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The IR spectrum of 7-azaindole monomer, 7-azaindole reactive and nonreactive dimers, and (7-azaindole)-
(H20)n (n = 1-3) clusters in a supersonic jet from 2600 to 3800 tMmave been measured using IR dip
spectroscopy. The vibrational transitions in the ground state were clearly observed and were assigned to the
CH and NH stretching vibrations of 7-azaindole and the OH stretching vibrations of water molecules in the
clusters. The observed IR spectra of 7-azaindole monomer and (7-azaindOlg)(iti= 1—3) clusters were
compared to theoretical ones obtained by ab initio MO calculations. From a comparison, it is concluded that
(7-azaindole)(KHO), (n = 1—3) clusters have a ring structure due to a cyclic hydrogen-bond network. This
conclusion is consistent with an analysis based on high-resolution spectroscopy. Similarly, the IR dip spectrum
suggests that the 7-azaindole reactive dimer has a cyclic hydrogen-bond network, forming a symmetric planar
structure. It is strongly suggested from the IR spectrum and the ab initio calculations that the nonreactive
dimer contains a water molecule between 7-azaindole molecules.

1. Introduction accelerated by vibrational excitation along the intermolecular

7-Azaindole (7-Azl) dimer has been regarded as a model for ;ymmetnc stretching mod®.To understand the large difference

the hydrogen-bonded base pair of DNA and has been suggestec'z’q the reactivity between isomers, the geometry of the 7-Azl

o X . . . dimers provides indispensable information.
to provide information about a mechanism involving the . . . .
mutation of DNA pairsi=3 From this motivation, 7-Azl dimer However, the geometric structures of dimers and their relation

and 7-Azl hydrogen-bonded clusters have been studied exten0 the reactivities have not been established. As for the reactive

sively. As for the dynamics of the excited-state tautomerization dimer, only theoretical studies have been repottéd.The

of the 7-Azl hydrogen-bonded clusters, both experiméntél geomgtrlcal strupture of Fhe nonr.eactlve dimer has been
and theoretical studis 18 have been reported. The detailed investigated by high-resolution laser-induced fluorescence spec-
electronic structure of 7-Azl dimer was studied by using a troscopyz° Although a T-shaped structure was proposed on the
supersonic jet, and the mechanism of proton transfer (concerted3a3'5 of the rotational contour, as the authors mentioned, the
or stepwise) has been discussed extensi@y:24 Another proposed geometry contains some ambiguity. Therefore, further
important point Concerning the 7-Azl dimer is the existence of eXperimental and theoretical studies are necessary for the dimers
two conformational isomers, which have different reactivities in order to understand their reactivities.

for the proton-transfer reaction (reactive and nonreactive In contrast to the dimers, the structures of the 7-Azl aqueous
dimers)?>26 The reactive dimer causes an excited-state proton clusters have been studied well in both an experifieamd
transfer, even from the zero vibrational level of thessate. theory17.18.28.30The rotational analysis based on high-resolution
The evidence of the proton transfer is its visible fluorescence LIF spectroscopy has determined the geometry of 7-AZI(H

after UV excitation. On the other hand, the nonreactive dimer (n = 1-3) as a cyclic hydrogen-bonded netwdPkThe
causes the emission of only ultraviolet fluorescence, which rotational analysis is highly reliable for small clusters such as
means no proton-transfer reaction. Despite a large difference7-AzI(H,0);; however, the ambiguity still remains in the

in the reactivity, the electronic transitions of both isomers are analysis of a larger cluster like 7-AzI¢B®)s. Thus, further
separated by only 38 cmi2526This suggests that the stabilities  structural study by an alternative method, such as the vibrtational
of both dimers are also close in enefgylso, it has been found  spectroscopy, should be applied. In addition, it has been reported
that the proton-transfer reaction of the 7-Azl reactive dimer is that proton transfer is accelerated by excitation of the intermo-
lecular stretching vibration in;$® Thus, vibrations concerning
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stretching vibrationifoy) reflect the hydrogen-bonding sensi- by the spectrum due teyy only, which was obtained in the
tively, structural information can be obtained. The IR spectrum same scan by operating,y at 20 Hz andvig at 10 Hz. Both

of each cluster has been measured by IR dip spectroscopy fromsignals were stored in different memories and were integrated
2600 to 3800 cm!, wherevyy andvoy appear. The optimized — separately by the digital boxcar.

structures and their theoretical spectra have been obtained for The sample vapor at 373 K was seeded in He gas at 2 atm.
7-Azl dimers and 7-Azl(HO), by ab initio MO calculations. The water vapor at OC was also seeded in He gas when the
The IR dip spectra of 7-Azl(kD), (n = 1—-3) clusters have 7-Azl aqueous cluster was studied. The mixture was expanded
been compared to the theoretical spectra, and the geometridnto the vacuum chamber through a solenoid valve operated at
structure in the ground state has been determined. Conformation0 Hz. The sample was purchased from Tokyo Kasei and
of the reactive and nonreactive dimers have also been deterpurified by vacuum sublimation.

