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The rotationally resolved UV excitation spectra of the S,(1L,) < S origin bands of 3-methylindole and 5-
methylindole have been measured and analyzed. As aresult of an internal rotation of the methyl group, each
spectrum consists of rotationa lines of overlapping 0a; < Oa; and Oe < Oetorsiona transitions. Likeindole,
3-methylindole and 5-methylindol e undergo axis reorientation upon el ectronic excitation. The Hamiltonian used
todescribeall observed spectral featuresincludesapurerotational part, apuretorsional part, and termsdescribing
the interaction between the internal rotation and the overall rotation. It also accounts for the axis reorientation
effect. Vauesfor the barrier heights of the methyl torsion, the angle of the methyl top axiswith the inertial axes,
and therotational constants are obtained for both the S, and the S; state. From an analysis of theintensities of the
rotationa transitions, the direction of the transition moment and the axis reorientation angle are obtained. Due
to quantum interference effects in the 5-methylindole spectrum the sign of these angles could be determined.

I.INTRODUCTION

Indole, its derivatives and complexes have attracted significant attention because indole is a chromophore of the amino acid
tryptophan. In these molecules the 7 -conjugated electrons give rise to two close lying electronically excited states, labeled L,
and 'Ly. Excitationto thell , state causes asignificantly larger amount of charge transfer than does excitation tothe Ly, state.>?
Thislarger charge transfer is responsible for the much larger solvent and substitution shiftsfor 1L, < S transitionsin compar-
isonwith 1L, < S transitions.:3

Methyl substitution into different sites can provide a spectroscopic probe of the electronic structure of the parent molecule since
the methyl torsional barrier height is sensitive to the r electron density of the bonds adjacent to the methyl group.*® Following
this line of thought Bickel et al.” analyzed the torsional excitation and dispersed fluorescence spectra of the S — S, transitions
of seven monomethyl indoles. For 5-methylindole and 6-methylindole a long torsional progression was observed, which was
explained by aphase shift betweenthe S and S torsional potentials owing to the 60° rotation of the methyl group upon excitation.
No phase shift was found for the other methylindoles. For 2-methylindole and 3-methylindole (skatole) only the origin band was
observed due to the lack of Franck-Condon activity; it was not possible to determine the barrier heights. Later, Sammeth et al.®
presented a vibrational and rotational band contour analysis of 3-methylindole (3-MI) and 5-methylindole (5-M1) by using one-
and two-photon laser induced fluorescence spectroscopy. For 3-Ml it was possible to assign two of theweak bands near the origin
to the transitions terminating in the 2a; and 2e torsional levels of S;.°

Another point of interest is the possibility of ‘tuning’ the frequency spacing between L, and 1L, states, which depends on the
site to which the methy! group is attached and on the solvent that is used.’® The L ,—L, spacing will influence the frequencies
and intensities of the whole excitation spectrum due to the vibronic interactions between the two states. It has been shown that
in solutions the electronically excited states are widely separated for 5-MI but approach each other for 3-MI.1? Several studies
were performed in order to distinguish between the two different electronic states and determine the position of the 1L, origin
of different indole derivatives.'®13~%7 Polarized two-photon excitation spectroscopy enabled Sammeth et al.'® to discriminate
between 1L, and 1L, type bands of jet-cooled 3-MI and 3-trideuteromethylindole. A number of intense L, type vibronic bands
were identified in thisway. Albinsson et al.!® determined the transition moment directions for both 1L, and 1L, states of indole,
3-MI, 5-MI and 5-methoxyindole oriented in stretched polyethylene films, and showed that the transition moments of 1L, and
1L, were almost perpendicular to each other.

Rotationally resolved spectra of molecules with an internal rotation degree of freedom can provide severa important molec-
ular properties (the rotational constants for the ground and excited state, the direction of the methyl top axis and the transition
moment angle) that cannot be determined precisely by other techniques.’®~2! Besides this, ajoint analysis of rotational and tor-
sional data can yield more accurate values for torsional barrier heights. In both 3-MI and 5-MI the interaction between torsion
and overall rotation of the molecule perturbs the rotational spectra. For these molecules a vibration-torsion analysis is already
performed,® 1> a prerequisite for the high resolution measurements. In this paper, we present the full (frequency and intensity)
analysis of rotationally resolved fluorescence excitation spectra of the origin bands of the S;(*Lp) < S transitions of 3-MI and
5-Ml.



Il. THEORY
A. Model and Calculations

The choice of an appropriate model for analyzing the measured spectraisimportant for the extraction of amaximum amount of
information (molecular constants and their error limits) within areasonable computing time. Both 3-MI and 5-M| are assumed to
consist of amethyl top attached to a planar frame (indol€). The methyl top axis and the transition dipole moment are assumed to
lieinthe plane of theindole frame in both the ground and excited state. Molecules of thistype belong to the molecular symmetry
group G, which hasthree symmetry species, as, a,, and e.%22% We consider only onelarge amplitude motion, which isthe methyl
top torsion (internal rotation) around its symmetry axis. In our calculations the reference coordinate system is formed by the
principal inertial axes(the principal axismethod, PAM). Inthismethod the rotational constantsaredirectly related to the geometry
of the entire molecule and do not include contributions from internal rotation.

