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Rotationally resolved laser induced fluorescence excitation spectra 8f(tHs,) — S, origin bands

of indole, indazole, and benzimidazole have been measured. From these spectra, the rotational
constants in both electronic states have been determined. The spectra of all three molecules exhibit
“anomalous” rotational line intensities. These intensity perturbations are a result of the
reorientation, upon electronic excitation, of the inertial axes of the molecule. Intensity analysis of
the rotational lines yielded information about the inertial axis reorientation, and the direction of the
transition moment vector for each molecule. 195 American Institute of Physics.

I. INTRODUCTION tive to the environment of the molecule, many studies have
Th . : . . .been performed on jet-cooled complexes of indole and in-
e electronic spectra of indole, indazole, and benzimi- L . i
dazole(Fig. 1) are of similar nature. In solution, these mol- dole derllvatlves \i\"th polar and nonpo_la_r solyent molec €S
ecules have two absorption bands in the near UV, which can The L, and’L,, states can be distinguished by the di-

be assigned as* — 7 singlet—singlet transitionsThe two re(I:t|?n of thel eI.ectrfo?lm transition morrt\etr_lt vec(gTM).. Int
excited states are labeled By, and'L, following the sug- ~SO'Utlon, analysis ot fiuorescence excitation and anisotropy
gestion of Plat? spectra can provide the relative direction between the

Indole has been studied extensively. In solution, botrNd 'L, transition moment vectors, but not the absolute di-

transitions have different properties. First, fiig absorption ~ €ction in the molecular fram€.In the gas phase, the rota-
band shows vibronic structure with a stronf) tansition tionally resolved excitation spectrum can provide the abso-

while the'L , absorption band appears to be broad and strudute valug of -the angle betvyeen the transi.tion moment vector
tureless. Furthermore, tH, band is very sensitive to the and the inertial axes. Mani and Lombdftiperformed a ro-
polarity of the solvent, while there is only a little dependencetational band contour analysis on the room temperature gas
on solvent polarity for théL, band® In the gas phase, the Phase spectrum of the origin of tH,—S, transition of
1L, state is lower in energy than tHe, state® Interaction ~Indole. They determined the anglebetween ther-axis and
between indole and polar solvents can bring the state  the transition moment vector to be 20°. Philips and Lévy
below thelL, state’ The origin band of théL,, state is the ~Measured the same transition by using the laser induced fluo-
strongest feature in the vibronically resolved spectrum of jetféscenceLIF) technique in a supersonic molecular jet. They
cooled indole**® Barstis et al® gave an assignment of all resolved the rotational structure with an experimental reso-
spectral features in the excitation spectrum of indole uptdution of 180 MHz. Analysis of their spectra yielded an angle
1000 cni'® above thelLb origin. They concluded that there ¢ of 45°, and the rotational constants in the ground and the
is no significant band in the indole spectrum in this intervalelectronically excited state. After the LIF study of Philips
which can be assigned as belonging to a system other thand Levy, the microwave spectra of indté’ and its N-D
the L, S, transition. Recently, the group of Cafliocated  isotopomet” have been reported.
the 1L, vibronic origin in vapor phase indole to be about Indazole and benzimidazole are less thoroughly studied
1400 cm ! above the'L,, origin by using polarized fluores- in the gas-phase. For indazole, the vibrationally resolved
cence excitation and dispersed fluorescence techniques @as-phase infrared spectrdfnand the electronic spectrd
indole in solid Ar at 20 K. Since thd_, state is very sensi- have been reported. Precise ground state rotational constants
of indazole and its N-D isotopomer have been obtained from
microwave spectra reported by Velinet al?® The same
group performed a rotational band contour analysis on the

\ \ N\ origin band of theS; — S, transition of indazolé All afore-

/N > mentioned measurements were performed in a heated cell.
N N The vibrationally resolved spectrum of tBg— S, transition
H H

N
H of benzimidazole has been recorded in a heatedaiid in
INDOLE INDAZOLE BENZIMIDAZOLE supersonic jet>?* Caneet al. reported the microwave spec-
tra of benzimidazole and its N-D isotoponférand they
FIG. 1. The molecular structures of indole, indazole, and benzimidazole. performed a band contour analysis of the electronic oAgin.
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Indazole might exist in two tautomeric forms; 1H- obtain better geometrical and electronic structures oflthe
indazole and 2H-indazole. Catala al?’ concluded from and’L, excited states of these molecules.
spectroscopic and thermodynamic experiments that in the
gas-phase, 1H-indazole is the most stable tautomer, both i) THEORY
the ground and excited states. Their conclusion is in agree-
ment with the microwave results, which confirmed the 1H
position via isotopic substitutioff. Recently, we have re-
ported the rotationally resolved fluorescence excitation spe
trum of the @ band of the S;—S, transition of
2H-benzotriazolé® The microwave spectra of benzotriazole,
recorded in a heated c&lland in a jet have been attributed
to the 1H-tautomer. Although 2H-benzotriazole is found to
be more stable than 1H-benzotriazdté? the microwave
spectrum of 2H-benzotriazole could not be measd?euob-

Electronic-rotational transitions in a molecule are in-
duced by interactions of the space-fixed radiation field with
ct_he rotating electronic transition moment in tketating
molecule. Usually, the origin of the molecule-fixed coordi-
nate system is chosen to be at the center of mass of the
molecule, and the axes of this frame are chosen to be coin-
cident with the principal axes of inertia of the molecule. The
Euler anglesy, ¢, and x specify the orientation of the rotat-
ing molecule-fixed coordinate system with respect to the
. ) ) space-fixed system. The rotational energy levels of the mol-
ably because its permanent dipole moment 'S too sthall. ecules studied in this chapter, can be calculated with an