mined on the basis of the IR dip spectra and ab inito MO 2.2, Calculation Method. The geometric structures of
calculations. The relation between the reactivity and the hydrated 7-azaindole clusters 7-AziB), (n < 3), and (7-Azl}-

geometry in dimers is discussed. (H20)n (n = 2) were determined by an ab initio molecular-
orbital method. The approximation used was the with the frozen-
2. Method core second-order Mier—Plesset method with the 6-31G basis

. set (MP2/6-31G) for 7-AzI(kD), (n < 3) and density functional
2.1. Experimental Method. The IR spectra of the 7-Azl theory with Beck’s three-parameter hybrid method using the

monomer, 7-AzI(HO), (n = 1-3) clusters, 7-Azl nonreactive | yp crrelation functional with the 6-31G basis set (B3LYP/
dimer, and 7-Azl reactive dimer were measured by IR dip 6-31GJ° for (7-Azl)s(H:0) (n < 2). At every optimized

spectroscopy. This spectroscopy has been applied to variousgycyre, the harmonic frequencies were evaluated in order to

solvated cluster$™ including the related cluster (indole)- confirm the true local minimum and to analyze the experimen-

(H20),.5556 The procedure of the measurement is as follows. tally observed IR spectra

lgﬁsilgignla'?'irev#;/ug\r/::cz)riig ?gt;?lzi tor'ggnmoihthgaﬁ‘;wsgs To compare with the observed spectra, a scaling factor was

monitored while the IR laser irrad)i/ated the esam lein a uniformly multiplied by the calculated frequencies. For 7-Azl-
s IR mp (H-0), clusters, the scaling factor (0.9845), which was deter-

supersonic jet. Here, the IR laser was scanned in the ENeI9Y mined with the NH stretching mode of the 7-Azl molecule, and

region from 2700 to 3800 cm. Whenvir was resonant to a v1 andvg of the water molecules, was used. For the (7-Azl)

ggg:ljnsg Igfrztll?)gil ol?ViL L'jlh;iglrl: (i)r:eti((:eenr(:oeuérg?/ri]lfrlg[igsglr?s;d (H20), cluster, the factor 0.9529, which was determined with
Oorpop 1heg " the NH stretching mode of the 7-Azl monomer, was used.
As a result, the vibrational transition in the ground state was A
The programs used for the optimization and the frequency

detected as a depletion of the fluorescence intensity. This .
i I ... calculations were GAUSSIAN 9%, GAUSSIAN 948 and
spectroscopy has an advantage in that the vibrational tranSItlonGAUSSIAN 98% The computation was carried out on a

g : nSZIeQ: éilﬁ)mglter;lrig:igﬁi??ﬁ ecgg et():fieeg.bserved by fixing computer system at the computer center of Institute for
. . . Molecular Science and our local machines.

The experimental setup for the IR dip spectroscopy is
described elsewhefé5?Briefly, the second harmonics (532 nm)
and the third harmonics (355 nm) of the NdvAG lasers
(HOYA-Continuum Powerlite 8010, Spectra-Physics Quanta-  3.1. 7-Azl Monomer. Figure 1 shows the IR dip spectrum
Ray GCRL170, respectively) were used to pump two dye lasersof the 7-Azl monomer when the UV laser was fixed to its S
(Lumonics HD-500). To generate the IR laser, the second origin (3 4634 cm?).?° The fluorescence intensity due tegr
harmonic (532 nm) of the Nid:YAG laser was split into two. + vyy and that due taryy only are shown in Figure la,b,
The output of the dye laser pumped by the 90% of the secondrespectively. The zero point and the intensity withot are
harmonic was differentially mixed with the remainder of the also shown besides the spectra. Here, both spectra were obtained
second harmonics in a LiNkQrystal (Inrad, IR Autotracker  in the same frequency-scan by the alternative data acquisition
II) and was converted to the tunable IR lasgy in the 3um system (see Experimental Section). The fluorescence intensity
region. The typical power ofig was 0.1-0.5 mJ. The output  due tovr + vyv decreases at 3521 ciand around 3000 cm
of the dye laser pumped by the third harmonic of the YAG (Figure 1a). Because the fluorescence dips cannot be seen
laser was frequency-doubled by a nonlinear crystal (KDP, Inrad) without vir (Figure 1b), the dips clearly correspond to the IR
and converted to a tunable UV lasey,. Bothvyy andvig were absorption of the 7-Azl monomer. According to the IR spectrum
coaxially introduced into a vacuum chamber (Toyama/Hakuto) in the gas phas¥,the dip at 3521 cmt and those at around
and were crossed as a supersonic jet. Hege,was delayed 3000 cnt?! are assigned tony and ven, respectively. The
by 50 ns with respect tog by a delayed pulse generator observed vibrational wavenumbers and assignments are listed
(Stanford Research, DG535). The fluorescence from the samplein Table 1.
was collected by a lens and detected by a photomultiplier ~As can be seen in Figure 1a, the baseline of the spectrum
(Hamamatsu 1P28) through color filters (Toshiba UV-35 and varies slightly. This was caused by a variation of the laser power
Corning 7-54 for the UV fluorescence; Toshiba L-42 for the and/or the pulsed nozzle condition. This variation can be
visible fluorescence). The signal was integrated by a digital compensated when the signal duevte + vyy is divided by
boxcar (EG&E PARC model 4420/4422). The integrated signal that due tovyy only.5! Figure 1c shows the spectrum obtained
was recorded by a personal computer (NEC PC9801) as aby taking the ratio of the fluorescence intensity duevio+

