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Excited-State Double-Proton Transfer in the 7-Azaindole Dimer in the Gas Phase. 1.
Evidence of Complete Localization in the Lowest Excited Electronic State of Asymmetric
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The fluorescence excitation and GNJV hole-burning spectra are measured for deuterated 7-azaindole dimers
(7A|2), 7A|2-(hth)-(hNdc), 7A|2-(thc)-(hNdc), 7A|2—(hth)-(thc), and 7Alg-(hth)-(dec), whereh andd
indicate the H and D atoms, respectively, and the subsdN@ed C designate the imino NH (or N—D)

and C-H (or C—D) bonds at the 3-position. The transitions of the isotopomers have been consistently assigned.
It has been found that the excitation is completely localized on one monomer unit in the lowest excited
electronic state of asymmetrical ZAlimers except for 7Ak(dvhc)-(hndc) in which the excitation is delocalized

over the dimer. This indicates that the undeuterated, diher and its isotopomers that belong to g
symmetry point group should be treated by the weak coupling limit of the exciton theory.

Introduction dimers enabled us to answer the question whether the lowest
excited electronic state of 7Akhould be treated by a strong
coupling case or a weak coupling case of the exciton th&of.

Previously, we reported that the lowest excited state of-7Al

The doubly hydrogen-bonded 7-azaindole dimer ¢JAd a
prototypical system that exhibits the excited-state double-proton
transfer (ESDPT) reaction?® The 7AL dimer has been . x
regarded as a model system for the study of the photoinduced(l_TNhC)'(thcz] IS IOCE"Zed ﬁn honehof the m_on(;)mer urﬁ?s7.AI
mutation in the DNA base-pairs. The investigation of the ESDPT owever, it has not been whether the two excited states of

reaction in 7Ab may provide information about the mechanism (Mfic)-(dnhc) are partially localized or completely localized.
of the mutation of DNA induced by UV radiation. When the excitation is completely localized, proton transfer and

Recent studies of 7Alconcentrated on the ESDPT mecha- deuteron transfer may occur initially followed by photoexcitation
L ’ ) . . . of 7Al,-h*d and 7AbL-hd*, respectively. Thus, the investigation
nism; that is, ESDPT occurs sequentially via an intermediate ~, . . . ;
state in the stepwise mechani&fi3141iwhereas two protons of isotope-selective and electronic-state selective ESDPT reac-

simultaneously transfer in the concerted mechartsi#we will tion promises to obtain new information on the excite-state

discuss the mechanism of ESDPT in the successive paper (Pargynamics. Wwe will report t_he dis_persed fluores_cence spectra of
2)21 In the present study we focus on the geometry and the 7Al, and deuterated 7Aldimers in the successive paper (Part

exciton resonance interaction in the electronic excited state of ') Where clear evidence for the occurrence of double-deuteron
7Al,. The geometry and potential energy surface of the transfer or proton/deuteron trans_fer in Adnhc)-(dvhe) and
electronic excited state of 7Alere calculated to investigate  /Al2-(Tnhc)-(dvhc) has been obtained.
the mechanism of ESDP?P-24 Douhal et al. concluded that
the excitation is localized on a monomer moiety and ESDPT Experimental Procedures
proceeds via the stepwise mechan®niowever, Catalan et _ _ ]
al. proposed that the excitation should be delocalized on 7AI  The experimental apparatus used in this study has been
and the ESDPT proceeds via the concerted mechatigmese described elsewheté3°Briefly, the fluorescence excitation (FE)
results indicate that the characterization of the initially excited SPectrum was measured for jet-cooled samples using helium as
state is crucial to clarify the mechanism of the ESDPT reaction a carrier gas. The sample mounted in the nozzle housing was
in 7Al>. heated to 80C. The backing pressure was 2 atm. The pulsed
To characterize the initially excited state of the normal dimer, Valve (General Valve Series 9, 0.5 mm diameter) was operated
we have measured the UMUV hole-burning spectra of at 10 Hz. The FE spectra were measured by using a frequency-
deuterated 7Aldimers 7Ab-(hyhe)-(hnde), 7Al-(dnhc)-(ndo), doubled dye-laser (Lumonics IHD-SOO and Lumonics HT-1000)
7Al-(hwhe)-(dnhe), and 7Ab-(hwhe)-(dnde). Throughout this pumped by a second harmonic of the3NiYAG laser (Spectra
paper, notationsh and d indicate the H and D atoms, PhySiCS GCR 230), and Only visible emission was detected with
respectively, and the subscripésandC discriminate the dimers & Toshiba Y45 glass filter. The UMUV hole-burning spectra
containing the imino N-H (or N—D) bond and the €H (or were measured by using a frequency-doubled dye-laser (Spectra
C—D) bond at the 3-position, respectively. The comparison of Physics PDL-3 and Inrad Autotracker Ill) pumped by a second
the hole-burning spectra of symmetrical and asymmetrical harmonic of the N&":YAG laser (Spectra Physics GCR 18) as
a pump laser. 7Al was purchased from TCI and was used
*To whom correspondence should be addressed. E-mail: hsekiscc@ Without purification. Deuterated 7Akere produced by intro-
mbox.nc.kyushu-u.ac.jp. ducing a few drops of BD into the nozzle housing.
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Figure 1. FE spectrum of the undeuterated and deuterategdifders

obtained by monitoring the visible emission (a) and the-l)¥ hole-

burning spectra obtained by probing fluorescence from band§,(b)