As a result of Fhe low symrpetry of indole, lndr?\zole, ar.]dasymmetric rigid rotor Hamiltonian. If the molecule-fixed
benzimidazole, c_hfferent equilibrium molecul_e-flxed axIS frame in the ground and excited electronic state are identical,
systems can exist for ground and electronically excneqhe rotational eigenfunctions of the Hamiltonian in both

states. In other words, due to a geometry change in the Mok o5 can be expressed as a linear combination of the same
ecule upon excitation the inertial axes are reoriented. Th'%ymmetric top basis function]K)

effect is called axis reorientation, axis switching, axis tilting,

or the rotational Duschmsky effect. A>.<|s reo.rlentatlon.h?s no 3"KIKE) = S Cl | IK), 1)
effect on the frequencies of the rotational lines, but it “per- K

turbs” its intensities. A first fundamental treatment of axis

reorientation has been presented in the pioneering work of |J'K$Ké>=2 ¢ 3'K). 2
Hougen and Watsott. They explained with this effect the K

“anomalous’ rotational line intensities observed in the spec-The intensity of a single rotational line in the fluorescence

trum of the A *A,—X 12; transition of acetylene. Later, excitation spectrum is given by
axis reorientation in this linear to bent transition of acetylene _ .
has been investigated in more def4iSimilar effects have 1 =109n(23"+ 1) Agrcricrar !
been observed in hydrogencyanitieSmalley et al*® have -

) . xexp[—E(J", K", K /KT
observed 90° axis reorientati@gaxis switching in the exci- exp[—E(J" Ky, Ke) KTral, )
tation spectrum of jet-cooled-tetrazine, and they derived where |, is a constantg, is the nuclear spin statistical
optical selection rules for this special case. This full-angleweight, andAngKgyKéKé is the line strength factor. This
axis switching effect was also found for other near-oblatefactor is proportional to the square of the electronic transition
symmetric top molecules, like for example pyrimidiﬁe. moment matrix element
Held et al® observed an axis reorientation of 2.4° in the o V2
rotationally resolved spectrum of thg Band of theS;— S, Az < (3" KaKe  wel 3 KK, (4)

transition of 2-pyridone. Furthermore, they formulated a conyyhere 4. is the electronic transition moment vector compo-
venient method to calculate the “anomalous” rotational linenent along the space-fixed axi=X,Y,Z, which can be

intensities. The relation betWeen the a.XiS I‘eorientation eﬁe(:éxpressed in Components a|0ng the mo'ecu|e_ﬁxed ﬂées

and the vibrational Dushinsky effect has been elucidated in

the theoretical works of gkart® and Chigirev*° we=" cos(Fg)uy g=ab,c 5)
In this paper, we present the rotationally resolved fluo- g g T

resgence excitation spectra of the origin bands of th§yhere coskg) are the direction cosines. Since the rotational
S,("Lp) =S, transitions of indole, indazole, and benzimida- gjgenfunctions of the ground and excited electronic states are
zole. The spectra have been recorded at a Doppler limitedypressed in the same basis set, the line strength ftpr
resolution of about 15 MHz using a narrow band UV laser(4)] can be evaluated.

system in combination with a molecular beam apparatus. The ground and excited state rotational eigenfunctions
Frequency analysis of the spectra provide accurate values f@hd the direction cosines operators can be classified accord-
the rotational constants. All spectra show “anomalous” rota-ing to their symmetry under the Four-gro(giihedral group
tional line intensities, which are an effect of axis reorienta-Dz)_41 It can then be shown that the sum in E§) contrib-

tion upon electronic excitation. The overall shapes of theutes to the line strength factor with only one term, and each
spectra have been fit to a model, which includes the axigransition can be labeled uniquely asb, or ¢ type*
reorientation effect, to obtain accurate values for the direc- The geometry of a molecule usually changes upon elec-
tion of the transition moment vector and the axis reorientaironic excitation. Above, it was assumed that the molecule-
tion angle. Our results may be useful for testialy initio  fixed frames in both electronic states are identical. This re-
calculations and for improving semiempirical calculations toquires that the geometry change in the molecule should be
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agonalizing the transformed excited state Hamiltonian gives
b ™ the same rotational energy eigenvalues as the “unswitched”
\ Hamiltonian, but the eigenfunctions are now defined on the
: o same basis set as the ground state eigenfunctions.

In indole, indazole, and benzimidazole, the reorienta-
tions of the principal axes are also in the plane of the mol-
ecule. This means that in both electronic statesdfaxes
coincide. The relative orientation between both sets of prin-
\ cipal axes is then described with one parameter; the aigle
' that rotates the-axis of the ground state into tteaxis of
' the excited statéFig. 2). The components of the rotational

angular momentum operator in the excited state in the prin-
FIG. 2. Schematic of the indole geometry and its principal axis systemCipal axis system of that Staﬂ% can be expressed in the