In general, the solution of the torsion-rotation problem can be described by the Hamiltonian:22

He =F(p— p-J)?>+ V(a)+ AJ2+BJ2+CJ2 1)

in atorsion-rotation basis |€™)|J, K). Here, F istheinternal rotation constant:

F=R%2rl, = F,/r, 2
where
r=1-1,) cosng/lg, ©)
[¢]
p= —iﬁ% is the angular momentum operator conjugate to the torsional angle «, V (@) is the torsiona potential function, A,

B, C aretherotational constants, and J,, Jy, J. are the projections of the total angular momentum on the principal inertial axes
a, b, and c of the molecule. The components of the vector p are given by the direction cosines cos g of the methyl top axisin
the principal axis system, the moments of inertia of the entire molecule I4 (g = &, b, ¢), and the moment of inertia of the methyl
group lg:

pg = COSngly/lg. ()

For the methylindoles p. = 0, since the methyl top axis liesin the ab plane; we write cosn, = cosn and cosn, = sinn, where
n isthe methyl top angle with respect to the a-axis (left part of Fig. 1).

3-Mi

FIG. 1. Définition of n, the angle between the internal rotation axis and the principa a axis, for 3-methylindole and 5-methylindole (left
pandl). Intheright panel the transition moment angle # and the axis reorientation angle 61 are defined. Angles measured in counterclockwise
sense are taken to be positive. a” and b” are the principa axes in the ground state, a' and b’ are the principal axesin the excited state. Thec
axes are perpendicular to the indole frame.



An exact solution of Eq. (1) isimpractical for spectra containing lines starting from high J levels, because of the long com-
putational time needed. We therefore applied a perturbation approach,®2425 which permits us to solve the torsion and rotation
problems separately. First, the pure torsional Hamiltonian is solved. The torsional Hamiltonian is expressed as:%%2*

H; = Fp? + Va(1 — cos3x)/2 + V(1 — cos6a)/2. (5)
Eigenfunctions of this Hamiltonian are given by:

vo) = Z Aﬁv)ei(skﬂ’)“, (6)

k=—0c0

where v is the torsional level label and o can take on the values —1, 0 and +1.2>2* This label indicates the symmetry of the
torsiona functions; levelswitho = 0 are of a symmetry and levelswith o = £1 (two-fold degenerate levels) are of e symmetry.

Treating the interaction of the torsion with the overall rotation as a perturbation in the rotational Hamiltonian, an effective
rotational Hamiltonian can be constructed for each vo torsiona level:242°

Hio = A2+ BX +CI+F Y WP (Japa+ Joon)", (7
n=1

where W is the n-th order perturbation coefficient for the vo level. The dimensionless perturbation coefficients W'Y and W2
can be expressed in terms of matrix elements of the internal rotation angular momentum operator p in the basis of the torsional
wave functions given in Eq. (6):%*

W‘fl) = —2(va|plvo)

2
W@ — 1.4 4p 3 [0 lPIOD)E o
+ (vX:a)/ Eva - E(ua)’ ( )

where E,, and E,,y arethe torsional energies of the vo and (vo)’ levels. Higher order coefficients WY can be expressed in
terms of W? and W2 via the relationship:2*2

WO —(2r/3)?
w? T (n+D(n+2

forn > 0. 9

For the non-degenerate states (a levels), all odd-order perturbation terms are zero.?4?® Thisimplies that for these states the rota-
tional Hamiltonian in first approximation is given by arigid rotor Hamiltonian with effective rotational constants;?*

A, =A+FW2?)p2
B, = B+ FW?p? (10)
Cuo =C + FW2?p2,

For e levels also the odd-order perturbation terms should be taken into account. In both cases rotational basis functions up to
AK = 4 are mixed by the matrix elements for the effective rotational Hamiltonian [Eq. (7)] up to 4th order, which are given in
Appendix B of Ref. 25.%6 The matrix of size (2J +1) x (2J + 1) was diagonalized for every J for thetwo lowest torsional states,
0a; and Oe. K, and K. labels were assigned to the calculated rotational levels of a given J by their energy ordering, despite
of the absence of a clear physical meaning of K, (and especialy K.) labels in the presence of the torsion-rotation interaction.?®
Theintensities of the rotational lines are calculated from the eigenvectors of the effective rotational Hamiltonian and the known
direction cosine matrix elements.?* The only selection rule used is AJ = 0, £1 which distinguishes P, Q, and R branches. If
the transition dipole moment (TM) vector liesin the ab plane the line strength is proportional to:

Arrer o [palt' @ zalr ") 2 + [in(r' @ zolr )2 + 2uaptn(r' D zalr )1 |Dzplr "), (11)

where the Z-axis is the space-fixed axis aong the direction of the laser polarization, |[r) = |J, Ka, K¢), ua = pcosé, and
up = 1 Sind. The double and single prime denote the ground and excited state, respectively, u is the absolute value of the
transition dipole moment (TM), 6 isthe angle of the TM vector with respect to the molecule-fixed a-axis, and ®z, and ®zp, are
the direction cosines between the laboratory Z-axis and the molecular a- and b-axes.

