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S;«S, laser-induced fluorescence excitation spectrum (0—0 band at 34929 cm-!')
and dispersed fluorescence srectra following thé excitation into strong vibronic lines
of benzotriazole, cooled in a supersonic jet, have been obtained. The rotational con-
tours of different vibronic bands differ substantially. The crude structure of the
dispersed fluorescence spectra is determined by a long progression (up to v==6) of
11410 cm~! vibration in S, state (asymmetric stretching of the triazole part). It is
suppozed that different tautomers of benzotriazole correspond to S, and S, states.

1. Introduction

The use of supersonic molecular beams in preparing cold isolated gas-
phase samples for spectroscopic study is a well-known technique nowa-
days. To our knowledge, from class of benzoderivates of five-membered
heterocycles (BDFMH) only indole and its derivates have been investigat-
ed thoroughly with a jet-cooling method because indole is the chromophore
of amino-acid tryptophan. Information about indole, its derivates and
their complexes is derived from investigations of excitation- and dispersed
fluorescence spectra [!], rotationally resolved band contours [2?], torsional
structure in the spectra of methyl-substituted indoles [®] and time-resolved
fluorescence [*]. In addition, several nontraditional methods have been
developed: rotational coherence spectroscopy by time-resolved fluores-
cence detection, which has given precise rotational constants for some
tryptophan derivates [®] and two-photon fluorescence ecxitation by
linearly/circularly polarized light, which has enabled, for the first time,
to identify the bands belonging to 'L, state in the excitation spectrum of a
jet-cooled indole [€].

UV absorption spectra are analysed for vapours of BDFMH molecules
benzo(b)furan, indole, thianaphthene, indene [®], benzoxazole, ben-
zimidazole, benzothiazole [7] and 2,1,3-benzothiadiazole [®]. For benzo-
triazole the identified IR and Raman spectra are available [°]. UV
absorptsion, fluorescence, phosphorescence and polarization spectra of
indole, indazole, benzimidazole and benzotriazole solutions have been
presented in [!°]. The spectroscopic study of jet-cooled benzotriazole,
reported here, is aimed at obtaining information about the excited states
of this molecule.

In principle, there can exist two planar tautomers (IH and 2H) of
benzotriazole (Fig. 1) [!']. Unfortunately, no information about tautomers
in the gas phase is available. A crystallographic study of solid benzo-
triazole [!2] has revealed only 1H-tautomer. The probleme is analogous
in the case of 1,2,3-triazole molecule, where 2H-tautomers are the only
species observed in the gas phase, while in solution both tautomers can
be found ['?].
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The near UV singlet-singlet transitions of BDFMH are n*<x type
transitions to two excited electronic states. 'L, and 'L;, allowed with in-
plane transition dipole moment. For benzotriazole solution in cyclohexan
the absorption band origins for !L,, 'L, and !B, states are reported to be,
respectively, at 34 200, 38 300 and 48000 cm™! [1°]. These absorption bands
are smooth without clearly visible vibrational structure.
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Fig. 1. Tautomers of benzotriazole: 1H-tautomer with C, symmetry and 2H-tautomer with
C,, symmetry. s

2. Experimental

Benzotriazole, twice recrystallized from ethanol, was heated in a
nozzle chamber to 140 °C and seeded in 0.2 atm Ar gas, then the mixture
was expanded into a vacuum through a 0.2 mm orifice. The vacuum of
103 Torr was maintained with a 700 1/s booster pump NVBM-0.5 backed
by a 5 I/s rotary pump 2NVR-5D.

The fluorescence was excited with a frequency-doubled dye laser VL-18
(Rhodamine N and Rhodamine 6G dyes), pumped by ELI-73 excimer laser
(typical repetition rate 5Hz). A frequency-doubled unfocused dye laser
beam (FWHM 0.4 cm™!, pulse energy 25 uJ, pulse to pulse stability 25%)
crossed the jet at 5mm downstream. The fluorescence excitation spectrum
was obtained by measuring the total emission (with f/1 collection optics),
the dispersed fluorescence spectra were measured with one half of a
DFS-24 0.82 m double monochromator in the second grating order (with
/3.6 condensor). In both cases the signal was detected with a UV photo-
multiplier FEU-106, processed by a boxcar-integrator BCI-280 and
recorded with a chart-recorder.

- Although the resolution of VL-18 with an intracavity etalon was
0.1 cm™! (in UV), the poor pulse-to-pulse stability limited the effective
resolution of rotational band contours to 0.3 cm~!. The dye laser and the
monocromator were calibrated by using optogalvanic lines of iron/neon
hollow cathode lamp. The amount of the scattered light was about 5%
of the fluorescence intensity at excitation frequency when the strong bands
were excited, therefore no scattering cut-off filter was used.