3. Results and Discussion

function of the IR laser frequency. wuyv to that due towyy only. Because the baseline is almost
To minimize the effect of varying of the experimental linear, the variation can be well canceled by taking the ratio. In
condition, such as the laser power, both the signal with+ this paper, we will show the IR dip spectra of clusters by taking

vig and that due tayy only were observed simultaneously by the ratio.
using an alternative data-acquisition system, which has been 3.2. 7-Azl(H.0), (n = 1-3) Clusters. The IR dip spectra
fully described elsewher®.The IR dip spectrum was divided of 7-Azl(H,0), (n = 1—3) are shown in parts-bd of Figure 2,
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Figure 1. IR dip spectrum of jet-cooled 7-azaindole(7-Azl) monomer
(7-Azl). (a) The fluorescence intensity dueit@ + vyv and (b) that
due towyy only. (c) IR dip spectrum obtained by taking the ratio of
the flucl)res_cenr(]:e mter:lsny due #g + vuv to that due tavyy only. A Figure 2. IR dip spectrum of jet-cooled (a) 7-Azl monomer, (b) 7-Azl-
vertical axis shows the ratio. (H20)1, (C) 7-AzI(H,0),, and (d) 7-AzI(HO) 5. A vertical axis shows

TABLE 1: Vibrational Assignments of the IR Dip Spectrum the ratio of the fluorescence intensity dueitg + vyy to that due to

of 7-Azl Monomer in a Supersonic Jet vy only.
obs freq (cm’) ref 67 assignment from the 1:1 aqueous cluster of phefdP and naphthott:35
3049 3042 CH stretch (pyridine ring) In these hydrogen-bonded clusters, a H-bonded OH stretch is
gggi’ gggg g: gggtgﬂ ggz::g:gg [:Eg; absent in the IR spectra. The absence of a H-bonded OH stretch
3104 3100 CH stretch (pyridine ring) has been explamed by the structure of the cluster, wher_e the
3145 3142.1 CH stretch (pyridine ring) water molecule is connected to the proton donor by a single
3521 3517.5 NH stretch hydrogen bond. In this structure, two OH bonds in the water
moiety are equivalent as well as a free water molecule in which
respectively. The frequency ofy is fixed to the $ origin of the symmetric OH stretching has a very weak IR oscillator

each species, which are 33 340, 32 632, and 32 554 ¢on strength. Therefore, the appearance of a H-bonded OH stretch
7-AzI(H20), (n = 1—3), respectively?? The IR dip spectrum strongly suggests that the water molecule is asymmetrically
of the 7-Azl monomer is also shown in Figure 2a for bound to 7-Azl through two hydrogen bonds. Further structural

comparison. The IR dip spectrum of the 7-Az}®); shows information can be obtained from the observed frequency of a
an intense band at 3412 ciand weak bands at 3369 and 3724 H-bonded OH stretch. The frequency 3369 ¢1s significantly
cm~1. From its frequencies, three bands correspongtpand shifted to the red from that of a free water molecule (3657

two OH stretching vibrations of the water moiety. Assuming cm2).5° This suggests that the water moiety acts not only as a
that 7-Azl is a proton donor to the water moiety in the cluster, proton acceptor but also as a proton donor in the cluster. We
we assigned the strongest band at 3412%casvyy shifted to thus conclude that a cyclic hydrogen-bond network is formed
red by the hydrogen-bond formation. The band at 3724%cm in the 7-AzI(H:O); cluster.

is assigned to the non-hydrogen-bonded OH stretch (non-H- Parts ¢ and d of Figure 2 show the IR dip spectrum of 7-Azl-
bonded OH stretch) of the water moiety, corresponding to the (H,O), and 7-Azl(HO)s, respectively. The IR dip spectrum of
antisymmetric OH stretchings of a free water. This is because  7-AzI(H,0), shows an intense broad band at 3112 §mwhile

the band is lying in a region higher thany of the 7-Azl that of 7-AzI(H,O); shows a strong broad band at 3086 ¢ém
monomer (3521 crmt) and is close to the vibrational frequency  We tentatively assign both bandsiag; of 7-Azl in the cluster,

of v3 of a free water molecule (3756 c).° Thus, the rest while assuming that 7-Azl is a proton donor. Broadening and a
(3369 cnth) should be assigned to the hydrogen-bonded OH larger red shift ofvny suggest the stronger hydrogen bond in
stretch (H-bonded OH stretch) of the water moiety, correspond- the larger cluster. The band at 3718 Tnfor each cluster is