Indole, the chromophore of 3-M| and 5-MI, shows axis reorientation upon electronic excitation.?” The principal axis system
rotates around the c-axis (see Fig. 1) and although the angle of rotation is small, only 0.5°, the effect on the intensities of the



rotational transitions is very pronounced. For a correct calculation of the intensities all rotational wave functions of the ground
and the excited state should be expressed in acommon coordinate system. This can be achieved by transforming the excited state
Hamiltonian via arotation of J around the c-axis by an angle 61:2"-28

H!, = (A cos’0r + B'sin®67)J% + (A'sin? 61 + B’ cos? 07) )7 + C' I
+(A — B')singy cosoy (J. I + JL ) (12)
avb b¥a

+F’ZW(”) [(0, cosbr — p sinbr) . + (o, SN6t + pp, cosbr) H]".

In this way the excited state Hamiltonian is expressed in the coordinate system of the ground state and its eigenfunctions can
therefore be given within the same basis set as the ground state functions.?® It is readily seen that the matrix elements of the
transformed effective rotational Hamiltonian [Eq. (12)] are the same as those for the effective rotational Hamiltonian [Eq. (7)],
with the exception that the constants A, B and C and p, and py, are replaced by variables depending on the transformation angle
01. Thecrossterm J, J, + Jy Jo however, givesrise to anew matrix element

(IK[(Jadp + Jpd)|IK £1) = %(ZK +D[IT+1) — KK £ 1D)]2. (13)
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FIG. 2. Correlation diagram, showing the effects of internal rotation on the energy and characterization of symmetric and asymmetric rotor
levels. Thefigures on top of the diagram represent the symmetry of the rotor, while directly below the barrier height indicates whether thereis
interna rotation (finite barrier) or not (infinite barrier). The degeneracy of the levelsis given by the numbers above each level. Where possible
a characterization of each level isgiven. A E,e equalsthetorsional level splitting.

B. Effectson rotational spectra

The most apparent effect of the internal motion of the methyl group on the rotational spectraof the S, < & origin bandsis
the occurrence of two overlapping spectra arising from transitions between levels with different torsional symmetries (0Oa; —0ay
and Oe— Oe transitions). The two spectra can each be described by an effective rotational Hamiltonian, which accounts for the
interaction between torsion and overal rotation [Eq. (7)]. The two origins will be shifted by:

AVZ® = AEL, — AEL, (14)

where AE], and A E], arethetorsional splittings between the Oa; and Oe levelsin the ground and excited state, respectively. The
torsional level splitting is larger for lower barriers; hence, alowering of the barrier upon excitation will cause a blue shift of the
Oe—0Oe origin with respect to the 0a; —0ay origin.

Since all the odd perturbation coefficients vanish for a levels, the effects of the internal rotation interaction are largest for the
elevels. For these levelstherigid rotor wavefunctions are mixed. The mixing due to odd powers of J, increases with increasing
valuesof K, andthemixing dueto odd powersof J, decreaseswithincreasing valuesof K. Fig. 2 schematically showstheeffects



of both asymmetry and internal rotation on therigid symmetric rotor levels and displays the correlation of perturbed asymmetric
rotor levels with rigid asymmetric rotor levels on the one hand and perturbed symmetric rotor levels on the other hand.

The mixing of K. values causes a splitting of (almost) degenerate K doublets and the appearance of lines that are forbidden
in the asymmetric rigid rotor limit, asillustrated in Fig. 3. Thisis especially apparent in transitions involving high K, levels of
the Oe state, where the mixing of K. values can be almost complete. The stronger the mixing of wavefunctions the more intense
the'forbidden’ lineswill be. For low K, values there will be two strong rigid rotor allowed and two weak anomalous lines. For
high K, values there will be two weak "allowed’ and two strong anomalous lines. For some intermediate K, value there will be
four lines of comparable intensity.
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FIG. 3. Effect of internal rotation on a-type transitions in the Q-branch of 3-methylindole. Upper panel: e levels with high J, K, value
are split by FWéi) paKa. The width of the arrows corresponds (approximately) to the strength of the transitions; the 0Oe—Oe transitions show a
change from 'normally allowed’ transitions (AK, = +1) for low K, values, where the asymmetry splitting is large, to anomalous transitions
(AK¢ = 0) for high K, values, where the asymmetry splitting is much smaller. Thisisalso illustrated by part of the experimental spectrum of
3-methylindole (lower panel), where the corresponding transitions are marked.