3. Results and discussion

Fig. 2 shows the 8«8, fluorescence excitation spectrum (ES) of jet-
cooled benzotriazole. The bands of the spectrum are tabulated in Table 1.
The strongest 34929 cm~! band in ES is assigned to an S$;«-S, origin
(0—0 band). For comparision, dispersed fluorescence (DF) spectrum of
0—0 band is presented in Fig. 3. The band frequencies of the spectrum
relative to the laser frequency, the combination band assignments and the
corresponding IR and Raman frequencies, with mode descriptions taken
from [?], are summarized in Table 2.

All bands at the red side from 0—O0 band are attributed to hot bands
(started from some vibrationally excited ground state level), because
their intensity relative to 0—0 band decreases when Ar pressure is raised.
The increase of the relative intensity of hot bands is especially pronounced
in the excitation spectrum of the stagnation temperature vapour obtained
by attenuating the evacuation rate (ambient pressure 0.1 Torr).
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The 34365, 34 390, 34 808, 34 838, 34929, and 35409 cm~! bands have
hot sateilites shiited to the red by about 90 cm~!. If these satellites are
caused by 90 em~! ground-state vibration, then corresponding band must
appear in DF spectra. However, in the DF spectrum (Fig. 3) there is no
band red-shifted by 90 cm~! from the laser frequency — therefore, the
six bands mentioned do not have the same excited state as their satellites
have.

The 34929 (0—0), 35367 and 35409 cm~! bands have about 560 cm™!
red—shifted repetitions: 34 365, 34808 and 34847 cm~! hot bands, res-
pectively. This indicates that these hot bands start from 560 cm—' vibra-
tional level of S, state. Similar mode frequency appears in the Raman
(570 em~!) and IR (562 cm™!') spectra [?] However, in the DF spectrum
of 0—0 band there appears only one transition to 538 cm~! ground state
vibration, although in ES there exist two strong hot bands (34365 and
34390 cm-!) whose distances from 0—0 band are 564 and 539 cm™'.

The rapid intensity decrease in the ES above 36 100 cm™! (1170 cm™!
from the 0—O0 band), where only weak 36210 cm~! band appears, can be
attributed to the increase of the share of nonradiative processes: crossing
to a dissociative state, like in the case of indole derivates [*] or an inter-
system crossing to some triplet states or an internal conversion into So
state. In addition, we can speculate that similar to photoizomerization of
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Fig. 2. Fluorescence excitation spectrum of jet-cooled benzotriazole. Band intensities
are not normalized to the laser intensity.

Table 1

Vibronic band frequencies (cm—') and intensities in the fluorescence excitation spectrum.
Absolute accuracy +2 cm-!

34272 (vw) 34 847 (w) 35438 (s) 35783 (m)
34302 (vw) 34929 (vs) 35448 (s) 35822 (s)
34365 (w) 35167 (w) 35603 (w) 35 844 (s)
34390 (w) 35257 (m) 35648 (w) 35911 (m)
34721 (vw) 35266 (m) 35672 (w) 35970 (s)
34749 (vw) 35315 (w) 35701 (s) 36 024 (m)
34 808 (w) 33 367 (s) 35724 (vs) 36210 (w)
34838 (w) 35409 (vs) 35759 (m

215



stylbene ['*], if the excited state vibrational energy is comparable to the
height of the potential barrier between the minima corresponding to the
two tautomers (Fig. 1), a tautomerization occurs in S, state, which" in-
cludes new channels for nonradiative processes.

It still remains unclear, if the observed S, state is to be assigned
to 0L ot aly,
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Fig. 3. Dispersed fluorescence spectrum following the excitation into 0—0 band at
34929 cm-!. Resolution 0.23 nm (26 cm—!').

Table 2

Relative positions (in cm-!') and intensities of the bands in the dispersed fluorescence
spectrum of 0—0 (34929 cm—') band with the corresponding Raman and IR
frequencies and assignments for fundamentals from [9]

