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Zero kinetic energy (ZEKE) photoelectron spectra of indole obtained via nine vibrational levels qflhg S
manifold (namely, @ 422, 412, 29, 3942', 28!, 274, 26', and 37) are reported. The adiabatic ionization
energy of indole has been determined td e 62592+ 4 cn (7.7604+ 0.0005 eV). Cation fundamental
vibrational modes up to 807 crhabove the B origin have been determined on the basis of the= 0
propensity. The presence of tihe = 1 excitation for the out-of-plane modes indicates the presence of a
significant vibronic interaction in the ground state cation. For the van der Waals (vdW) complex of indole
with Ar, it has been found that the red shift in thed®igin amounts to 27 cnt upon the complex formation,
whereas the decrease linis 88 cnt! with respect to indole. The ZEKE £ S; O photoelectron band of
indole—Ar shows a low-frequency progression due to a vdW bending mode whose frequency has been found
to be 13 cm'. The assignments of low-frequency fundamental vibrational modes for the neutral indole have
been reexamined by using the 6-311G** basis set.

cm™L. Vibrational predissociations for the indetér, (n=1,

. o ) 2) and indole-(CH4); vdW complexes have been studied by
The_ indole heterogycllc ring system attracts considerable o thouseet al?2 by dispersed LIF spectroscopy. According

attention b_ecause_of its rc_)le in protein spectroscopy due to theyy 4 study of threshold-photoionization mass spectra, the
presence in the side chain of the amino ac_ld tryptoﬁham. adiabatic ionization energyly in indole—(CHa)n (n = 1, 2)
considerable effort has been devoted to the interpretation of the yocreases approximately by 450 ¢hper each coordinated
indole ground state vibrational spectrd. A room-temperature | othane molecul@ It has also been shown thiatof indole—
vapor-phase electronic spectrum and vibrational assignments oszo is lower by 3027 cmt than that of the bare indofé:25

some funqlamental frequencies in thessate of indqle have The zero kinetic energy (ZEKE) photoelectron spectroscopy
been published earlier by Holl8sA rotational analysis of the developed by Mler-Dethlefs, Schlag, and their co-work&&’
0 o . B . 1 1

O trans_|ltéon of indole has been carried out by Mani and |\ 5 nroved to be an efficient method for the investigation of
!_ombardl. Recently jet-cooled 5— S excitation spectra of  cation vibrational states. Kimura and his co-workers have
indole have been reported by several autdbrs: Bickel et developed a compact high-brightnessamesolution ZEKE
al.’> and Nibuet al1® have carried out a vibronic analysis of hotoelectron analyzer that has a short flight dist#icmd

the S state on the basis of dispersed laser-induced fluorescenc hey have applied it extensively to carry out cation spectroscopy
(LIF) data. From a recent wo-photon resonant four-photon o, "yarioys jet-cooled molecules and vdW compleX&g%:38
!oglzlatlpn rs]tu?vy, Cablé hdas confirmed that théL,, state ocI)f The excitation step within the REMPI scheme allows us to carry
Indole is the first excited state. In a Ve% recent study on 5 state/species selective spectroscopy of products in the
rotatlo_nally _resolved LIF spectra, Bg_r denal™ have provided supersonic expansion. Two-color ZEKE photoelectron spec-
the Or'.intat,'on of lthé,l‘b T So transnllon mr?men':j. ltioh troscopy is capable of determining ionization energies with a
_ A vibronic_analysis of resonantly enhanced multiphoton pigh accuracy and allows the observation of low-frequency
ionization (REMPI) recently reported by Barséisal. andéthe vibrational bands associated with weak vdW interactions.
fluorescence studies have pointed out that there aréLRo  congensed aromatic hydrocarbons and their vdW complexes

tlransitions in indole in the range up to 1000 cnabove the 44 interesting subjects in ZEKE photoelectron studies from the
Lp state origin. Sammetat al*> have suggested from their \;e\ynoints of vibronic interactions in their ground cationic

two-photon polarized fluorescence spectra of indole that two gy4184 and geometrical structures in their rare-gas vdW com-
bands located at 455 and 480 thabove thé'L,, origin derive plexes® 3

thgrl;]lntensmées fr\(l)vm tIhéLads\t/z\:/lte. | ¢ indol The aim of the present ZEKE photoelectron study is (1) to
€ van der Waals (.V ) complexes of indole attract yeermine accurate adiabatic ionization energies for indole and
attention as model species for the.lnvest.lggtlon of spec.tral its vdW complex with Ar, (2) to identify various low-frequency
propemes of Ithe tr)(/jpto?ilj?gyl dméﬁ\tﬂymwnhlgv&he pr(l)teln fundamental vibrational modes in the cation ground state, and
en_vlronmel_wt. nastudy o an ' On VAWV cCOmplexes (3) to prove the vdW interaction of indole with Ar in the cationic
of indole with polar molecules in supersonic jets, Tubergen and giate ™ |y the present workb initio calculations of vibrational

