles of the tautomer fluorescence are
observed for 7A--hhand 7Ab-dd in 3-methypentane at 77 K.
These decay profiles are fitted with single exponentils £
13.3 ns for 7A}-hh andz49 = 16.9 ns for 7A}-dd), so that the

observed lifetimes in ref 3 are approximateky { k). For
7Al-hd, an average of{ + K., )~ for 7Al,-hhand 7Ab-dd is

Q" 2

®)

(4)
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TABLE 2: Intensity Ratios of the Normal Dimer
Fluorescence to the Tautomer Fluorescence and the ESDDT
Rate Constants Obtained by Exciting Different Vibrational
Modes

vibrational mode  I(norma)/I(tautomey ker/s™t
0-0 0.36+ 0.05 (7.0£ 1.0)x 10°
152 0.46+ 0.05 5.4+ 1.0)x 1C°
1o® 0.042+ 0.006 (6.0+0.7) x 10°

a0ne gquantum of intermolecular bending vibrati6®ne quantum
of intermolecular stretching vibration.

Fluorescence Intensity

— — ——
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Figure 7. Experimentally obtained band envelope of theQ0band of
7Al,-hh (open circles) is fitted with a Lorentzian function (solid curve).
The band envelope is well reproduced with fwkm2.7 cnr?.

fluorescence is observed. We have obtainédjavalue from
the bandwidth of the ©0 transition in the FE spectrum, which
is described in detail in section B.

It is clear from Figure 5 and Table 2 thlag‘-’r remarkably
depends on the excited intermolecular vibration. It was suggested
that the excitation of the intermolecular stretching vibration
accelerates ESDPT, but the excitation of the intermolecular
bending vibration suppresses ESDPT by analyzing the band-
widths in the FE spectrum of 7AP However, the present study
reveals that the excitation of the bending vibratiof)(dnly
slightly decreases the ESDPT rate, but it is prominent that the
stretching vibration (&) increases the ESDPT rate.

It should be noted that the ESDDT rate consléf,‘stexhibits
a very large kinetic isotope effect (Table 1). However, the
corresponding value measured in the condensed phase at room
temperature is very different from the present result; the ratio
KD/Kd (=2—2.5¥1214is much smaller than the corresponding
value of 710 obtained in this study. We infer that the population
in the excited states involving the intermolecular vibrational
mode predominantly contributes to the decay profiles observed
in the condensed phase.

B. Kinetic Isotope Effects and Cooperativity of ESDPT.

The ESDPT rate constant for 7Alhh cannot be estimated from
the DF spectrum in Figure 4a, because the normal dimer
fluorescence is absent due to the fast ESDPT. Alternatively,
we estimate the ESDPT rate constant for o7t from the width

of the origin band in the FE spectrum. Figure 7 shows an

used as an approximation. With the use of these constants, theanlarged feature of the FE spectrum of ZAh. The 0-0 band

vibronic state-selective rate constark¥ and k& for the
deuterated 7Aldimers can be calculated with eq 4. The results
are summarized in Tables 1 and 2. le@ value cannot be

in Figure 7 is homogeneously broadened, and its bandwidth is
~2.7 cnTl, which is somewhat smaller than that (5.0 ¢in
measured previousR/The relationship between the bandwidth

estimated from the DF spectrum, because no normal dimerand the lifetime is represented as
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wherero_g is the lifetime of the zero-point level in tH8, state
of 7Al>-hh. The shape of the-00 band could be obtained by
convoluting the excitation laser line shape (fwhm is about 0.2

Sakota and Sekiya

The dual fluorescence from 7Ah*d and 7Ab-hd* provides
insight into the mechanism of ESDPT. The following scheme
is assumed in the stepwise mechanism,

. k| ok
normal dimer— intermediate— tautomer

(6)

cm™) and the homogeneous Lorentzian line shape of each herek; andk, indicate the single-proton (or deuteron) transfer

rotational band. The lifetime obtained from the bandwidth in

rate constant$!3 A stable intermediate dimer should exist in

Figure 7 represents a lower limit of the lifetime. Because the the stepwise mechanism. In this scherkemay exhibit very

quantum yield of the ESDPT reaction in ZAihis considered
to be nearly unity’? the contribution of the radiative and the

large kinetic isotope effect in 7Adhd*, because the excitation
is localized in the 7Ald moiety, so that the deuteron transfer

nonradiative decay processes other than ESDPT to the bandshould occur before the proton transfer. In contrasshould
width of 7Al-hh must be very small. From eq 5, we obtain  ghow a large kinetic isotope effect in ZA*d. Therefore, the