ing to the OH symmetric stretchimg of a free water. Here,  assigned to a non-H-bonded OH stretch of the water moiety,
the vibrational modes of non-H-bonded and H-bonded OH because of its frequency being higher than of the monomer.
stretch are no longer symmetric and antisymmetric stretching The remaining bands should be assigned to a H-bonded OH
modes of a free water molecule, but the vibrations of the cluster. stretch of the water moiety. As well as 7-Azl{B);, the
The appearance of a H-bonded OH stretch is clearly different appearance of H-bonded OH stretch bands suggests that water
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TABLE 2: Observed Frequencies (cnt), Calculated
Frequencies (cnt?), and Calculated IR Intensities (km/mol)

J. Phys. Chem. A, Vol. 105, No. 41, 2004369

of NH and OH Stretching Mode for 7-Azl(H ;0O), (n = 1-3)

Clusters?
¢ 7-AzI NH H-bonded  non-H-bonded
J stretching  OH stretching OH strething
N 196 t} 195 freq IRintn freq IRintn freq IRintn
7-AzI(H,0) exp 3412 3369 3724
calcd 3428 207.8 3350 633.1 3728 64.2
7-AzI(H,0), exp 3112 3200 3718
© [ 7a2H.0), (@ | 7A21H,0), (@) 7A2(1,0, GO | 3251
3301
3343
3374
calcd2-A 3181 2147.4 3105 20.2 3734 45.6
e : 3264 5851 3737 780
R o’ ¥ ;185 calcd2-B 3298 659.3 3476 44.4 3610 698.9
- P 4 N 4 3630 0.0 3795 576
@ Te IQES : 121 calcd2-C 3251 90.1 3251 1034.1 3715 66.1
2l ? 3393 350.7 3717 61.5
+0.00 kl/mol +40.75 Ki/mol +43.26 kl/mol 7-AzI(H20); exp 3086 3220 3718
Figure 3. Fully optimized geometries of the (a) bare 7-azaindole (7- gg%i
Azl) monomer, (b) cluster of 7-azaindole 7-Azl{®l);, and (c)-(e) calcd3-A 3113 3222.9 3047 239 3737 728
three isomers of the 7-AzI(#®), clusters. The optimization is carried 3176 995.0 3741 46.1
out with the MP2/6-31G level. The unit of bond length is given in 3242 4473 3753 57.1
angstroms. For 7-Azl(kD),, the values under the structures show the calcd3-B 3322 15789 2894 5812 3572 3775
relative energy difference given in kJ/mol among the isomers. 3301 75.7 3721 424
3505 162.3 3760 72.1
calcd3-C 3143 563.6 3044 956.2 3720 55.1
3159 1045.3 3730 56.2
3522 379.8 3749 79.2
calcd3-D 3165 20.5 3027 612.3 3576 747.8
YNH 3357 754.2 3727 325
RN RN Ny LR SRR R R N RN R ARl RRRN AR 3630 0.3 3794 57.4
3800 . .

2600 2800 3000 3200 2490 3000 2The calculated frequencies are evaluated with the MP2/6-31G
-‘?37(5)& N level, and are scaled with the factor 0.9845, which is determined
§ ES HoO with vwy of 7-Azl molecule andv;, vz of water molecule of
2 g 250 CH HxO
27 IDoVEPUSI I " 7-Azl(H0).

3000 3100 3200 3300 3400 3500 3600 3700 3800
Frequency  (cm-1) Five CH stretching modes of the 7-Azl moiety are also scaled

Figure 4. Calculated IR spectrum of the 7-AzI§B); clusters evaluated ~ With the same factor.

with the MP2/6-31G approximation. The observed IR spectrum is also

3.3.2. 7-AzI(HO),. Parts e-e of Figure 3 show the optimized

shown for comparison. The scaling factor 0.9845 is uniformly multiplied geometries of 7-AzI(H),. Three isomers are shown for 7-Azl-

to the calculated frequencies.

(H20), in the figure. The most stable isomer of 7-Az®), is

) ) 2-A, which has a single ring structure constructed with hydrogen
molecules are asymmetrically bound in the clusters. The honds. Two other isomerg-B and2-C, are much less stable
structures of the clusters are discussed later on the basis of 3han isomer2-A, and the values under their structures in the

comparison with ab initio MO calculations.