Because rigid rotor wavefunctions of different K, parity are mixed, as well, the line strength of a transition is no longer de-
scribed by only one term in Eqg. (11). A transition can be induced by both the a and b component of the TM (such atransition
isno longer a pure a or pure b type transition). The interference term in the line strength formula [Eq. (11)] makes it possible
to distinguish positive and negative angles of the TM, asfirst discussed by Plusquellic et al.3° A change of the sign of this angle
would change the sign of the interference term and therefore affects the intensities.

Axisreorientation al so mixesthe wavefunctions, as can be seen from Eq. (12). Theterm proportional to (Jy Jp+ Jp Ja) couples
states with different K, parities and therefore mixes the character of a and b type lines.?® Unlike the internal rotation induced
mixing, axis reorientation affects a and e symmetry levelsin asimilar way.



C. Computational Approach

All assigned rotational linesin the overlapping Oa; —0a; and Oe—Oe spectrawere fit smultaneously with torsional frequencies
fromtheliteratureif available. There are several advantagesto this approach in comparison with the separate analysis of the 0Oa;—
0a; and Oe—O0e spectra. (i) The perturbation coefficients and the torsional barrier heights are more accurate, since the vibrational
band frequencies and rotational line frequenciesare used in aself-consistent way. (ii) Animportant structura parameter, theangle
of the methyl top axis is obtained directly from thefit. (iii) The ‘torsion-free' rotational constants, which are directly related to
the corresponding moments of inertia of the molecule, areimmediately obtained. (iv) The assignment of extensively overlapping
linesis much easier if the measured spectrum is directly compared with the composite 0a; —0a;/0e— Oe spectrum.

We start by fitting the frequencies of the rotational linesand torsional transitionsto thetorsional and effective rotational Hamil-
tonians[Egs. (5) and (7)]. A maximum of 15 parameters can be determined, including the rotational constants A, B and C of the
ground and el ectronically excited states, thetorsional barrier heightsin both states and the frequency of the 0Oa; —0a; band origin.

The constants resulting from the frequency fit are kept fixed in the intensity fit, where 10 additional parameters can be deter-
mined; the rotational population distribution parameters T, T, and w (see below), the transition dipole moment angle 6, the axis
reorientation angle 6+, the intensity ratio of the Oe— Oe and Oa; —0a; spectra |/ 15, the Lorentzian and the Gaussian contribu-
tions to the width of the Voigt-shaped lines, the background intensity and an intensity scaling factor. The importance of these
parameters has been extensively discussed in Ref. 27.

The intensity ratio of the Oe— Oe and Oa; —0a; spectrais given by:

|e_ ge'nSe'&'ne

€ _ , 15
la Oa-Nsa- S Ny (15)

where g. and g, are the degeneracies of the 0Oa; and Oe levels (ge = 2 and g, = 1), N and ng, are the nuclear spin statistical
weights (Nse/Nsa = 1 : 2for moleculesof Gg symmetry??3t), S and S, arethe strengths of the 0a;—0a; and Oe-Oetorsional bands
(squared Franck-Condon factors) and ne/n, isthe population ratio of Oa; and Oe torsional states. Under the usual assumption of
no collisional population redistribution between 0a; and Oe levels during the expansion, the latter ratio is one.

The ground state rotational population, used to cal culate the intensities, was described separately for each torsional level. Itis
given by atwo-temperature distribution:?"-%?

NJ.Ka. K (T, T, w) = —EJka.ke/KT1 + we—EJ,KaAKc/kTZ’ (16)

where the energies E; k, k. are purerotational energies (relative to the lowest Oa; and Oe rotational level respectively), and w is
the weighting factor for the second temperature. The same weighting factors and rotational temperatures were used to describe
the distribution over the Oa; and Oe levels.

Thefinal constants are obtained by averaging the resultsfrom different measurements of the same spectrumto reduce the errors
due to a drift in the relative frequency calibration device. The errors of the constants reported are in most cases determined by
the variations within different scans rather than by the statistical errorsresulting from thefitting procedure. However, for several
parameters the statistical error till dominates.

I11. EXPERIMENT

Rotationally resolved fluorescence excitation spectraof 3-MI and 5MI were obtained using a narrow bandwidth UV laser sys-
tem and a molecular beam apparatus.®® 3-M| or 5-MI, obtained from Aldrich, was heated to ca. 75 °C, seeded in 0.6 bar argon,
and expanded through a nozzle with a diameter of about 0.15 mm. The nozzle was kept at a dightly higher temperature than
the sample vessel to prevent condensation of the sample in the orifice. The molecular beam was skimmed twice in a differential
pumping system and was crossed perpendicularly with a UV laser beam at about 30 cm from the nozzle. The pressure in the
detection chamber was below 10~ mbar, assuring collision free conditions. The total undispersed fluorescence was imaged onto
a photomultiplier connected to a photon counting system, interfaced with a computer.