21 itivi _1
Lelvy thav;e showg Ithe serglftlv.lty O(fj twﬁﬁ Lo gap()j.to tzgo modes have also been carried out for indole in the ground state.
solvent nature and largen wrigin red shifts exceeding Indole is a planar molecule &@s symmetry with 42 normal

modes. Thirteen of them are out-of-plane (non-totally sym-

1. Introduction

* To whom correspondence should be addressed. E-mail: k-kimura@

jaist.ac.jp
® Abstract published ifAdvance ACS Abstractddarch 1, 1997.

metric, &) and 29 are in-plane (totally symmetric).a The
numbering convention of Mullikéfiis used throughout the text.
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2. Experimental Section
A detailed description of the experimental setup has been
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TABLE 1: Vibrational Assignments of Indole in the S;
State, Deduced from the REMPI lon—Current Spectrum

published elsewhe:33° Only a brief outline is given here, ~ €n€rgy  displacement = vibrational
The supersonic free jet was produced by a pulsed valve (General (cm™) from$0°(cm™) intensity assignment
Valve) with an orifice diameter of 0.8 mm. Argon was used 35235 0 100 ®
as a carrier gas, and the stagnation pressure was in the rangegg égf 312 g Z?unence
3.5-4.0 atm. Indole (Nacalai Tesque, Extra Pure Grade) was 35 ggg 365 12 2
used without further purification and seeded in argon at a 35615 380 16 29
temperature of approximately 10€C. The valve was main- 35671 436 3 392t
tained at a temperature approximately°@higher to prevent 35690 455 18 391t
any condensation. 35715 480 33 28
35749 514 1 49

Two dye lasers (Quanta-Ray, PDL-3) were pumped by a 3575 524 2 3ot
nanosecond Nd:YAG laser (Quanta-Ray, GCR-190). The 35774 539 22 o1
visible outputs (Rhodamine 590 for the first excitation and LDS 35 784 558 4 39
750 for the second excitation) were frequency doubled by KD*P 35823 588 2 ,
crystals. The wavelengths of the dye lasers used were calibrated gg gég ?51"71 62 g%z
with a UV wavemeter (Burleigh Instruments, WA-5500). The ¢ 971 736 36 3
counterpropagating laser beams intersected the pulsed jet at azg gg7 772 4 3894041242
right angle. ZEKE photoelectrons were collected by a two- 36017 782 14 2910'42Y/39'40'42

pulsed-field ionization technigu. At approximately 50 ns after
the laser shot a discrimination fiel&/{) was applied, which

removes the fast and near threshold electrons to reach the

detector. After a variable delay (typically several hundreds of
nanoseconds), a pulsed field with the opposite sSigr~( —V1)

was applied that ionizes the deeper Rydberg states and acceler-
ates them toward the detector. The “depth” of the ionized states

is given by the relatiol\E (cm™1) = (4—6) VY2 (V cm™1). The
typical voltages/; andV, were 0.7 and 1.¥ cm™?, respectively.
The ionization energies were not corrected for the electric field
shift, which can be estimated to be in the interval4668 cnrl.

A 20 cm long time-of-flight analyzer of a Wiley-McLaren
desigri® was used for recording mass-selected REMPon
current spectra.

Ab initio quantum chemical calculations of vibrational
frequencies for indole in the neutral ground state were carried
out with the Gaussian-94 program pack#gby using the
6-311G** basis set. A full geometry optimization was carried
out within theCs symmetry.