O—ngSand ) Assignment Raman Infrared
0 (10) — — —
538 (7.5) triazole ring torsion 540 (2.0) 533 (w)
635 (1.0) triazole ring bend 632 (3.7) 630 (sh)
818 (1.0) ok
m
956 (2.5) { = fsh‘;’)
triazole ring bend 982 (mw)
980 (1.0) {CH out-of-plane bend 992 (sh)
1077 (3) 2*538+1
NH in-plane bend 1098 (2.2) 1092 (m)
1132 ¥
1 127 8)5) } { . 1129 (2.4) 1122 (w) .
CH in-plane bend 1149 (1.0) 1 146 (m)
1234 (9) {triazole ring breath (vi NNN) 1211 «(27) 1210 (vs)
CH in-plane bend 1210 (vs)
1335 (2.5)
benzene ring stretch 1373 (5.3)
1388 (4B {triazo]e ring stretch 1387 (9.3) 1383 (m)
1410 (9) triazole ring stretch (va NNN) 1420 (m)
1453 (9) benzene ring stretch 1 458 (0.6) 1458 (m)
1517 (2.5) 5384956423
1552 (3) 5384-9904-24 0—0 band DFS Assignment
1630 (4) 53841077415
1685 (7) 53841132415
1702 (4) 53841 15747 2 480 (5.5) 141041077 —7
1776 (7) 5384123444 2533 (8) 141041132 —9
1870 (2) 53841335 —3 2560 (8) 141041157 —7
1939 (4.5) {538+1 382419 2590 (7) 141041 157423
j 53841410 —9 2645 (5.5) 141041 23441
1975 (7.5) 53841 453416 2689 (7.5) 141041 237442
2153 (3.5) ; 2770 (7) 141041 335425
2332 (5.5) 141041382 — 22
2388 (5) 1 4104956422 2813 (8) 2X1410—7
2421 (4) 1 4104990421 2856 (9.5) 141041453 —7
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The rotational contours of some prominent bands in ES are shown
in Fig. 4. The contours of 34929 (0—0), 35438 cm~! bands and 34 365,
34390 cm~! hot bands are quite similar, but the contours of other bands
differ drastically. Such difference is caused by the dependence of rota-
tional constants (molecule geometry) or the direction of the transition
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Fig. 4. Rotational contours of some vibronic bands. Resolution 0.3 cm-!'.
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Fig. 5. Dispersed fluorescence spectra from the excitation of 34929 (0—0), 35409 and
35724 cm—! bands. Resolution 1 nm (115 cm-!),
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dipole moment on the vibronic band excited. Both effects can be explained
with Hertzberg-Teller vibronic coupling to some upper state(s) allowed
by transition(s) with different dipole moment direction. However, the
geometrical configuration can be affected also by a strongly unharmonic
vibration. The unharmonic potential may be connected with tautomeri-
zation in §; state.
~In Fig. 5, low-resolution DF spectra followed by excitation into 34 929
(0—0), 35409 and 35724 cm~! bands are presented. The first strong
band in the red side of these spectra represents resonance fluorescence
at the excitation frequency. All DF spectra have the extent about 90 nm
with the maximum intensity in the centrum. The consistence of the higher-
resolution DF spectra of clearly resolved sharp bands whose intensity
depends on the band excited, shows that the fluorescence comes from
the initially excited state rather than from other vibronic states (bath)
populated by the intramolecular vibrational redistribution (IVR). The
features of the low-resolution DF spectra are really formed by several
vibronic bands (cf., e. g. the bands between 295 and 305 nm in the 0—0
band DF spectra in Figs. 3 and 5). However, in the 35724 cm~! DF
spectrum manifestations of IVR emerge: an increased background fluores-
cenceé and a reduced fluorescence intensity at the excitation wavelength.
By our interpretation the crude structure of the observed DF spectra
is formed by a long progression of the 1410 cm~!' triazole asymmetric
stretching vibration. The frequency of this mode is determined by using
956, 990 and 1077 ¢m~! bands and their 1410 cm~! red-shifted repetions
in 34929 cm~! band DF spectrum (see Table 2). The intensity distribution
in the crude structure of DF spectra is determined by the Franck-Condon
factors of 0—v transitions (up to v=6) of this mode. In case of harmonic
upper and ground state potentials with nearly equal vibrational frequ-
encies the Franck-Condon factors for 0—uv transitions are proportional
to xv/v!, where x is a parameter characterizing the distance between
the potentials minima along normal coordinate of the vibration ['3].
Reasonable fit to experimental DF spectra is achieved with x=3,
which gives a potential minimum shift along the normal coordinate of

triazole asymmetric streching, y2x=24, in the units of the amplitude
of zero point vibrations of this mode. In order to explain such a large
shift we suppose that different tautomers (Fig. 1) correspond to the
potentials’ minima of the ground S, and the upper S, state.

Table 3

Relative frequencies (in cm-!) and intensities of the features in the low-rcsolution
dispersed fluorescence spectra of 35409 and 35724 cm—! bands and their correspondence
with frequences from 0—0 (34 929 cm-') band DF spectrum or Raman and IR
data from [?]