3.3. Assignment of the Bands and Structures of 7-Azl
Aqueous Clusters on the Basis of ab Initio MO Calculations.
3.3.1. 7-Azl Monomer and 7-Azl{8):. The calculated geom-
etries of the monomer and 7-AzI¢B), (n = 1—3) have been
reported previously along with a lower level approximation
(SCF/6-31G¥? In this work, we employed a higher approxima-
tion (MP2/6-31G) to obtain reliable vibrational frequencies. The
optimized geometries of the 7-Azl monomer and 7-AzI(hH}

the MP2/6-31G level.

figure are the relative energy differences given in kJ/mol with

The calculated stick IR spectra of 7-AzK{#8), are shown in
Figure 5 together with the observed spectra for a comparison.
The identification for the water moiety ([1] and [2]) corresponds
to the structures shown in Figure 3e. Table 2 gives the
numerical data of the observed and the calculated frequencies.
There is no band in the region between 3400 and 3700 ai
the observed spectra, and the absence of a vibrational band is

under the MP2/6-31G level are shown in Figure 3a,b. For 7-Azl- well reproduced in the calculated IR spectra of iso@w. In
(H20)1, only the most stable isomer has been calculated (seetwo other isomers, the calculated IR spectra have several bands
refs 16, 29, 30, 68, and 69). The 7-Azl molecule plays the role in this region. Therefore, it is concluded that 7-Az}(®), has

of a proton donor with its NH group and simultaneously acts the single cyclic geometry shown RrA.
From a comparison with the calculated spectrum Zeh,
the strong band at 3112 crhin the observed spectrum can be

as a proton acceptor with its N group for the water molecule.
The calculated IR spectrum for 7-AzI§8); is shown in Figure

4 together with the observed spectrum. The numerical data ofassigned to the NH stretching vibration of the 7-Azl moiety,
the observed and the calculated frequencies are summarized irand the small band at 3718 ctnis the non-H-bonded OH
Table 2. There are three clear bands in the experimentalstretching vibration of the water moiety. In the region between
spectrum; the assignments of three bands have already bee®200 and 3400 cmi, more than five vibrational bands are
discussed in the previous section. On the basis of the assign-observed. However, a possible vibration in this region is the
ments, a scaling factor (0.9845) was obtained from the averageH-bonded OH stretching vibration of a water molecule [1] in
of the ratio of the observed frequency to the calculated one. the cluster; the H-bonded OH stretching due to another water



9370 J. Phys. Chem. A, Vol. 105, No. 41, 2001 Yokoyama et al.

7AZI(Ho0)n

7AzI(H20)3

VNH

YNH 2600 2800 3000 3200 3400 3600 3800
|||||l|||‘|l||||l||||||||||]|||I|||||||||I|l|||||||I|I|||||||I|||| 4000
800 = ]
2600 2800 3000 3200 3400 3600 3 g3 gggg 1 NH o ,;_]bonded non;H_zbO;ded
+0.00 kJ/mol cgé 100% b [31 ]y 2 ].
= ] T T T t T T T T T
Z g 2000 NH ron-H-bonded 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800
+0.00 klfmol  § E 10007 (11 H-bonded .2l 2000
e § @ : £%5 1500 - NH
= 0 t ¥ T T T T T T £E 1000 M 2]
3000 3100 3200 3300 3400 3500 3600 3700 3800 fasakdmol EE 500 | @ @ 1 @
= 0 T T B — 1 T L
2 = 10004 m 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800
g o NH
5 £ 500 [ 2 {21 @ 5 ?ggg 2 @
+40.75 kJd/mol £ §, " ; , _E g 1000 4 A non-H-bonded
Y T ; T ; T T T T +1636 kiimol £ £ 500 l II | 1.2.9]
3000 3100 3200 3300 3400 3500 3600 3700 3800 €= % I IO I
@ 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800
>= 1000
£% @ H-bonded G 259
% £ o .= 1500 4
+4326klmol 5 E 5007 Ml L "[‘ 1"";3‘“9‘1 @ £2 1000 ] o N @
£ P | ) s +26.72kJimol g £ 500 | | | B niEl
0 T 1 T T T 1 T T == s} T T T $ T T T T r—t
3000 3100 3200 3300 3400 3500 3600 3700 3800 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800

Frequency ( cm )

Wave number  ( cm'1)

Figure 5. Calculated IR spectra of three isomers of 7-Azi(Bb Figure 7. Calculated IR spectra of four isomers of 7-Azi(B)s clusters
clusters evaluated with the MP2/6-31G approximation. The observed €valuated with the MP2/6-31G approximation. The observed IR
IR spectrum is also shown for comparison. The scaling factor 0.9845 SPectrum is also shown for comparison. The scaling factor 0.9845 is
is uniformly multiplied to the calculated frequencies. uniformly multiplied to the calculated fregencies.

TABLE 3: Calculated Frequencies (cnt?) and IR Intensities

@) | 7AzI(H,0), (b) | 7AzI(H;0), (km/mol) of NH and OH Stretching Mode (cm™?) for

(7-Azl)2(H,0)n (n = 0—2) Clusters

7-Azl NH H-bonded non-H-bonded
stretching  OH stretching OH strething

190 ? 185 freq IRintn freq IRintn freq IRintn
178 L1 2l %620" 1 (7-Azl), dimerA 2965 0.0
nd_ M o€ 3012 4016.8
16 O 166 ' dimerB 3111 1786.8
" Bl 3523 585
+13.44 kJ/mol dimer C 3522 0.0
+0.00 kI/mol 3522 122.3
dimer D 3448 436.3
3519 71.5