3. Results and Discussion

3.1. REMPI Mass-Selected lor-Current Spectra. The
one-color (1+ 1) REMPI spectrum of indole in the range
35 200-36 040 cnl is presented in Figure 1. The 8rigin
found at 35 235k 1 cn ! agrees with the previously reported
values!213.18 The vibronic levels are summarized in Table 1,

aValues are not corrected for the laser intensity variations.
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Figure 1. One-color (1) REMPI mass-selected iefturrent spectra
of indole and the indoleAr vdW complex. The inset shows the S
origin (") band of indole-Ar. The red shift in the Sorigin for
indole—Ar amounts to 27 cmt with respect to indole. The assignments
for weak peaks are given in Table 1.

together with the vibrational assignments based on the dispersed The highest intensity of the vertical transition via the

fluorescence data of Bickedt al'®> and Nibu et al® An

additional weak band at 694 cth may be identified and

tentatively assigned to the 282 combination. The Sorigin

of the indole-Ar vdW complex is red-shifted by 27 cmh, close

to a value of 26 cm! reported by Outhouset al?? The

transition does not exhibit any low-frequency features attribut-

able to the vdW vibrational mode (see the inset in Figure 1).
3.2. ZEKE Photoelectron Spectra of Indole. The (1 +

1') ZEKE photoelectron spectra of bare indole, obtained via eight

S, vibrational levels, namely,%Q 42, 412, 29!, 28!, 27, 26,

vibrationless $ state (Figure 2) clearly indicates no major
change of geometry upon ionization. The = 0 propensity
can thus provide an efficient clue to the assignments of the
ZEKE features. Any non-totally symmetric vibrational levels
are absent from the;SSy REMPI spectrum (Figure 1), and
only two-quantum transitions are observable for the 42 and 41
out-of-plane modes, in accordance with the symmetry consid-
eration. The ZEKE spectrum obtained via the totally symmetric
S, vibrationless state (Figure 2a) shows two low-frequency
vibrational transitions with intervals of 193 and 233 @nisee

and 37, are shown in Figures 2 and 3. The excess energies of Table 2a). Assuming th&v = 0 propensity, the photoelectron

the bands above the cation vibrationlegssfate are summarized

in Table 2. The band appearing in the spectrum in Figure 2a,
obtained via the vibrationless State at 27 357 cmd, may be
attributed to the cation vibrationless; Btate. The adiabatic
ionization energylg) derived from this peak amounts to 62 592
+ 4 cnm1 (7.7604+ 0.0005 eV). Hageet al2*25have obtained

anl, value of 62 598 cm' from their two-color photoionization
mass spectra.

spectra obtained via the; 822 and 42 levels provide values
of 385 and 468 cm for the two vibrational quanta, respectively
(Figure 2a,b). Thus the first two peaks above theobgin in
the ZEKE spectrum obtained via the &igin may be assigned
to the Oy 42! and 41 levels. The 42 and 41 vibrational
progressions are observable upte= 3. Any assignments to
the excitation of two vibrational quanta would imply thay

= 2 vertical transitions take place via 822 and 4%, which
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Figure 2. Two-color (1) ZEKE photoelectron spectra of indole,
obtained via the following vibrational levels of the Sate: (a) 6, (b) 200 400 600 800 1000 1200 1400
422, (c) 42, and (d) 29. Only the dominant peaks are labeled. For lon Internal Energy, cm-t

the assignments of other vibrational bands, see Table 2. ) )
Figure 3. Two-color (1+1') ZEKE photoelectron spectra of indole,

obtained via the following vibrational levels of the State: (a) 28
(b) 27, (c) 26, and (d) 3%. Only the dominant peaks are labeled. For

are rather improbable for out-of-plane vibrational modes. the assignments of other vibrational bands, see Table 2.

Clearly the one-quantum transitions of the non-totally symmetric
modes indicate the presence of the vibronic interactions in the
ground cation state. are generally lower than in the, State. The 807 cni peak

The Dy state is formed by the removal ofw@aelectron. Thus thus may be due to the excitation to the' &Svel rather than to
the Dy vibronic levels of the non-totally symmetric mode are a the 34 level. The out-of-plane 33 mode might be assigned to
for v = odd and & for v = even. The avibronic levels may this peak. However, the former assignment is preferred because
gain their intensities from the coupling with a cation state formed of the generally larger FranelCondon factors observed for the
by a o electron removal. The vibrational progressions are in-plane modes.

observed up te = 3 and 4, when the 122 and 42 levels are The observed vibrational structure in the ZEKE spectra is
pumped, respectively. The ZEKE spectra obtained via the consistent with the absence of any significant contribution of
totally symmetric levels §29* (Figure 2d) and 28 27, and the 1L, state origin to the intermediate levels. If there is any