UV radiation with a bandwidth of 3 MHz was generated by intracavity frequency doubling in a single frequency ring dye
laser, operating on Rhodamine 110 and Rhodamine 6G, respectively, for the 3-MI and 5-MI| measurements. By using a 2 mm
thick Brewster cut BBO crystal, 0.1 mW of tunable UV radiation was obtained. Light at the fundamental frequency was used
for calibration and stabilization purposes. For relative frequency calibration atemperature stabilized Fabry-Perot interferometer
was used with afree spectral range of 75 MHz. For absolute frequency calibration the iodine absorption spectrum* was recorded
simultaneously. The scanning range istypically 2 cm= at the fundamental frequency.

The spectral resolution of the experimental set-up is determined by the residual Doppler width in the molecular beam and the
geometry of the fluorescence collection optics. Although the instrumental Doppler width is not known for specific molecules, it



can be estimated to be ~16 MHz FWHM from the results of similar experiments on indole, indazole, and benzimidazole, mea-
sured previously using this set-up.?’
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FIG. 4. Experimenta spectrum of 3-methylindole (lower panel) together with simulations of the 0a; — 0a; and Oe — Oe transitions (upper
two panels). The 0a, — Oa; origin (0 on the scale of thefigure) islocated at 34874.69(1) cm~1. The origin of the Oe — Oe band isindicated by
the arrow.

IV. FREQUENCY ANALYSIS
A. 3-methylindole

The observed spectrum of the § <« S origin band of 3-M1 ispresented in Fig. 4. This spectrum isacomposite of the 0a;—0a;
and Oe— Oe spectra, whose simulations are given separately in the upper two panels. The Oe— Oe spectrum (of which the origin
isindicated by an arrow in Fig. 4) is blue shifted with respect to the 0a; —0a; spectrum, which means that the torsional barrier in
the excited state is lower than that in the ground state. The separation between the origins of the 0a; — 0a; and Oe— Oe spectra,
Avg®, was found to be 915 MHz. This separation appears in the spectrum as a spacing between Oa; —0a; and Oe— Oe rotational
transitions starting from low K, levels. High K, leves of the Oe states are disturbed by the torsion-rotation interaction, which
causes this spacing to no longer be constant.

It was possible to reproduce al observed lines using terms up to n = 2 in the Hamiltonian of Egs. (7) and (12). The anaysis
started with the simulation of a pure a type spectrum of arigid asymmetric rotor, using rotational constants calculated from a
3-MI geometry obtained from the attachment of a methyl group to the calculated geometry of indole.®® By comparison of this
simul ation with the observed spectrum several 0a;—0a; lines could be assigned. A fit of theselines provided improved rotational
congtants. Next, we simulated the complete spectrum containing all Oa; —0a; and Oe— Oe lines, fixing the distance between the
0a;—0a; and Oe—Oe originsto 915 MHz by adjusting the values of V" and V3, taken from Ref. 8. Eventually, about 400 Oa; —0ay
and 400 Oe— Oe lines were included in the fit, together with the excited state torsional frequencies of the 2a; <« 0a; band at
188 cm~! and the 2e < Oe band at 197 cm~1.8

Sincethe spectradid not contain enough information to determine all possible parameters, we made the foll owing assumptions.
First, it was assumed that the internal rotation constant of the methyl group does not change upon excitation; i.e., the difference



F, — F,/ wasfixed to zero. Since thetorsion-rotation interaction in the ground state of 3-M| isvery small, the cal cul ated spectrum
isrelatively insensitive to large variations (~5°) of the ground state methyl top angle n” and it turned out to be impossible to fit
n” and n’ — n” simultaneously. We therefore also fixed " — n” to zero. The molecular constants obtained from the fit are listed
in Table | together with the absolute center frequency of the Oa; — Oa; spectrum v§? and several other constants cal culated from
the fit parameters.

TABLE I. Molecular constants of 3-methylindole. Fitted parameters are given in the upper part, derived parameters in the lower part.

S S
A A-A 2603.6(9) —37.45(3) MHz
B”, B'-B" 1268.6(2) -18.30(2) MHz
c’,c-c” 857.7(1) —12.40(2) MHz
F. 5.17(3) cm™t a
Vs 500(40) 301(1) cm? a
n 50.1(9) deg a
0 +26.3(9) deg b
07 +0.7(3) deg b
32 34874.69(1) cm?
Avg® 914.7(4) MHz
AEqe 90(40) 1005(40) MHz
la 3.26(2) 3.26(2) amuA’
F 5.23(3) 5.23(3) cm-t
W -7(3)x10~4 —77(3)x10™* c
Wgg, 8(4)x 10~ 93(3)x 10
W2 —4(2)x10~4 —47(2)x 104
FWY o, -1.2(5) ~12.9(6) MHz cd
FW pop -0.7(3) -75(3) MHz cd

aF)=F,, V¢=V¢=0, and n"=n’' is assumed.

bThesignsof 6 and 61 cannot beindependently determined from thefit. They are, however, coupled: both must either be positive
or negative.