(left). Definition of the axis reorientation anglg and the direction of the  components in the principal axis system of the ground state
transition momentTM) vector 6. The angles measured in the counterclock- J by a simple %3 rotation matrix
wise sense are taken to be positig€.andb” are the principal axes in the g ’
ground statea’ andb’ are the principal axes in the excited state. €raxes
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are perpendicular to the molecular plane. Ja cosfr sin by 0 Ja
Jy|=| —singr coshr O] Jp]. (7)
Je 0 o 1/ \J

such that the principal axes do not change their orientation. If

a molecule has “high” symmetrye.g., naphthalene or 2H- The Hamiltonian of the excited state expressed in the
benzotriazolgthis will indeed be the casesee Refs. 33, 39, molecule-fixed frame of the ground state is then given by
and 40 for a discussion of the relation between the symmetry
of a molecule and the axis reorientation effedtor mol- H'=(A" cos?6:+B’ sin?¢7)J;
ecules with “low” symmetry, electronic excitation caibut . 2 a2
does not have jochange the geometry in a way that the (A" sin 267+ B’ coShr)I5+C' g
principal axes are reoriented with respect to the space fixed + (A’ —B')sindr cof(JIady+Jadp). (8)
frame. Therefore, two rotating molecule-fixed coordinate
systems are required to describe the rotational motion of th&he term containing the cross products of the angular mo-
molecule if electronic excitation takes place. The relativementum components generates new off-diagonal matrix ele-
orientation in space of both molecule-fixed systems remaingents in the excited state Hamiltonian.
constant and is solely defined by the geometry change. The excited state Hamiltonian has no longer the Four-
The rotational energy levels in both electronic states ca@roup symmetry of the ground state due to the angular mo-
still be calculated using the asymmetric rotor Hamiltonianmentum cross terms. This means that the sum in (&p.
for each state in its principal axis system. However, the recontributes with more than one term to the line strength fac-
Su|ting rotational eigenfunctions for both states are now exlor. Therefore the rotational lines cannot be labeled uniquely
pressed on different Symme[ric top basis SW)” and asa, b, or c type. However, we still will use this labeling,
|JK)' (both sets are defined in their own molecule-fixed co-which gives then the dominant character of a particular line.
ordinate system In order to calculate the line strength factor For indole, indazole, and benzimidazole, the transition mo-
[Eq. (4)] both eigenfunctions should be expressed in theénent vector is in the plane of the molecule, therefore the line
same basis set. strength factor becomes
In their original description of the axis reorientation ef-
fect, Hougen and WatsoHi,defined a transformation matrix

!//ff,’,)((ﬁT,qST ,x1) to transform the rotational basis set of the +[(I"K2K"|cos (Fb) wp| I’ KLK L) |2
excited state to that of the ground stdt&K)”,

AJ”K;KgJ’ KoK [(J"K;K¢|cos(Fa)ua|d’ KéKé>|2

+2(J"KiKE|cos(Fa) ua I KLKL)
"'’ \ — /,,,J’) TKr\"”
|J KaKc>_; CJ’K%; {f(K,K(aT,(ZST,XT)L] K > . (6) X<J”KZ‘K,C,|COS(Fb),U/b|JIKéKé) (9)

Now, both the ground and the electronic excited state rotaWithout axis reorientation, only the firsdr second term
tional eigenfunctions are expressed in the same basis, anebuld be nonzerdgiving, respectively, aa or b type tran-
thus, the line strength factor can be evaluated. sition). For axis reorientation in thab-plane, the symmetry

Held et al2® have observed anomalous intensities in theis reduced fromD, to C,(c), the cyclic group containing a
fully resolved S, S, electronic spectrum of 2-pyridone. rotation of = around thec-axis. The lowered symmetry of
These effects have been attributed to axis reorientation in théle Hamiltoniafi? leads to less stringent rotational selection
plane of the molecule. They used a more convenient methodiles. The selection rules for the transition moment compo-
to calculate the line strengths. Instead of transforming theents along thea and b-axis are now identicalK;— K
excited state eigenfunctions into the coordinate system of the e—o0. The K, parity is no longer distinguishedf. There-
ground state, they first expressed the excited state Hamifore, both components contribute to the same rotational tran-
tonian in the principal axis system of the ground state. Di-sition.
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FIG. 3. High resolution LIF spectrum of the origin of tBg— S, transition FIG. 5. High resolution LIF spectrum of the origin of tBg— S, transition
of indole. The absolute frequency of the origi@.0 on the scale of the of benzimidazole. The absolute frequency of the ori@if® on the scale of
figure) is at 35 231.426:0.006 cm'*. the figurg is at 36 021.336:0.006 cm .

What is the effect of axis reorientation on the intensities  (jv/ radiation with a bandwidth of 3 MHz was generated
of for example indazole? In this molecule, the electronicby intracavity frequency doubling in a single frequency ring
transition moment vector makes an angle of 62° with thedye laser operating on Rh110. By ugia 2 mmthick Brew-
a-axis, and the reorientation angle is only 1°. Without axiSgier cut BBO crystal, 0.1-0.3 mW of tunable radiation was
reorientation, the spectrum exhibisb-type hybrid band  gptained. For relative frequency calibration a temperature
character. Turning the axis reorientation on, cer@itype  stabilized Fabry—Perot interferometer was used with a free
lines lose(or gain intensity and certaib-type lines gair(or  spectral range of 75 MHz. For absolute frequency calibra-
lose intensity in a way that the total line strength and inten-tjon the iodine absorption spectréthwas recorded simulta-
sity from a given initial state is conserved. For a more ex-negysly. The total undispersed fluorescence was imaged on a

Hougen and Watsdfiand Held, Champagne, and Prétt.  faced with a computer.