© | 7A201,0, GO | @ 7210, G | (7-AZl)o(H:0) A 2097 975.0 2700 2310.6 3575 33.8
3022 2346.5

B 2963 351.0 3433 64.7 3595 58.8
3019 3667.0

(7-Azl)2(H-0), A 3086 3154.0 2248 2089.3 3303 351.2

e v & o1 ® 17 3045 2143 3091 1516.7 3565 30.0

e S o } Y B 2934 22058 2670 930.1 3167 350.4

""" 18 3252 841.3 2845 2470.5 3596 37.4

(2] 164 31 f 1.63 {n
Bl 184 The calculated frequencies are evaluated with the MP2/6-31G level,
+15.36 k)/mol and are scaled with the factor 0.9529, which is determined mytrof

+26.72 kJ/mol
7-Azl monomer.

Figure 6. Fully optimized geometries of the 7-AzI{B); clusters

determined with the MP2/6-31G level. The values under the struc- molecule are largely shifted to the red and almost overlap with

tures show the relative energy difference given in kJ/mol among the the CH stretching modes of the 7-Azl molecule.

isomers. The observed IR spectrum of 7-Azl{8); has an interval

region where no vibrational band appears (from 3400 to 3700

molecule [2] was calculated to be 3105 mThEYEfOI’e, five Cm*l). This interval region can be reproduced by isorek.

vibrations in this region must be considered to be overtones On the other hand, in the calculated IR spectra of three other

and the combination bands of low-frequency modes. isomers, there exists several bands between 3500 and 3600
3.3.3. 7-AzI(HO)s. Four isomers are shown for 7-AzI§B); cm~1, and the observed spectrum cannot be identified with the

in Figure 6a-d. Isomer3-A is a single ring structure, and isomer  spectra of isomer3-B, 3-C, and3-D. Furthermoreyny in the

3-B has a structure in which the 7-Azl molecule and the cyclic calculated spectrum &-A matches the observed one in both

water trimer (HO); are associated. Isome3sC and3-D have frequency and relative intensity. Therefore, it is concluded that

a structure in which one water molecule is externally bonded the geometry of 7AzI(KO); is 3-A.

to isomer2-A of the 7-Azl(H0O), cluster. The most stable In the calculated spectrum 8fA, there are two bands of the

isomer is3-A. The calculated IR spectra of 7-Azl{B); are H-bonded OH stretching vibrations in the higher frequency

shown in Figure 7. Numerical data are summarized in Table 3. region of the NH stretching vibration. However, the observed

For isomer3-A, the frequency region of the H-bonded OH spectrum shows more than 2 vibrational bands in the region

stretching vibrations of water molecules amgdy of 7-Azl 3300-3400 cntl. Hence, the existence of the overtones and
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combination bands is considerable in the spectrum of 7-Azl-
(H20)3 as well as in that of 7-Azl(kD),.

In summary, the most stable isomer of 7-Azi(®), up ton
= 3 is the single ring structure constructed through hydrogen
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Figure 9. Fully optimized geometries of four isomers of 7-azaindole
dimers. The optimization is carried out with the B3LYP/6-31G level.
For isomer (d), views from other two angles are also shown. The unit

bonds. The_ present results are ansistent with a previous S'[Udyof bond length is given in angstroms. The values under the structures
of the rotationally resolved laser-induced fluorescence spectrashow the relative energy difference given in kJ/mol among the isomers.
by Nakajima et al2? and the cyclic hydrogen-bonded structure

is confirmed. The single ring structure is also found in the related turel”26The three other isomers are much less stable than dimer
cluster (indole)(HO),, in which the water molecules form a  A. Dimer B has only one hydrogen bond between the NH group
bridge from NH to ther ring 5556 The different termination of ~ of 7-Azl [A] and the N atom of 7-Azl [B]. There is no such
the bridge suggests the difference of the proton affinity between hydrogen bond in dimer C. We have tried to find a T-shape
thes electron cloud (indole) and nonbonding electron at N atom structure in which two 7-Azl molecules are associated with
(7-azaindole). s-hydrogen bonds. Although the dimer of the T-shape is often
3.4. 7-Azl Dimer. Figure 8 shows the IR dip spectra of 7-Azl  considered to be a nonreactive dimer, it has not been found.
dimers. The IR spectrum of the proton-transfer reactive dimer Instead, we have found dimer D, whose geometry becomes
is shown in Figure 8a, while that of the nonreactive dimer is largely broken from a T-shape structure (see also views from
presented in Figure 8b. Although the reactive dimer shows a other two angles).
complicated vibrational structure around 3000¢émmo band The calculated the IR spectra of dimers A, B, C, and D are
has been found in the region higher than 3200 &nThe shown in Figure 10. The observed IR dip spectrum of the
absence of a band above 3200 ¢mtrongly suggests that two  reactive dimer is also shown in the figure. The numerical data
NH bonds in the dimer are bonded by hydrogen bonding. This of the frequencies are summarized in Table 3. The characteristic
means that the reactive dimer has a ring structure. The feature of the observed IR spectrum is the absence of vibrations
complicated structure may originate from CH stretching vibra- in the region above 3200 crh This interval region is well re-
tions, which are enhanced by a Fermi resonance with NH produced in the calculated spectrum of dimer A, in which both
stretching. NH bonds are bound by hydrogen bonding. Three other isomers
The IR spectrum of a nonreactive dimer also shows a have free NH group(s), and their frequencies of stretching
complicated vibrational structure at around 3000 &ifFigure vibration are close to 3521 cri which is the NH stretching
8b). However, nonreactive species shows a vibrational band atvibration of the monomer 7-Azl molecule. It is concluded that
3706 cnt! in addition to the cluster of bands at3000 cnt. the reactive dimer can be identified as dimer A of the ring
Itis hard to assign this band to a NH stretching vibration in the structure with the spectroscopic technique for the first time.
dimer, because the NH stretching vibration in 7-Azl monomer  Figure 11 shows the optimized structures of (7-A@i0O)
is 3521 cntl. The hydrogen-bond formation usually makes the and (7-Azlp(H,0), together with a view from another angle.
vibrational frequency lower. From its frequency, it is strongly Two isomers are shown for each size of the clusters. The values
suggested that this band is a non-H-bonded OH stretchingunder the structures are the relative energy difference between
vibration and that the nonreactive “dimer” contains water the isomers. The most stable structure of (7-4H)O) is isomer
molecules in the cluster. The assignments are discussed on thd, in which the water molecule is inserted into two 7-Azl