CW&? isgivenfor o = +1. Thevauefor o = —1isgiven by —Wéé).

dFWéé)pg, g=a,bare <0.02 MHz for § and <0.2 MHz for S,.



Dueto the high torsional barriersin both electronic states of 3-Ml, the effective rotational constantsfor the 0a;—0a; and 0e—0Oe
spectradiffer by lessthan 0.2 MHz from the 'torsion-free’ values. Thisimpliesthat the 0Oa; —0a; spectrum is practically that of a
rigid asymmetric molecule with the samerotational constants and the perturbations of the Oe—0e spectrum are mainly determined
by the first-order terms in the effective rotational Hamiltonian.

Ascan beseen from Tablel, thetorsion induced splittings of the Oe—0elevelsin the ground state (~2K, FWO(;}) pa) reachavalue
that is comparable to the linewidth only at K, > 10. Since the intensities of these lines are already negligible, it isimpossible to
obtain the ground state barrier height V' directly from these splittings. V' isdetermined viathe excited state torsional parameters
and the separation of the origins of the Oa; —Oa; and Oe— Oe spectra, Avg® [Eq. (14)]. This separation is directly determined
from the observed spectrum, while V; is determined by a combination of the two torsional frequenciesincluded in the fit and the
perturbations of the Oe—Oe lines of the observed spectrum. It follows therefore that the uncertainties of both barrier heights V'
and V; largely depend on the torsional frequencies, which are accurateto 1 cm=?.

B. 5-methylindole

The spectrum of the §; < & origin band of 5-MI consists, like that of 3-MI, of a 0a; —0a; and a Oe— Oe spectrum. Fig. 5
presents the observed spectrum (lower panel) together with simulations of the two separate Oa; —0a; and Oe— Oe spectra (upper
panels). The Oe— Qe spectrum is again blue shifted with respect to the 0a; —0a; spectrum, indicating alowering of the torsional
barrier upon excitation, in this case by a substantially larger amount.
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FIG. 5. Experimental spectrum of 5-methylindole (lower panel) together with simulations of the Oa; — Oa; and Oe — Oe transitions (upper
two panels). The Oa; — Oay origin (O on the scale of the figure) is located at 34355.915(12) cm™L. The origin of the Oe — Oe band is indicated
by the arrow.

Termsup to n = 4 in the effective rotational Hamiltonian [Egs .(7) and (12)] were necessary to reproduce the observed spec-
trum. The geometry of 5-MI was again constructed from the combination of a methyl group and an indole frame, which yielded
theinitial rotationa constants. A hybrid asymmetric rotor spectrum was simulated and several 0a;—0a; lineswere assigned. A fit
of these lines provided the effective rotational constants for the Oa; levels of the ground and the excited state of 5-M1. Assigning
the Oe—0e lineswas more troublesome than for 3-MI, because the origin of the 0e—0e spectrum is more shifted from the 0a; —0a;
origin. Furthermore, the overall intensity of the Oe— Oe spectrum is about three times less than that of the Oa; — 0a; spectrum.
The distance between the origins was first crudely estimated and the values of the 3-fold barrier heights V' and V;, taken from
Ref. 7, were slightly adjusted to yield the correct Avg® value (~0.9 cm1). These values enabled usto determine the perturbation
coefficients from which we could calculated 'torsion-free’ rotational constants for the ground and the excited state. In the next
step these constants were used to simulate the composite spectrum of the 0a; —0a; and Oe—0Oe bands. Finally about 400 Oa; —0a;
and 200 Oe—Oe transitions were included into thefit. The final parameters are given in Table 1.



TABLE Il. Molecular constants of 5-methylindole. Fitted parameters are given in the upper part, derived parametersin the lower part.
S S

A A-A 3459.9(1) —132.85(4) MHz
B”, B'-B” 1034.06(5) -0.81(1) MHz
c’,c-c” 800.29(4) —7.65(1) MHz
Fy 5.24(1) cmt
VA 135(6) 85(1) cm?
Vs —21(13) -14(3) cm!
n -16.9(4) deg
0 53(1) deg
61 0.4(2) deg
pga 34355.915(12) cmt
Avge 26325(2) MHz
AEqe 18381(12) 44705(14) MHz
lo 3.219(3) 3.219(3) amuA’
F 5.348(6) 5.344(6) cm?!
Wee' -0.1431(3) ~0.3693(6)

W2 0.1625(3) 0.3745(5)