M. EXPERIMENT IV. RESULTS AND INTERPRETATION

Rotationally resolved fluorescence excitation spectra ok Frequency analysis
indole, indazole, and benzimidazole were obtained using a“
narrow bandwidth UV laser system and a molecular beam The high resolution fluorescence excitation spectra of
apparatus. Indol¢Janssen Chimica, 99%indazole(Fluka, the origin bands of thé&,«— S, transitions of indole, inda-
99%), and benzimidazolgJanssen Chimica, 98%awere  zole, and benzimidazole are shown in Figs. 3, 4, and 5, re-
heated to~50 °C, 100 °C, and 175 °C, respectively, seededspectively. Each observed spectrum is at-hybrid band.
in 0.5 bar argon, and expanded through a nozzle with a diNo c-type character was found. Each spectrum consists of
ameter of 0.15 mm. The nozzle was kept at a slightly highembout 2000 lines, and spans approximately 5 trithe ab-
temperature to prevent condensation of the sample in thgolute frequencies of the origins are given in Table I.
orifice. The molecular beam was skimmed twice in a differ-  As a starting point for the rotational assignment, each
ential pumping system and was crossed perpendicularly withpectrum was simulated using a rigid asymmetric rotor
a UV laser beam at about 30 cm from the nozzle. Hamiltonian and rotational constants reported in other stud-
ies. The rotational ground state constants were taken from
microwave experimentgindole!’ indazole?® benzimida-
zole®). The excited state constants and the hybrid characters
were taken from rotational band contour studies in a super-
sonic jet (indole'), or in the vapor phasdindazole?
benzimidazol). Unique assignments could be made by
comparing the simulations with the experimental spectra. All
lines could be fitted within the experimental error. The ob-
tained ground state constants overlap within their errors with
1 the microwave constants. Since the latter constants are two
1 | ‘ orders of magnitude more accurate than our constants, the
Tl QA L UV data have been fitted again with the ground state con-

50 -0 20 o 20 stants kept fixed to the microwave values. This method gives

Frequency (GHz) .
more accurate excited state constants. The results are shown

FIG. 4. High resolution LIF spectrum of the origin of tig— S, transition n Table. l .“Sted are th.e rotatlonal constants in aﬁState
of indazole. The absolute frequency of the origiO on the scale of the ~and their differences with those in ti8 state. Furthermore,
figure) is at 34 471.6910.006 cnTt. the asymmetry parameters and the inertial defects in both

Intensity
1
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TABLE I. Molecular constants of indole, indazole, and benzimidazole in the ground(dtaible prime and
the excited state(single prime. A, B, and C are the rotational constantd| is the inertial defect
(Al=1.~1,—1,). « is the asymmetry parameter, is the absolute frequency of the origidi.is the angle
between the inertigh-axis and the electronic transition moment vectyris the axis reorientation angle. The
signs of @ and é; signs are coupled; the upper signs or the lower signs.

Molecular constants

Indolé? Indazol& Benzimidazolé

A" 3877.8286) 3977.9276) 3929.7207) MHz

B” 1 636.0471) 1633.2721) 1679.2593) MHz

c” 1150.899 ) 1158.1411) 1176.7471) MHz
A —A" —134.7516) —102.22011) —155.6877) MHz
B'—B" —17.91814) —29.23518) —15.2945) MHz
c'-c" —20.731) —23.246) —21.4378) MHz

Al” -0.111 37) —0.102 38) —0.086 G11) amu &

Al 0.1688) —0.15826) —0.188 96) amu &

K’ —0.644 180 816) —0.663 002 115) —0.634 931 832)

' —0.626 50015) —0.657 66723 —0.611 52410)

Vo 35 231.4206) 34 471.6916) 36 021.3360) cm !

0 +38.32)° +62.27)° —22.08)°

6r +0.509)° +1.0311)° +0.7210)°

&Ground state constants obtained from microwave experim&es 17).
bGround state constants obtained from microwave experim&es 20.
‘Ground state constants obtained from microwave experim&es 25.

states are given. Clearly, all three molecules are planar asyngonstants of these molecules, which result in many overlap-
metric tops in both state@nertial defects are small and  ping rotational lines. However, the information needed is still
~—0.6). The excited state constants obtained from Table present in every rotational transition, i.e., in the entire spec-
are in agreement with the reported constants obtained froftum. Therefore, we decided to perform a least-squares fit of
rotational band contour analysi?*“*but are more accurate the intensity contour of the total spectrum. This contour is

since they have been obtained from well resolved rotationgyetermined not only by and ¢;, but also by the rotational

spectra. temperature and the linewidth of each transition.

The rotational contours were calculated using the rota-
tional constants from Table |, and variable parameters for the
The direction of the electronic transition moment vectorrotational temperature, the hybrid charadté, the reorien-
is determined by the hybrid character of the spectrum. For allation angle(ér), and the linewidth. These parameters were

three molecules, this vector is in the plane of the moleculevaried in a least-squares fitting program. Tifevalue to be
since noc-type lines have been observed.diis the angle minimized was calculated as the sum of the squared differ-
between the electronic transition moment vector and thences between the intensities of the simulated and experi-
a-axis, |” is the experimental intensity of a particulatype  mental spectra. The maximum number of points on the fre-
line, and1?® is the experimental intensity of aa-type line  quency scale was 20 000. If the spectrum contained more
originating from the same rotational ground state level, theygints, the number of points was reduced after first smooth-
angle ¢ can be calculated from ing the spectrum. Besides the fitted parameters, the residual
) 1° A, spectrum(the difference between the experimental and cal-
tan o=z A’ (10 culated spectjawas obtained.
The full width at half maximumFWHM) of single ro-
tational lines can be directly obtained from the spectra. The