basis of an ab initio MO calculation in the next section.

3.5. Assignment of the Bands and Structures of 7-Azl
Dimer on the Basis of ab Initio MO Calculations. Figure 9
shows optimized structures of (7-Azlpbtained with the
B3LYP/6-31G level. Four isomers are shown with a relative

molecules. By inserting a water molecule, the structure of isomer
A becomes nonplanar. However, in isomer B, the water
molecule is over the 7-Azl molecule with-hydrogen bonding,
and the cyclic planar structure of 7-Azl dimer core is held.
The most stable isomer of (7-Az(H20), is isomer A of the

energy difference in kd/mol. Here, dimers A, B, and C have a insertion structure. Two water molecules, [1] and [2], also make
planar structures, while dimer D is nonplanar. The most stable hydrogen-bonding. The structure of this isomer also becomes
isomer is dimer A, which is a well-investigated ring struc- nonplanar because of the insertion of water molecules. Isomer
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Figure 10. Calculated IR spectra of four isomers of 7-azaindole dimers
evaluated with the B3LYP/6-31G level together with the observed IR
spectum for the reactive dimer. The scaling factor 0.9529 is uniformly
multiplied to the calculated frequencies.
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Figure 12. Calculated IR spectra of (7-Az(H.0), and (7-Azl}(H;0).
clusters evaluated with the B3LYP/6-31G level together with the
observed IR spectum for the nonreactive dimer. The scaling factor
0.9529 is uniformly multiplied to the calculated frequencies.

dimer are shown in Figure 12. All of calculated spectra have a
band of a non-H-bonded OH stretching vibration at around 3600
cm~L. It corresponds to the characteristic band at 3706'dm

the observed IR spectrum of a nonreactive dimer. Another
characteristic feature of the observed IR spectrum is the absence
of a band from 3200 to 3700 crh This interval region is
reproduced by the calculated spectrum of isomer A of (7-Azl)
(H20O). All other isomers show vibrations in this interval region,
as can be seen in the figure. Therefore, we have concluded that
the nonreactive dimer contains a water molecule with two 7-Az|
molecules and has the water-inserted ring structure of (7-Azl)
(H20); (isomer A).

3.6. DiscussionLet us discuss the consistency of the obtained
structures with the previously reported photochemical property
of reactive and nonreactive dimers. Since the cyclic geometry
of the reactive dimer was strongly suggested previously, it will
be no problem to understand its reactivity in a double proton
transfer when it is excited to theg State. The low reactivity of
a nonreactive dimer can be naturally understood from its
structure. Because of the insertion of a water molecule in the
hydrogen-bonded ring, the-N\H---N bonds deviate from linear.
Because this nonlinear configuration is not feasible for hydrogen
bonding, proton transfer in the dimer is prevented. In addition,
the asymmetry due to the presence of the water molecule affects
the potential curve and the double proton transfer might be
suppressed much.

The second characteristic point of the nonreactive dimer is

the B3LYP/6-31G level. A view from another angle is also shown for that its stability is considered to be comparable to the reactive
each structure. The unit of bond length is given in angstroms. The valuesdimer. The water-inserted ring structure is also reasonable for
under the structures show the relative energy difference given in kJ/ a large stability in energy. In the water-inserted cyclic dimer,

mol among the isomers. the N—H---N hydrogen bond has lower stabilization than that
in the reactive dimer, because of its nonlinear configuration.