To-0 &~ 2 ps as a lower limit of the ESDPT time constant. The
estimated ESDPT time constant for 4ih (2 ps) is nearly
the average of a time constant (1.1 gspbtained by the

intensity ratio of the normal dimer fluorescence to the tautomer

fluorescence of 7Athd* must be much larger than that of 7Al

h*d. However, the ratid(normal)i(tautomer) is only 1.4 times

femtosecond fluorescence up-conversion spectroscopy in thelarger for 7Ab-hd*. The observed small isotope effect implies
condensed phase and the slower decay component (3.3 psjnat the ESDPT reaction may occur via the concerted mechanism

obtained by exciting the-60 region AE ~ Okcal/mol) in the
femtosecond pumpprobe spectroscopy of 74&hhin the gas
phase® Thus, we employ an ESDPT rate constanb x 10!
s1 (to-0 = 2 ps) in order to roughly estimate the kinetic isotope
effects on the ESDPT rate.

By comparing theket values for the three 7Aldimers in
Table 1, one can identify large kinetic isotope effects on the
ESDPT rate:k/KY ~ 60, KI9/k3 ~ 12, andk/k% ~ 710,
where Kk} is approximated by + ki)/2. The estimated

rather than the stepwise mechanism.

Conclusion

We have measured the DF spectra of ZAh, 7Al,-h*d,
7Al,-hd*, and 7Al,-dd. Dual fluorescence has been observed
in the spectra of 7Ath*d, 7Al,-hd*, and 7AlL-dd. By deter-
mining the intensity ratios of the normal dimer fluorescence to

the tautomer fluorescence excited at the origin bands, we have

estimated the ESPDT and ESDDT rates for #&id, 7Al,-

reaction rates may contain some errors originating from the
ESDPT rate constant from the bandwidth in the FE spectrum
and the calculations in eq 4 with the rate constants that are

hd* and 7Al,-dd. The ESDDT rate for 7Atdd excited at the
origin is much smaller than those measured in the condensed

. . hase. We have observed remarkable H/D kinetic isotope effects
measured in the condensed phase. However, the prominen

kinetic isotope effects on the reaction rate suggests that the ﬁrStisrc])ttgeeEesff[;EtT Lﬁ?éﬁ'?f‘ég Zizkgdefgdfgu;g t:f: ;Zes:r?etl(lrliZEIIC
deuterium substitution strongly influences the reaction rate as P Skpilkpr ~ vker ~ 12, Y X

compared with the second deuterium substitution; i.e., aTh|s observation suggests that the motions of the two protons

. LT : couple each other through the electron motions. Thus, the
prominentasymmetric kinetic isotope effastfound. It should ESDPT reaction in 7Alhas acooperatie nature. The ESPDT

rates are different between 7Alh*d and 7Ab-hd*; the differ-
ence could be explained by considering the multidimensional
roton/deuteron tunneling mechanism. The observed kinetic
sotope effects are consistent with the concerted mechanism
rather than the stepwise mechanism.

be noted thak®J is nearly 3 orders smaller thad’. We infer

that an electronic reorganization occurs accompanying with the
proton and deuteron transfers. The changes in the electron
densities in the proton and deuteron acceptor sites may play arf
important role in the proton and deuteron transfer dynamics. In

the case of 7A+hd, the change in the electron density in

the proton acceptor site must be slow, because the deuteron Acknowledgment. We thank Prof. M. Tsuji

transfer is much slower than the proton transfer. The H/D

kinetic effects suggest that the motions of two transferring |, oo supported in part by the Grant-

(Kyushu
Univerisity) for allowing us to use a halogen lamp. This work
in-Aid for Scientific Research

protons (or deuterons) couple each other through the eIectronNO_ 15250015 from the Japanese Ministry of Education, Science,

motions; i.e., the ESDPT reaction of 7Ahas acooperatve
nature.

C. Effect of Localization and Excitation and ESDPT in
7Al,-hd. The k',;‘-’r values are different between 7Ah*d and
TAlx-hd*: (9.8 £ 0.6) x 10° s7* for 7Al-h*d and (6.9+ 1.1)

x 10° s71 for 7Al-hd. It is difficult to explain the different
ket values for 7Ap-h*d and 7Ab-hd* with a one-dimensional
potential along the reaction coordinate. The Z&d and 7AbL-
hd* have a common zero-point level in the State, whereas
7Al-hd* has larger zero-point energy than that of gArd in
the § state!8 In the one-dimensional model, th¥} value may
be larger for 7A}-hd* than for 7Al,-h*d, because the potential
energy barrier height and the width of the barrier should be
smaller for 7Ab-hd* than for 7Al,-h*d due to the difference in
the zero-point energies in the, State. Therefore, the one-
dimensional model cannot elucidate the larg value for
7Al,-h*d than for 7Ab-hd*. To explain the difference in the
k9 values between 7Adh*d and 7Ab-hd*, a multidimen-
sional model is necessary.
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