Nt . - . . results are 2@1) MHz for indole, 3%52) MHz for indazole,
careful examination of the intensities of rotational lines. To L
L . and 211) MHz for benzimidazole. These values are larger
eliminate rotational temperature effects, at least two fully

resolved lines have to be found which originate from thethan the instrumental linewidth, which amounts about 15

same ground state level, but have different character. Sind4HZ (mainly a result of residual Doppler broadeninghis

the effect of axis reorientation is a “transfer of intensities” INStrumental line profile can be best approximated with a
betweena- and b-type lines, at least three fully resolved Gaussian profilé® Since it is expected that the rotational
lines are needed to determine battand the reorientation lines are homogeneously broadened due to a finite lifetime in
angled; . If the molecule is “small” and the rotational lines the excited state, we used a Voigt profile to describe the line
are narrow, it is possible to locate such a set of lines, anghape of every rotational transition. The parameters to be
both angles can be determined. However, for indole, indavaried were the Lorentzian linewidthy, , and the Gaussian
zole, and benzimidazole such a set of lines is difficult to findlinewidth Avg .

or even does not exist. This is due to the small rotational The results of the contour fitting of several spectra of

B. Intensity analysis

whereA, andA, are the line strength factors.
Without axis reorientationg can be determined by a

J. Chem. Phys., Vol. 103, No. 22, 8 December 1995
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TABLE II. Results of the intensity analysis of indole, indazole, and benzimidazole. The first column, marked with #, gives the number of the spectrum which
has been analyzed. The second colutktodel) gives the number of the models which have been used to analyze the spectra. The 4 models with their
parameters are described Table Ill. See the text for further details.

g br T1.T;s T2, Tk Ay Avg X
# Model deg deg K K w MHz MHz a.u.
Indole
1 1 38.62 0.58 2.62 8.1 19.0 440
1 2 38.46 0.58 1.60 5.51 0.192 10.1 17.6 182
1 3 38.48 0.53 2.60 2.63 8.1 19.0 440
1 4 38.34 1.61 5.62 0.184 10.0 17.7 213
> 1 38.56 0.37 2.49 9.3 18.2 188
2 2 38.30 0.43 1.49 4.83 0.243 10.8 17.0 104
2 3 38.66 0.39 2.45 2.70 9.5 18.1 185
2 4 37.88 1.49 4.80 0.245 10.8 17.0 112
3 1 38.34 0.54 2.61 9.2 18.2 308
3 2 38.22 0.58 1.84 6.39 0.134 10.6 17.1 202
3 3 38.42 0.58 2.56 2.78 9.3 18.1 305
3 4 37.58 1.85 6.54 0.128 10.7 17.0 224
4 1 38.40 0.44 2.47 9.3 17.4 632
4 2 38.18 0.42 1.72 5.63 0.159 10.4 16.6 340
4 3 38.46 0.46 2.43 2.64 9.4 17.3 606
4 4 37.68 1.68 5.40 0.179 10.4 16.6 371
Indazole
1 1 62.57 1.06 3.90 24.3 20.0 101
1 2 62.39 1.14 2.76 8.55 0.165 255 18.7 64
1 3 62.57 1.07 3.90 3.91 24.3 20.0 101
1 4 63.31 2.62 7.40 0.235 24.7 195 83
2 1 63.06 0.92 3.89 25.5 18.6 111
2 2 62.79 1.02 2.59 8.03 0.199 26.8 17.2 54
2 3 63.07 0.91 3.86 3.88 25.5 18.6 111
2 4 63.57 2.65 8.07 0.191 26.3 17.7 72
3 1 62.15 0.99 3.32 26.7 19.0 122
3 2 61.98 1.03 1.98 6.28 0.376 26.7 18.9 97
3 3 62.52 1.04 3.18 3.79 26.8 18.9 120
3 4 61.39 1.77 5.45 0.571 27.1 18.5 119
4 1 62.46 1.09 3.42 25.2 10.9 145
4 2 61.54 0.94 2.42 8.92 0.170 26.9 16.4 98
4 3 62.20 1.01 3.31 4.31 25.8 17.4 139
4 4 58.24 2.26 8.59 0.211 27.5 15.7 121
Benzimidazole
1 1 19.57 1.07 12.7 . 11.6 15.5 184
1 2 21.24 0.74 6.18 20.4 0.54 11.3 15.7 137
1 3 22.69 0.68 11.1 14.7 11.7 15.4 170
1 4 22.48 5.57 20.0 0.51 11.4 15.7 145
2 1 22.34 0.57 10.1 11.0 15.5 155
2 2 22.23 0.65 4.13 15.6 0.80 11.3 15.3 130
2 3 23.68 0.81 8.19 121 11.7 151 146
2 4 21.78 5.10 21.8 0.51 11.3 15.4 134
3 1 22.17 1.08 9.91 11.7 15.6 53
3 2 22.60 0.78 4.84 19.9 0.42 11.8 15.4 39
3 3 23.34 0.71 9.06 134 11.3 15.8 49
3 4 21.22 5.05 21.6 0.38 11.6 15.5 41

indole, indazole, and benzimidazole are given in Table ll.showed a rather poor agreement with the experimental data;
The meaning of the different simulation models is presentedhe lines originating from the lowest and highest rotational
in Table Ill. Model 1 assumes an exponential population dislevels in theS, were underestimated. This observation is not
tribution (Boltzmann distribution There are two possible surprising, since it is known that the rotational state distribu-
sets of(6,6;) values which fit each spectrum. For example,tion in the molecular beam is non-Boltzmann
for the first spectrum of indazoleg=+62.57° and ¢;  (nonequilibrium.*®

=+1.06°, as well as§=—62.57° andé;=—1.06°, describe Wu and Levy’ used a three-parameter two-temperature
the spectra equally well. The residual spectrum, howeverlistribution which is given by
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TABLE lll. The different models used for the intensity analysis of the spectra of indole, indazole, and ben-
zimidazole(Table Il). Most of the parameters are defined in the t&x. is the Lorentzian line widtfiFWHM),

Avyg is the Gaussian linewidttFWHM), BG is the background in the spectrum, and ISF is an intensity scaling
factor. See text for further details.