(c) E, (d) D, and (e)B, respectively. The bands due to ZAhnhc)-

(hnhe) and 7Ab-(dihe)-(dvhc) are marked with the open circles and

the open square, respectively.
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Results and Discussion

A. FE and Hole-Burning Spectra. Figure 1a shows the FE
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Figure 2. Vibronic bands A—F) in Figure 1 are correlated to the
excited-state structures. The asterisks indicate the electronically excited

monomer units. Two structure&\(B), (C, E), and C, F) linked by
the arrows have a common structure in the electronic ground state.

Spectrum Of a mlxture Of undeuterated and deuterate(i 7AI| Only one structure exists for the excited statdofTwo dimers 7A£'

dimers near the-80 region of the transition from the electronic

ground state to the lowest excited electronic state. The band

due to the introduction of D are denoted witih—F. Bands

S

(hnhe)*-(dihe) and 7Ab-(hnhe)*-(dndc) provide bandC in the FE
spectrum. The structures of the two dimers are discriminated with
notationsCc- and Cc-p.

A, B, D, andF have not been detected in the FE spectrum 7Al,-(hyhe)*-(dydc) and 7Ab-(hyhe)-(dnde)*, respectively.
reported previously® These bands were detected by the Thus, two electronic transitions to 7A{hnhe)*-(dwhc) and
following procedures. A few drops ofdD were introduced into  7Al,-(hyhe)*-(dndc) are overlapping in ban@ observed in the
the nozzle housing and the sample containin@® Was kept in FE spectrum because 7A{hyhc) exists as a common monomer
the nozzle housing for 2 days without operating the nozzle. In unit in 7Al,-(hyhe)*-(dnhe) and 7Ab-(hyhe)*-(dnde). BandF

2 days the pulse valve was operated for several hours to removes largely blue-shifted (41 cri) from bandC. This large blue-
the DO and HO molecules. On the other hand, the FE spectrum shift is due to the existence of a-® bond as well as an ND

in ref 18 was observed in several hours after the introduction bond in the excited monomer unit.

of a few drops of RO. The deuteration may more easily occur
in the N—H bond than in the €H bonds owing to a larger
pKa value for the N-H bond. Thus, we assigned banéisB,

D andF to 7Al, dimers containing the €D bond. It is known
that the G-D deuteration preferentially occurs at the 3-posifieh.
The vibronic bands due to the dimers involving twe B bonds

In Figure 1d, band is only slightly red-shifted from band
E that is assigned to the transition to 2Ahyhc)-(dyhe)* (7Al -
hd).*8 The vibronic structure in Figure 1d is similar to those
of symmetrical isotopomers 74A(hyhe)-(hnhe) and  7AbL-
(dnhe)-(dnhe) (7Al-hh and 7Ab-dd in ref 18) for which only
one origin band appears in the electronic spectrum. Thus, the

in the monomer are not observed in the FE spectrum in Figure observation of a single origin bamisuggests that the excitation

la.
Parts b-e of Figure 1 show the UMUV hole-burning spectra

near the 6-0 region obtained by probing fluorescence from the

is delocalized over the dimer. Thus, we have assigned Band
to [7A|2-(thc)-(hNdc)]*.
In Figure 1e, two bands separated by 21 émare observed.

bands indicated by the arrows in Figure 1a. By comparing the It should be noted that the lower wavenumber bahds

vibronic patterns in Figure tbe we identified three pairs of
transitions A, B), (C, E), (C, F), where two transitions are
overlapping in bandC. In contrast with the spectra in Figure
1b,c,e only one banb is observed in Figure 1d near the-0

observed at only slightly higher wavenumber (1¢éjrthan that

of the 0-0 band of the undeuterated %A(hnhe)-(hnhe) (7AI -

hh) dimer indicated by the open circle in the FE spectrum. The
existence of a €D bond in the electronic ground-state

region. The predicted structures of deuterated dimers under ourmonomer moiety may provide a small blue-shift forelative

experimental conditions are illustrated in Figure 2.