B of (7-Azl)x(H20). has a double ring structure. 7-Azl [A],  However, it has a total of three hydrogen bonds among two

water [1], and water [2] make the substructure just like (7-Azl)-
(H20), (2-A), and 7-Azl [B] and water [2] make the substructure
like (7-Azl)(H20).

The calculated IR spectra of (7-Azl)§8); and (7-Azl)(HO),

7-Azl and water molecules. Therefore, the total stabilization
energy is expected to be comparable to the pure, reactive 7-Azl
dimer.

The last point is the mass spectrum obtained vig;-aS

together with the observed IR dip spectrum of the nonreactive transition of a nonreactive dimer. Though we have concluded
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the water-inserted ring structure for the nonreactive dimer, the h(21) Fﬁlmer, D. E,; Poth, L.; Wisniewski, E. S.; Castleman, A. W., Jr.

; [ ; ; Chem. Phys. Lett1998 287, 1.
observed mass numberjl_Jst coincides with that of the pure dlr_ner (22) Folmer. D. E.: Wisniewski, E. S.: Castleman Jr., A.Gtiem. Phys.
(7-Azl), (m/z = 236). This means that the water molecule in | ¢t 500q 318 637.
the aqueous dimer must be evaporated after ionization. The (23) Catala, J.; del Valle, J. C.; Kasha, NProc. Natl. Acad. Scil999
perfect evaporation of the water moiety has also been found in 96, 3338C- a3 del Val - Kasha. NCh o 200
the (indole)(HO), cluster®6:57 therefore it is a probable as- 31é 2)29 atela, J.; del Valle, J. C.; Kasha, Mchem. Phys. Let200Q
sumption. For the nonreactive 7-Azl dimer, the perfect evapora- — (25) Fuke, K.; Yoshiuchi, H.; Kaya, KI. Phys. Cheml984 88, 5840.
tion may be related to the structure of the 7-Azl dimer cation.  (26) Fuke, K.; Kaya, KJ. Phys. Chem1989 93, 614.

i i i ilizati (27) Abe, H.; Mikami, N.; Ito, M.J. Phys. Chem1982 86, 1768.

][\/Iany aromhanc dimer cations show :argk:a SL&bIHZ&tIOI’] by (28) Chou, P. T.. Wei, C. Y.: Chang, C. P« Meng-Shin. J.phys.
orming a charge resonance structure. In the charge resonanc@nem 1995 99, 11994.
dimer, two molecules locate at an equivalent position, and the  (29) Nakajima, A.; Hirano, M.; Hasumi, R.; Kaya, K.; Watanabe, H.;
largest stabilization is obtained whearorbitals overlap largely, Carter, C. C.; Williamson, J. M.; Miller, T. AJ. Phys. Chenml997 A10],

i 70-&1 it .
such as a parallel sandwich structu?é.T_hen, it is natural that (30) Kim, S. K.; Bernstein, E. RJ. Phys. Chem199Q 94, 3531,
the most stable structure of.the.7-AzI dimer becqme§ a.parlallel (31) Yoshino, R.; Hashimoto, K.; Omi, T.; Ishiuchi, S.; Fujii, M.Phys.
sandwich structure after ionization. If so, the vertical ionization Chem.1998 A102 6227. '
from the water-inserted cyclic dimer would cause a large (32)7 Ishiuchi, S.; Saeki, M.; Sakai, M.; Fujii, Mchem. Phys. Let200Q
vibrational excitation along the intermolecular coordinate and ™33y Tanabe, S.; Ebata, T.; Fujii, M.; Mikami, Ehem. Phys. Let.993
the water molecule would be dissociated immediately. 215, 347.

In conclusion, the geometry of 7-AzI@®), (n = 1—3) and 195%4)10\/%legggabe, T.; Ebata, T.; Tanabe, S.; Mikami JNChem. Phys.
reactive gnd nonreactlve_7-AzI dimers are determl_n(_ac_i by the (35) Matsumto, Y.: Ebata, T.: Mikami, NI. Chem. Phys1998 109
combination of the IR dip spectrum and the ab initio MO g303.
calculations. The ring structure of the reactive dimer was (36) Iwasaki, A.; Fujii, A.,; Watanabe, T.; Ebata, T.; Mikami, N.Phys.

i i ot ti ; Chem.1996 100, 16053.

expenmental_ly de_terml_ned for the first time. Itis revealed_ that (37} Matsumoto, .. Ebata, T.. Mikami, Ni. Chem. Phys1998 109
the nonreactive dimer is not the pure dimer of 7-Azl but is an 303
aqueous dimer, i.e., (7-Az(H20),. On the basis of a com- (38) Guchhait, N.; Ebata, T.; Mikami, NI. Chem. Phys1999 111,
parison between the observed and calculated spectra for varioug438. . o

candidates, it is concluded that nonreactive dimer has a water-25§39) Matsumoto, Y.; Ebata, T.; Mikami, N.. Mol. Struct.200Q 552
inserted ring structure of (7-AzH;0)1. (40) Ebata, T.; Fujii, A.; Mikami, NInt. Rev. Phys. Chem1998§ 17,

331 and reference therein.
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