26! (Figure 3a-c) provide straightforward assignments for the significant contribution from the highetL, origin to the
peaks observed at 390, 518, 587, and 748dm these levels. intermediate levels studied, any ZEKE vibrational structure
The ZEKE spectrum obtained via the &igin shows further similar to that found for the $'Ly,) origin is expected to appear.
bands at 505, 550, 640, and 807 dnfsee Table 2a). These The vibrational frequencies and their assignments in the S

bands seem not to be due to any combination levels. S, and [ states of indole are summarized in Table 3, together
The frequency of the 39 mode has been derived to be 385with the results of the present 8ormal coordinate analysis
cm~! from the ZEKE spectrum obtained via the 342! level based on the 6-311G** calculations. Generally the vibrational

(Table 2e). The spectrum obtained via the8% level (Figure frequencies in the Pstate fall between thepSnd S states.
3d) exhibits three strong bands around 1000 Embove the There is a controversy in the assignment of the 488dpand
Do origin. The most intensive transition yields a frequency of in the $ state. Collie? has assigned this feature to overtone
529 cnt?! for the 37 mode. This assignment is supported by and combination frequencies on the basis of AM1 semiempirical
the appearance of a band at 722 ¢ér(Figure 2a), which may calculations. According to the normal coordinate analysis of
come from the combination level 3%2%. The bands at 997  Takeuchi and Haracathis band is due to the 38 mode. Barstis
and 1017 cm! may gain some of their intensities from the et all® have supported this interpretation by their 3-21G
251421 and 36412 combinations, but some higher vibrational calculations. However, to deduce a reasonable agreement with
modes can also contribute to the high intensities of these bandsthe experimental frequencies, two significantly different scaling
Given the frequencies of the 37 and 39 modes, the bandfactors should be used for the in-plane and out-of-plane
observed at 505 cnt may be tentatively assigned to the 38 modes.
out-of-plane mode. Consequently the peaks at 550 and 640 The fundamental frequencies obtained from the present
cm~! may come from the 36 and 35 out-of-plane modes, 6-311G** basis set are shown in Table 3, in excellent agreement
respectively, since all the low-frequency in-plane modes up to with the experimental values. A single scaling factor has been
750 cnt! are identified. The remaining 755 and 807 ©m found to be sufficient for the in-plane and out-of-plane modes
bands in the spectrum obtained via the @igin may be except for the 488 cri vibration. Also the change in the
tentatively assigned on the basis of the neutral ground statefrequency of the 38 mode upon ionization is more consistent
frequencies. The vibrational frequencies in the catigrstate with the other modes in the present assignments. Figure 4 shows
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TABLE 2: Vibrational Assignments of the Indole Cation in
the Ground State (Dv), Deduced from the ZEKE
Photoelectron Spectra

ion ion
internal internal
energy relative vibrational energy relative vibrational
(cm™) intensity assignment (cm™Y) intensity assignment
(a) via g 0°

0 100 (4} 587 67 27
192 18 42 620 14 39414412422
233 20 41 640 17 33p
385 sh 42 701 3 43
390 31 29 722 21 3142
426 4 414 742 sh 36421
468 7 42 748 45 26/28'41*
505 21 38 755 sh 3%

518 40 28 774 35 29422/29'3%¢
550 21 36° 781 sh 29
578 sh 492 807 11 28p
(b) via § 422
193 14 617 15 41422
385 100 42 767 11 42
426 28 4142 905 20 2842
576 9 43 973 61 21422
(c) via § 412
232 14 41 857 16 29472
426 18 4142 985 18 28412
468 100 41 1052 51 27412
703 8 4%
(d) via § 29"

0 9 909 25 2829
391 100 29 977 60 2R
749 27 26/28'41* 1112 11 293742
775 14 2939291422 1137 30 2629
781 15 29 1165 32 294 22[2P39
857 8 29471? 1171 sh 29
896 10 293g®

(e) via § 3942

577 100 3%

(f) via S, 28
518 100 750 14 2841Y26!
588 14 27 1039 21 28
621 38 3941941422 1105 31 2728t