W2 -0.0809(2) -0.1788(2)

FW.Y pa -483.6(3) —1199.6(4) MHz
FW pp 43.9(7) 113(2) MHz
FW2 p2 11.585(3) 24.667(3) MHz
FW2 p2 —5.764(2) -11.773(3) MHz

aF, and n are assumed to be the samefor S and S;.

bW, is given for o = 41. Thevaluefor o = —1isgiven by —W_. .
SFW2 p2 and FWS2 p2 are < 0.1 MHz for § and <0.3 MHz for S;.
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Five excited-state torsional frequencies (39.5, 52, 74.6, 94.4, 155.5 and 203.1 cm™1),2 and six ground-state torsional frequen-
cies(60.2, 101.3, 122.4, 166.7 228.9, 295.3 cm™1),” wereincluded into thefit. Thanksto thislarge number of torsional transitions
aso the 6-fold barrier heights V¢’ and V{ could be determined. Within the errors n” and 5’ yielded identical valuesin the attempt
to fit both parameters. Therefore n” — n” was fixed to zero. Furthermore, it was assumed thet F, — F) = 0.

As can be seen from Teble || the difference between ‘ effective’ A and ‘torsion-free’ A constants, determined by FW2 p2 and

FW&? pg, isquite significant (~25 MHz for the Oa; statesof S;) and isdifferent for Oa; —Oa; and Oe—Qe spectra. The difference
for the B constantsis lessthan 0.3 MHz.

V. INTENSITY ANALYSIS

With the parameters obtained from the frequency analysis kept fixed, theintensities of the rotational lines can now be analyzed.
Theresults, which are averages of theresultsfrom fits of several measurements, aregivenin Table | and Tablell. Both molecules
show an ab hybrid spectrum and undergo areorientation of the inertial axes upon electronic excitation. For 5-MI it was possible
to determine the signs of 6 and 67. Information about the relative signs of the angles 6, 6, and n can only be obtained from
the intensities. The Oa; — Oa; spectrum behaves effectively as an ordinary asymmetric rotor spectrum and it is therefore only
sensitive to the relative signs of 6 and 61, as in indole.?” The intensities of the Oe — Oe lines, however, depend on the relative
signs of angles#, 61 and n. Therefore, sincethe sign of  isfixed by the geometry, the signs of 6 and 61 can be determined. For
5-Ml thisresultsinaTM angle 6 that is+53° and areorientation angle 61 that is+0.4°. The effect on the intensities of achange
of # and 61 isdemonstrated in Fig. 6. For 3-MI the interference effects are not large enough to affect the intensities appreciably.
It istherefore only possible to derive therelative signsof 6 (9 = +£26.3°) and 61 (6+ = £0.7°), yielding the same sign for both
angles.

- @©
0 ~A 0 o) ~ M ~r oA
~ o - o Q“ - - o o
0 =-53° ‘
0,=-04°
n=—17
0 =+53°
0,=+04°
n=-17
observed
a-a; J"'=9>J'=8 e-e; J'=8>J'=9

FIG. 6. Partsof the 0a; — Oa; and Oe — Oe spectrum of 5-methylindole. The lower panels show the observed spectrum. The middle panels
show simulations, using positive values for the transition moment and axis reorientation angle. A simultaneous change of sign of  and 61 does
not affect the line positions but yields different intensities for the Oe — Oe transitions, as can be seen from the upper panels.

The intensity ratio |/ 1, found for 3-Ml is approximately unity, in agreement with Eq. (15); the band strength ratio S./S, is
predicted to be 1.0, using the constants givenin Table . For 5-MI avalue of 0.25 4 0.10 was found for the intensity ratio, again
in agreement with the band strength ratio, which, using the constants given in Table 11, is predicted to be 0.304.

A Voigt line-profile was used in the fit of the observed spectrum. For 3-MI it was not possible to fit both the Lorentzian and
Gaussian contributions to the linewidth. Therefore, we fixed the Gaussian contribution to 16 MHz, a value determined earlier
for this experimental setup.?” The resulting Lorentzian contribution to the linewidth was found to be 21 + 3 MHz. Lifetime
measurements of 3-MI by Demmer et al.'! and Arnold et al.® yielded 12.3 ns and 13.8 4 0.2 ns respectively. These result in
L orentzian contributionsto the linewidth of only 12.9 MHz and 11.54+0.2 MHz respectively. A similar line broadening, although
less, was also found for indole and indazole.?” For 5-M| wewere ableto fit both linewidth parameters, which yielded 1745 MHz
and 10 + 5 MHz for the Gaussian and the Lorentzian contribution respectively. This latter value corresponds to a lifetime of
154+ 8ns.
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VI.DISCUSSION