Model Short description Parameters
1 Boltzmann distribution 0 6r T, Ay, Ayg BG ISF
2 Two-temperature distributiofEq. (11)] 0 6 T, T, W Ay Ay BG ISF
3 Two-temperature distributiofEq. (12)] 0 (/2 T Ay  Aygs BG ISF
4 Model 2, no axis reorientation 0 T, T, W Ay Ayg BG ISF

Ny K (T, T, W) =e Bk KT Wem Bakk /KT, (12) near prolate symmetric tops which have largespacing
e compared withJ-spacing, leading tdf;<T,, because the
wheren, x «_is the population in level J,K,,K¢) of the  population transfer between neighbourikglevels is more
electronic and vibrational ground state, which has an energgestricted. Indole, indazole, and benzimidazole are very
Esk, .k, T1is the lower temperature anid, the higher one.  asymmetric molecules, leading to a different ground state
W is a weighting factor. This distribution can be consideredenergy level structure for which the distribution of Ed2)
to describe a mixture of two ensembles, one with temperadoes not hold. Theoretically, the results #and é¢; should
ture T, and the other with temperatui®. Introducing this not depend much on the choice of the temperature distribu-
distribution greatly improves the contour fitting as shown intion model, since the hybrid character and axis reorientation
Table Il (model 2. For all spectra the? value is lowered. are effective on all rotational levels. From Table Il, it is seen
Also the background intensity is decreas@at shown in that the results for a single spectrymodel 1, 2, and Bare
tablg, indicating that the fit describes the experimental specin reasonable agreement.
trum more entirely. It should be noted that the variation of = To check whether the results for the hybrid character and
the molecular beam conditioribacking pressure, tempera- the axis reorientation angle depend on the chosen line pro-
ture of samplgresults in different rotational temperatures for file, we have fit the spectra using a Gaussian line profile, and
different spectra of the same molecule. a Lorentzian profile. Although the use of these alternative
An alternative non-Boltzmann distribution is given by profiles describe the spectra worse than the \oigt profile
Nk k (Ty T =e Eaoo/kTs g~ Eace, EaodkTk (12) (highe_r)(_2 and worse n_asidual spectrsdhe values ot andeT_
ate are within their experimental error equal to those obtained
whereT; is the rotational temperature of tdemanifold, and  when using a Voigt profile. More generally, although the in-
Tk that of theK manifold. In this distribution, the rotational tensity shape of a spectrum is determined by the direction of
population is no longer a one-valued function of the totalthe transition moment vector, the axis reorientation effect,
energy[like the distribution in Eq(11)]. Rotational popula- the rotational population distribution, and the line profile of
tion analysis of jet-cooled glyoxal performed by Pebay Pey-the rotational lines, it is possible to extract accurate informa-
roula and JoéE clearly revealed that rotational cooling is tion about the transition moment and the axis reorientation,
more efficient forJ states with the sami€¢ value, than ford without knowing the actual state distribution and line profile.
states with differenK values, i.e.,T;<Ty. This two tem- The final values of¢ and é; presented in Table | were ob-
perature distribution was also used by Prtel*® for simu-  tained by averaging the results for model 2.
lation of the excitation spectrum of jet-cooled acetaldehyde. Since our intensity analysis of a particular spectrum is
The results for indole, indazole, and benzimidazole are givebased on the results of the frequency analysis of the same
in Table Il (model 3. spectrum, it is important to consider how small variations of
The first two-temperature distributiofEq. (11)] de- the fixed rotational constants influence the results of the con-
scribes the experimental spectrum better than the second orteur fitting (in particularé and é;). Therefore, we have fit the
since they? values for model 2 are always better than thosentensities of the second spectrum of indélable 1l) for
for model 3(Table Il). The values of the temperatur€sand  different sets of rotational constants. These rotational con-
Tk are very close to each other for all three molecules. Thistants were varied within their errors. In the worst case, the
indicates that the distribution given by E{.2) is close to a relative changes i and & were only 0.1% and 5%, respec-
Boltzmann distribution. Therefore, it is not surprising thattively.
the values off, 6;, the linewidths, ang?, of model 3 are In Fig. 6 portions of the® andR branches of indazole
almost identical to those of model 1. The question arises whyre shown to illustrate the effects of axis reorientation on the
the distribution of Eq(12) gives no improvement in describ- intensities of individual rotational lines. A simulation of both
ing the spectra compared with the simple Boltzmann distriportions obtained by using the valuesé#nd 6; of Table I,
bution, while it clearly describes the rotational distributionsis shown in the second row of Fig. 6. The transitions origi-
in glyoxal and acetaldehyde. This can be explained by th@ating from the ground stat€8,0,8 and(8,1,8 are labeled.
differences in rotational population formation during the Temperature effects on the intensities are for these lines un-
cooling process due to the qualitively different rotational en-important since both lines are nearly isoenergetic. The third
ergy level structure of these molecules. Both molecules areow of Fig. 6 shows a simulation obtained by fitting the
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The Gaussian contribution to the linewidth of benzimi-
dazole(model 2 is equal to the expected instrumental line-
width (~15.5 MH2. The lifetime, obtained from the Lorent-
zian contribution, is then estimated to be4 ns. The
Gaussian contribution for indole and indazdétespectively,
17.1 and 17.8 MHE are larger than expected. The lifetime