Among the observed three pairs of bands, babds\dE in
Figure 1c have been identified in the previous work. Ba@ds
and E are due to the transitions from the ground state,7Al
(hnhe)-(dnhe) (7Al-hdin ref 18) to the zero-point levels of the
two lowest excited electronic state of ZAhnhe)*-(duhe) (7Al -
h*d in ref 18) and 7A}-(hnhe)-(duhe)* (7Al 2-hd* in ref 18),
respectively.

to the origin of the undeuterated dimer. Therefore, banid
assigned to the transition to 7Alhyhe)*-(hndc), and bandB

to 7Alx-(hnhe)-(hnde)*. The bandwidths ofA andB are very
broad, in agreement with the existence of the two protons in
the dimer. The €D bond at the 3-position hardly changes the
excitation energy when the deuterated monomer unit is not
excited, because the—-D bond is located far from the dual
hydrogen bonds.

In Figure 1c a fluorescence dip is detected at the same position BandsA—F observed in the FE and hole-burning spectra are

as bandC that has been assigned to the transition to,7Al

correlated to the excited-state structures in Figure 2, where each

(hnhe)*-(dnhe). In Figure 1c a fluorescence dip is also observed pairs @, B), (C, E) and C, F) are connected by the arrows.

at the same positions as ba@d whereas the separation Gf
andF (41 cnt?) is about twice that o€ andE (21 cnt?l). We
attributed two band€ andF to the 0-0 transitions from 7Ad-
(hnhe)-(dndc) to the lowest excited electronic states of

The wavenumbers of bands—F and assignment are also
summarized in Table 1 to compare the isotopic shifts of the
0—0 transition. Hereafter, we discriminate the two transitions
(and also structures 74(hyhe)*-(dvhe) and 7Ab-(hyhe)*-
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TABLE 1. Wavenumbers of the 0—0 Transitions and the
Isotopomers in the FE Spectrunt

bands ¥l cmt isotopomet

A 32252 7Ab-(hnho)*-(hnde)
B 32273 7Ab-(whe)-(hndo)*
Cen 32293 7Ab-(hnhe)*-(dihe)
Cco 32293 7 Ab-(whe)*-( dnd)
D 32311 [7Ab-(dhe)-(do)J*
E 32314 7 Ab-(whc)-(cnho)
F 32334 7Ab-(hnhe)-(dnde)*

aThe 0-0 band of undeuterated 7Ais observed at 32251 crh
bThe asterisks indicate the electronically excited units in the dimer.

(dndc)) in Figure 2 that provide ban@ with notationsCc-p
andCc-p, where C-H and C-D indicate the existence of the
C—H or C—D bond at the 3-position, respectively.

B. Strong Coupling Case or Weak Coupling CasePrevi-

Sakota and Sekiya

Symmetric dimers 7Ag|-(hth)-(hth) and 7A|2-(thc)-(thc)
have two degenerated locally excited vibronic states: ,7Al
(hth)*-( hth) and 7A|2-(hth)-(hth)* for 7Al 2-(hth)-(hth),
and 7Ab-(thc)*-(thc) and 7A|2-(thc)-(thc)* for 7Al 2=
(dnhe)-(dnhe), respectively. The exciton resonance interaction
splits the degenerated locally excited vibronic states into two
delocalized excited vibronic states in the weak coupling case.
The transition from the electronic ground state to the lower
delocalized excited vibronic state is electric-dipole allowed. In
this case, the vibronic energies of the two zeroth-order states
(i.e., the locally excited vibronic states) are the saaneofmplete
resonance cage The observation of a single origin in the
electronic transition to [7Ak(dyhc)-(hndo)]* (D in Figure 2)
suggests that the excited state of Z{dnyhc)-(hndc) may be
nearly complete resonance casethecomplete resonance case
the energies of vibronic states of two monomer units in the dimer

ously, we reported that the lowest excited electronic state of Should be equivalent. In 7Ad(dwhc)-(wdc), one monomer

7Al,-(hyhe)-(duhe) (7Al2-hd) is localized on one monomer unit.
However, there is an ambiguity whether the excitation is
partially localized or completely localized. The comparison of

the spectra of various isotopomers may provide information on

the degree of localization by deuteration.

In symmetrical 7A} dimers such as 7Ad(hyhc)-(hyhe) and
7Al,-(dyhe)-(dvhe) (7Al-hh and 7Ab-dd in ref 18), the
electronic excited states are described by the exciton tAgery3

moiety contains an ND bond and the other one contains a
C—D bond. The two locally excited states of %Alnhc)*-
(hndc) and 7Ab-(duhe)-(hndc)* may be accidentally degenerate
or nearly degenerate; therefore these two locally excited states
split into two excitonic states as in the cases of »{khc)-
(hth) and 7Al2-(thc)-(thc).