3334:3 IC)?;]; 3b5a312d4])cg15—1 :{)‘2?1%96{:"54 Raman I Infrared ’ Assignment
0 (10) 0 (10) 0 (10) —

410 (0.4) 408 (s) benzene ring bend
420 (3) 425 (s) benzene ring torsion
433 (0.4) 430 (sh) benzene ring bend
550 (1.5) 538 (7.5)

790 (3 772 (ms) CH out-of-plane bend
@) 783 (10) 780 (s)  benzene ring breath
)
980 (2) 990 (5.5) { e 8:8')
1210 (25) 1200 (4.8) {};gz fgf’)

1420 (6.5) 1420 (5.5) {iiég 23§
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The congestion of the bands, increasing to the red from the excitation
frequency in DF spectra is explained by the increase of the density of
Sy vibrational states with the growth of the vibrational energy. More
Fermi-resonances occur between the Franck-Condon allowed vibrations
and «dark» combination modes if the density of these modes increases.
The intensity redistribution to the combination modes due to the Fermi-
resonances makes these modes visible, thus causing a congested spectrum.

‘The intensity distribution in the DF spectra of 34929, 35409 and
35724 cm~! bands between 990, 1200 and 1420 cm~! regions towards
the red from the excitation frequency (Table 3) does not show a clear
one-to-one correspondence between the ground and excited state modes.
This is a result of mode mixing due to the Dushinsky effect or the Fermi
resonarnces.

The domination of all DF spectra by a progression of 1410 cm™! mode
indicates that mainly the triazole ring is affected in §;<«-S, transition.
However, the assignment of other strong bands in 0—0 band DF spectrum
to triazole ring modes is still uncertain as seen in Table 2. Moreover, the
frequencies of the S, state vibrations corresponding to the strong bands
in ES (480, 795 and 915 cm™!), resemble the frequencies of the prominent
vibrations of benzene derivates and other BDFMH molecules tabulated in
[7]. Hence, both benzene and triazole rings are affected on §;«S;
transition.

Vapour-phase absorption spectra of other BDFMH (benzo(b)furan,
indole, benzo (b)thiophene, benzoxazole, benzimidazole and benzothiazole)
show a very stong single S;«<S, origin and no long progressions [ 7].
For benzotriazole the progression of 1410 cm~! mode, which dominates in
DF spectra, does not appear in ES because of the termination of ES
above 1170 ecm~! from S;<S; origin due to nonradiative processes.
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Erko JALVISTE, Aleksei TRESTSALOV
JOAS JAHUTATUD BENSOTRIASOOLI SPEKTROSKOOPILINE UURIMINE

On registreeritud iilehelikiirusega joas jahutatud bensotriasooli molekulide laser-
indutseeritud fluorestsentsi S;<-S, iilemineku ergastusspekter (0—0-joon sagedusel
34929 cm—') ja tugevate vibroonsete joonte ergastamisel saadud fluorestsentsispektrid.
Erinevate vibroonjoonte poodrlemiskontuuride kuju erineb oluliselt. Fluorestsentsispekt-
rite jdmeda struktuuri maidrab S, oleku 1410 cm—! vonkumise (triasooli osa asiimmeet-
rilise venituse) pikk progressioon (kuni v=6). Oletatakse, et Sp- ja S;-olekutele vasta-
vad bensotriasooli eri tautomeerid.

3pko SAJIBHCTE, Azekcei TPEI[AJIOB

CNEKTPOCKOINMYECKOE HMCCJENLOBAHHE OXJIA)XJAEHHOTO B CTPYE
BEH30TPUA30JIA

HaMepenbl crnekTp BO36YXKJeHHs Ja3epHO-HHAYUHPOBAHHON (JayopecueHunn S;<«Sy-me-
pexoaa (0—O-nuuusi Ha wacrore 34 929 cM~!) M cnmekTp (JyopecueHUHH NPH BO36YKIAEHHH
B HMHTEHCHBHBIe BHOPOHHBIE JIHHHH OXJIaXX/JEHHBIX B CBEPX3BYKOBO#l CTpye MOJeKyJ GeH30-
tTpHazosa. Popma BpaulaTeJbHBHIX KOHTYPOB pPa3HbIX BHODOHHBIX JIHHHH CYIIeCTBEHHO pas-
auyaercs. I'py6yio CTPYKTYPY CHeKTPOB (JyOpecleHIHH Onpejelsier AJHHHAs MPOrpeccHs
(o v="6) kosebanusi 1410 cm—! B S, (acHMMeTpHyHOe pacTsi’KeHHe TPHA30JbHOH YaCTH).
Ilpeanonaraercsi, 4t0 Sp- H S;-COCTOAHHAM COOTBETCTBYIOT pa3Hble TayTOMephl GeH30TpHA-
30J1a.
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