of indole is known to be 17:60.1 ns® This leads to a
s Lorentzian contribution of 9.0 MHz, which is slightly
smaller than the experimental value of 10.5 MHz. Although
speculative, the observed broadening of the rotational lines
of indole and indazole may be caused by unresolved hyper-
fine splitting. Hyperfine splitting has been observed in the
omirr microwave spectra of indol®and pyrazole®

67=0.0°

V. DISCUSSION

From the well resolved rotational spectra, accurate val-
ues for the directions of the transition moment vectors of
indole, indazole, and benzimidazole have been obtained. For
indole, the results of the present study can be compared with
results from earlier studies, which did not take axis reorien-

Pl — tation into account. Philips and Lef3measured the fluores-

S ey iy Freqeny ) cence excitation spectrum of indole in a supersonic jet at a
resolution of 180 MHz. Their best fit to the spectrum was
FIG. 6. Portions of thé® branch(left column andR branch(right column produced with equal mixtures @- andb-type spectra, re-
of indazole. Top row, experimental parts; horizontal scales are relative. Fousulting in a|6| of 45°+5°. This value is slightly higher than
transitions in each branch are labeldd. branch, &4 =(7,0,7—(8,1,8; our value, 38.3*0.2°. Mani and Lombareﬁl analyzed the
©=(7,0,9—(8,0,8; ¢=(7,1,7-—(8,1,8; &=(7,1,97(8,0,8. R branch, . .
A=(909—(818 0=(919—(818 V=(9.09(8.08 #=(919 absorptlﬂ"n spectrum at room tgmperature afc a _resolutlon of
~(8,0,8. Second row, simulations using the constants from Table I. Third0.05 cm =, Although they obtained a best fit with a 70%
row, results of the intensity fit of th® branch without axis reorientation a-type and 30%)—type transition(|0|:33°), they reported a
(6T=_O). Lgst row, results of the intensity fit of the branch without axis hybrid character of 80%.-type and 20°/d)-type (|0|:270),
reorientation. : .
since they thought that thb-type character was overesti-
mated as a result of neglecting}>80 (limited computer
memory. However, Philips and Levy have shown that this
intensities of theP branch lines, while neglecting axis reori- was not the case, and concluded that a value of 33° is the
entation (f=0). A hybrid angle of 67.2° describes tfe  better oné> Comparing thes values obtained from the fits
branch lines good, but the agreement with the experimentatith models 2, and 4Table 1), shows that approximately
lines in theR branch is very poofnow, the lines labeled with the same values are found. Therefore, intensity analysis of
A and & are pureb-type lines, while the lines labeled with the total spectrum, with or without taking axis reorientation
Q and ¢ are purea-type linesg. In a similar way, theR  into account, should give the same values foiHowever,
branch intensities can be fit. Now, an angle of 56.0° givesoth Philips and Levy? and Mani and Lombardt used only
good agreement in thie branch, but very poor agreement in part of the spectrum to determine the hybrid character. This
the P branch. It should be noted that the quadruplets in Figexplains the deviations in the values for the direction of the
6 are not fully resolved. transition moment vector of indole.

Figure 6 shows the effect of neglecting axis reorientation ~ From Eq.(10), it is seen that only the absolute value of
when fitting a small part of a spectrum. We have also fit thed can be determined, and not its sign. Therefore, two direc-
entire spectra of indole, indazole, and benzimidazole usingions for the transition moment vector are possibi&8.3°
the temperature model of E¢L1) andneglectingaxis reori- and —38.3°. In tryptamine, tha-axis is rotated away from
entation. The results are shown in Tabldriodel 4. Com-  the nitrogen atom in the indole chromophore. Philips and
parison of thef values show thaf is only slightly altered by Levy®! analyzed the rotational band contour of jet-cooled
introducing axis reorientation. Since axis reorientation alterdryptamine, and concluded that the transition moment vector
the intensities of rotational lines in a way that the total lineis located at 59° with respect to the ind@eaxis. Since the
strength and intensity from a given initial state is conservedsubstitution of the ethylamine group causes only a small per-
it is expected that both models should give exactly the samuurbation in the direction of the transition moment, they con-
value for 6. However, only about 80% of a spectrum hascluded that the plus sign should be taken for the arigbd
been fit at once. Therefore, intensity can “transfer” in or outindole>! Therefore, we conclude that=-+38.3°. The plus
of that part, causing small deviations in the valuedavhen  sign for indole is consistent with theoretical results of
comparing the fitting results with and without axis reorienta-Callis >3 The values ofg, calculated by different methods,
tion. are in the range of-32° to +76°. Because the axis reorien-

#=56.0° 8=56.0°
Or=0.0° or=0.0°
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tation angled; has the same sign #see Table)| it follows  TABLE IV. Experimental and calculated rotational constants and axis reori-
immediately thatd;=+0.50°. entation angleéé;) of indole. Calculated constants have been obtained from