In asymmetrical dimers, for example, in ZAhnhe)*-(dahe)
(Cc-n) the vibronic energies of the two zeroth-order states

Two cases, the strong coupling case and the weak coupling caseshould be different owing to the difference in the zero point
have been classified to elucidate the excited electronic state ofénergies depending on the excited monomer unit. Therefore,
various dimers. In the strong coupling case where the resonancéhe lowest excited vibronic state of 7Alhnhc)*-(dnhc) (Cc-+)
integral is large, the ground-state and excited-state vibronic wavemay be either aear resonance case acomplete localization

functions,Wg ,w andW¥ 4 ,, are expressed as

W = dubtn( QI Q0) )
W, = %zwgqsb Lo QIQ) @

where ¢; and ¢; are the ground-state and excited-state elec-
tronic wave functions of the two monomers, respectively, and
2.(Q) andy,(Q:) are the ground-state and excited-state vibra-
tional wave functions with the vibrational quantum number
and w, respectively, with subscripta and b distinguishing

case It should be noted that the transition to ZAhnhc)*-
(dnhe) (Cc-n) is detected at the same position as F#fivhc)*-
(dndc) (Cc-p). If the observation of 7Ak(hnhe)*-(dvhe) (Ce-n)

and 7Ab-(hnhe)*-(dnde) (Cc-p) is due to the near resonance
interaction, the transition energies should be different between
7Al2-(hyhe)*-(dahe) and 7AL-(hyhe)*-(dndc). Since the energies

of the two locally excited vibronic states, i.e., sAhyhc)*-
(dnhe) and 7Ab-(hyhe)-(dvhe)* for 7Al -(hnhe)-(dnhe), or 7AlL-
(hnhe)*-(dndc) and 7Ab-(hyhe)-(dnde)* for 7Al 2-(hyhe)-(dndc),

are different, the degree of the exciton interaction should be
different. Therefore, the experimental results indicate that the
excitation is completely localized on one of the two monomer

between the two monomer units. Equation 2 indicates that the Moieties in 7Ak-(hnhc)*-(dvhc) (Cc-+) and 7Ab-(hnhc)*~(dndc)

electronic wae functionsare delocalized over the dimer due

to the exciton resonance interaction, and the vibrational wave

(Cc-p).
The excitation energies are different between y/@khc)-

functions in the excited states are described by new excitonic (dnhc)* (E) and 7Ab-(hvhe)-(ddc)* (F), because the locally
electronic states. In the case of strong coupling case, the groundexcited monomer moiety does not contain-alCbond in 7Ab-
state and excited-state electronic wave functions may not changehnhc)-(dahc)* (E), but it exists in 7A}-(hnhe)-(dndc)* (F).

for asymmetrically deuterated 7Adimers such as 7Ad(hyhe)-
(hndc), 7Al2-(hnhe)-(dnhe), and 7Ab-(hwhe)-(dadc), because the

Thus, we conclude that the excitation is completely localized
in the lowest excited states of 7A(hnhe)-(dvhe) and 7AbL-

deuteration should not change the electronic wave functions. (hvhe)-(dndc). Similarly, the excitation is completely localized
Therefore, the excited-state electronic wave functions must bein 7Al>-(hyhe)*-(hnde) (A) and 7Ab-(hyhe)-(hnde)* (B). These

delocalized even for the asymmetrically deuterated, dixhers.
However, the experimental results clearly indicate that the 7Al
dimers do not belong to the strong coupling case.
In the weak coupling cade?° the excited-state vibronic wave

functionsW.. ,, are expressed as

W = Ci0ubur(Qa)xn(Qu) £ Cohairn(Q)x(Qw)  (3)
When complete resonance occuts,= C, = 1 /«/5, whereas
Ci~ 1landC; ~ 0, orC; =~ 0 andC, ~ 1 for the completely

findings unambiguously indicate that the lowest excited elec-
tronic state of 7Ad should be treated by a weak coupling case.

The exciton resonance interaction in the lowest excited
electronic state of 7Alhad been treated by a strong coupling
case>22Kanamaru proposed that the lowest excited state of 7Al
should be treated by a weak coupling @sen the basis of
similar vibronic structures in one-photon and two-photon
absorption spectra in gas paltselowever, no other experi-
mental evidence has been reported. The measurement of the
electronic spectra of 7Alisotopomers unambiguously shows

localized case. Equation 3 indicates that the excitonic vibronic that the lowest excited electronic state of 7&kn be treated
states should be described by the exciton interaction betweenby the weak coupling case of the exciton theory. Very recently,

the localizedvibronic states in the weak coupling case.

we observed the FE spectrum of 3-methyl-7-azaindole (3MAI)
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dimer and its isotopomefs. The observed spectra of the
deuterated 3MAJI dimers are very similar to those of the
deuterated 7Aldimers. This observation strongly suggests that
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