(g)viag 27
387 19 42 873 28 3841
520 33 28 908 29 28422
587 100 27 992 15 28420
619 27 39414411422 1015 16 31>
697 19 3842 1032 13 3738t
721 17 3742 1150 30 27412
746 35 26 1174 58 27
775 27 29421291393

(h) via § 26*
519 38 832 57 384210
588 86 27 981 24 26411
748 100 26 1000 43 254210
776 41 294222939 1106 24 218
818 43 29411424 1151 32 27412

(i) via S, 377
588 13 1086 9 28422
747 6 26 1100 17 3@
997 65 2842 1144 27 293410

1017 52 364120 1261 22
1057 100 37 1308 11

2 Relative intensities are not corrected for the variation in laser
intensity.? Tentative assignment, not supported by the = 0
propensity for the particular fundamental mode.
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TABLE 3: Vibrational Frequencies of Indole (in cm~1) in
the S, and Dy States, Observed in the REMPI and ZEKE
Spectra, Respectivelyab Initio and Experimental
Frequencies in the 3 State Are Also Shown for Comparison

So

S Do
mode expfl cale exptl exptl
Non-Totally Symmetric Modes

42 225 211 158 193

41 256 243 183 233

40 403 340 257

39 426 433 279 385

38 586 580 316 5059

37 607 612 368 529

36 722 744 493 530

35 748 767 6490

34 780 792 755

33 853 878

Totally Symmetric Modes

29 398 396 380 391

28 543 539 480 518

27 608 608 539 587

26 763 754 717 748

25 873 868 807

a Experimental values in the; State (ref 5)° Tentative assignment,
not supported by any ZEKE photoelectron measurements via this
particular S intermediate level¢ Calculated values scaled down by a
factor of 0.92.9 Derived from the assignment of the combination bands
(ref 19).
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Figure 4. Plots of the observed vibrational frequencies against the
calculated ones in theyState of indole. Filled circles represent the
assignments of Collier (ref 6). Empty diamonds show the assignments
of Takeuchi and Harada (ref 5). The inset shows the vibration of the
40 mode.

bending potential may be responsible for the deviation from
the calculated value.

3.3. ZEKE Photoelectron Spectrum of Indole-Ar. The
(1 + 1') ZEKE spectrum of the indoteAr vdW complex
obtained via the Sorigin is presented in Figure 5. The adiabatic
ionization energy of indote Ar has been found to bg = 62 504
+ 6 cmrl. The decrease i, upon the complex formation
amounts to be 88 cd. The S energies and thk, values are
summarized in Table 4.

The decrease il upon complex formation for the benzene
Ar vdW complex is reported to be 172 ciy*? whereas those
for naphthalene Ar3¢ and anthraceneAr3® are significantly
smaller, namely, 85 and 65 cth respectively. In the vdwW
complexes of substituted benzenes with*A#¢ an electron-
accepting group strongly stabilizes the cation complexes,

the plots of the experimental values against the calculated oneswhereas an electron-donating group brings about a destabiliza-
for both the vibrational assignments. The 40 mode deviates tion relative to the unsubstituted aromatics. The decreake in

from the fit. A closer inspection of this mode reveals a large
amplitude of the N-H bending. The anharmonicity of the

for the aniline-Ar complex amounts to 111 crh** Therefore,
the |, decrease of 88 cm found for indole-Ar in the present
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The two-color REMP+ZEKE photoelectron spectroscopy
has proved to be an efficient tool for providing accurate adiabatic
ionization energies of jet-cooled molecules and vdW complexes
as well as for elucidating their cation low-frequency vibrational

Electron Signal, a.u.

-20 0 20 40 60 80
fon Internal Energy, cm-!

Figure 5. Two-color (1+1') ZEKE photoelectron spectrum of the
indole—Ar vdW complex, obtained via the; ®rigin.

TABLE 4: Summary of the S; Origins (S; 0°) and the
Adiabatic lonization Energies (1) for Indole and Its vdW
Complex with Ar (in cm ~1); Shifts in the Energies upon the
Complex Formation Are Also Shown

S 0(cm?l) AS(m™)  la(cm™)  Ala(cm?)
indole 35235 62 592
indole—Ar 35208 —-27 62 504 —88

. .9
work agrees with the trend found for the condensed aromatic
hydrocarbons as well as for the electron donor/accepting

character of the heteroatom.
The ZEKE spectrum of indoteAr (Figure 5) exhibits a 13

modes including vdW vibrations.
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