For indazole, the results of the earlier study from Caneab initio geometriegRefs. 53, 56. See text for further details.

etal”™ are in disagreement with the results of present study. Rotational constants of indole in MHz
From the results of a computer simulation of the rotational .
band contour of the origin ban@neasured at a temperature Experiment 321G MP2/6-31Gand 3-21G
of ~55°C), they obtainedd==+42°. This value is much A 3877.8 3950.0 3871.4
lower than our valuep=+62.2°, and the question arises B 1636.0 1648.3 1636.2
why the values are so different. The main reason is that Cane € 1150.9 1163.0 1150.1

. . . : . -134.8 -142.3 -138.7
et al. did not take the axis reorientation effect into account. 179 ‘138 136
The hyprid charapter of .their spectrum was determined by Ac¢ —20.7 —19.4 ~191
comparing the intensities of two sharp, unstructured e +0.5° +0.62° +0.62°

features’! One of those features can be attributed to"Re
branchegAJ=+1, AK,=+1) of theb-type band. The other
feature contains bota-type andb-type transitions. We have

simulated both features twice with two different set¥¥@nd  {jona| constants of the excited state and the ground state are
6r values, namelyg=42° with 6;=0° and §=62.2° with  gimjjar to the differences in constants of indole and benzimi-
6r=1.0°. Both simulations give approximately the same in-qa50le, we conclude that the indazole in the excited state is
tensity ratios for the two features. Apparently, neglecting axi§p, the same form as in the ground state. These results are in
reorientation underestimates the valuedof agreement with those of Cataleet al.?’ who concluded

The same group analyzed the rotational band contour ofom spectroscopic and thermodynamical data that indazole
benzimidazolé® For the direction of the transition moment, eyists as the 1H-tautomer, both in the ground and excited

a value foré of +18° was found. Although axis reorientation gtate.
was not taken into account, this value is remarkable close to  New information about structural changes upon elec-
the value of present study,22.0°. Comparison of the band tronic excitation, is provided by the axis reorientation
contours of benZimidaZ(ﬂ@ and indazolél shows that the effect_55 Rotationa| ConstantS, obtained from a frequency
“pure b-type feature” in benzimidazole is less pronouncedanalysis of the rotational resolved fluorescence excitation
than in the indazole contour. Therefore, Catel. have de- spectrum, contain information about the geometry in both
termined the hybrid character of benzimidazole by examinstates. The ground state rotational constants can provide
ing the shape of théotal band contour. This method gives structural information with respect to the principal axis sys-
more or less the same result as an analysis with axis reorfem in the ground state, while the excited state constants can
entation(compare the results of models 2 and 4 in Table Il provide the excited state structure with respect to the princi-
The rotational constants, given in Table I, are directlypal axis system of the excited state. However, there is no
related to the geometrical structures in the ground state an@iformation in the rotational constants about how both prin-
the electronically excited state. All three molecules have &ipal axis systems are oriented with respect to each other.
highly constrained geometry. Therefore, our data give no surthis information, the axis reorientation angle can be ob-
prising conclusions. The molecules are mainly planar, inained from the intensities of the rotational lines. The axis
both states, since their inertial defects are sifial, close to  reorientation angles of indole, indazole, and benzimidazole
zerg. The equilibrium structure of a molecule is exactly pla- are small; respectively-0.50°, +1.0°, and+0.7° (however,
nar, if its inertial defect is exactly zero. However, zero-pointthe effect on the intensities, and therefore on the determina-
vibrational motion contributes to the inertial defect as well,tion of the direction of the transition moment, is quite lgtge
leading to a small negative value of the inertial defect, even  The sign of the axis reorientation ang® is related
if the equilibrium geometry of the molecule is exactly planar.directly to the sign of the angle between the transition mo-
Upon electronic excitation to thik,, state, the geometri- ment vector and tha-axis, 6 (see Table)l Therefore, if the
cal changes are similar in each molecule. The changes atfirection of the transition moment is known, for example by
small, and indicate a slight expansion of each moleculecomparingd of substituted and unsubstituted molecules, this
These small geometrical changes are consistent with the rexill give immediately the sign ofg; (and vice verspa For
sults of vibrational spectroscopy. The fluorescence excitatioindole the sign of is positive, and thereforé; is positive;
spectra show intensg @ransitions and short Franck—Condon +0.5°. Since the axis reorientation angles of indole, inda-
progressions. Only the “ring breathing” modég60 cm!  zole, and benzimidazole are rather small, it is difficult to
for the S, state of indol) form somewhat longer progres- determine which atomic displacements are responsible for
sions(up tov =3) in the excitation and fluorescence spectrathe rotation of the inertial axes.
of indole®* and benzimidazol& showing that the structural The rotational constants in the ground and in the elec-
changes are mainly along these modes. tronically excited states, and the axis reorientation angles
The rotational constants of indazole indicate that thepresented in this chapter, can be used for tessibgnitio
transition at 34 472 cm' takes place in the 1H-tautomer. calculations and for improving semiempirical calculations of
The ground state constants are identical to the constantsoth electronic states. As an example, the experimental con-
found by Velinoet al,?® who confirmed the 1H position via stants of indole are compared with the results framinitio
isotopic substitution. Since the differences between the rotazalculations of Slater and Calffd.Table IV shows the ex-
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perimental(first column and calculated rotational constants. these calculations can be improved to predict the properties
The rotational constants in the second column, have beeof the second excited state, tHe, state, more precisely.
calculated from the geometries obtained by using the 3-21G

basis set for the ground state and thg state(however, the
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