Thetorsional barriersfound for 3-M|I arelessaccurate than those for 5-Ml, but all values, whererelevant, arein agreement with
values found earlier.”8 For both molecules the 3-fold barrier lowers by about a factor of 1.6 upon electronic excitation, which
accounts for the blue shift of the Oe— Oe origin with respect to the 0Oa; —0a; origin. 3-MI and 5-M1 provide a nice example for
comparing small and large internal rotation effects. Thetorsional barrrier heightsfor 5-M1 are about four times lower than those
for 3-MI. This leads to larger torsional tunneling splittings (the Oa; — Oe distance AEge) for 5-MlI, and larger distortions in the
rotational spectrum of 5-MI compared to 3-MI. Therefore, fourth-order perturbation theory was necessary to describe the 5-Ml
spectrum while second-order theory was sufficient to describe the 3-MI spectrum. Despite this, the effects of K, mixing can
clearly be distinguished in the spectrum of 3-Ml, asisillustrated in Fig. 3.

The 3-fold barrier heights are related to the electron densities in the molecular frame at the site to which the methyl group is
attached. In 3-MI the electron density is distributed asymmetrically around this site, which accounts for the large 3-fold barrier
found for 3-MI. The much lower 3-fold and appreciable 6-fold barrier found for 5-MI can be explained by the much more sym-
metrical electron distribution in the benzene ring. The lowering of the 3-fold barrier upon electronic excitation indicates a shift
of the electron distribution in the two molecul es towards a more symmetrical distribution around the methyl group site.

Both 3-MI and 5-MI show hybrid type spectra. The 3-MI spectrum is predominantly a-type (|¢| = 26°), while that of 5-Ml
is predominantly b-type (6 = +53°). By virtue of the interference term in the intensity formula [Eq. (11)], arising from both
axis reorientation and the interaction between internal and overall rotation, it was possible to determine the sign of the transition
moment angle of 5-MI. This was found to be in agreement with several semi-empirica and ab initio calculations, which yield
values between +35° and +72° for the TM angle of indole (for areview see Ref. 36). It a so agreeswith the conclusion of Philips
and Levy, who, after comparing the transition moment angles of tryptamine and indole, concluded that the transition moment
angle of indole should be positive.*” It is also consistent with the measurements of Albinsson et al.,*® who determined the angles
0 of indole, 3-MI and 5-M1 in polyethylene to be, respectively, +42° &+ 3°, +30° £ 2° and +58° &+ 2°. From this we conclude
that also for 3-MI 6 (and hence 6+, which isfound to have the same sign as9) should be positive. Assuming that the direction of
the TM with respect to the indole frame is the same in 3-MI and 5-M1 asit isinindole, the TM anglein 3-MI and 5-MI can be
calculated from the TM angle of indole. MP2/6-31G* geometry optimizations® were performed on 3-M| and 5-M| to ensure that
the structure of the indole frame does not change significantly upon the attachment of a methyl group. Thisyielded 16° and 49°
for the TM angles of 3-MI and 5-MI, respectively. Thelatter value isin reasonable agreement with the experimental value found
for 5-MI, 53° + 1°, implicating that the addition of a methyl group at C-5 only dightly influences the electron density changes
in the indole frame upon excitation. For 3-MI however, the calculated value deviates much more from the experimental value,
26.3° + 0.9°, implicating alarger influence of the methyl group.

The axis reorientation angles found for 3-MI and 5-M| (respectively 0.7° and 0.4°) are, as expected, comparable to the value
found for indole (0.5°%"). Geometry calculations on the first excited singlet state were performed by adding the excited state
Cl1S/3-21G and ground state HF/3-21G coordinate differencesto the MP2/6-31G* ground state coordinates. Theaxisreorientation
angle can subsequently be calculated using:®

tanOT:Zi m; (&b’ — bjg") 17)

X m@a o)’

wherem; are the atomic massesand &/, by, &, b are the ground and excited state atomic coordinates, expressed in their inertial
axis systems. For 5-MI this yielded a value of 0.4°, in good agreement with the measurements. For 3-MI calculations always
converged into the 1L, electronic state, which can be explained by the near degeneracy of the predicted L, and L, electronic
states. No reorientation angle for excitation to the 'Ly, state could therefore be determined.

Vil. SUMMARY

The rotationally resolved excitation spectra of the S;(Lp) < S origin bands of 3-MI and 5-MI have been measured and
analyzed. Therotational constantsin the ground and electronically excited state have been determined for both molecules. These
constants can be used to validate geometry calculations of these molecules. The transition moment angle was also determined
from the spectra, consisting of two overlapping transitions between different torsional levels, which originate from the internal
rotation of the methyl group. The spectra could be reproduced by describing the interaction between the overall rotation of the
molecule and the internal rotation as a perturbation on the rotation. From the frequency analysis the rotational constants, the
torsiona barrier heights in the ground and electronically excited states, and the angle of the methyl top axis were determined.
Intensity analysis of the spectrayielded values for the TM and axis reorientation angles.
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