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The rotationally resolved ultraviolet~UV! excitation spectra of theS1(1Lb)←S0 origin bands of
3-methylindole and 5-methylindole have been measured and analyzed. As a result of an internal
rotation of the methyl group, each spectrum consists of rotational lines of overlapping 0a1←0a1

and 0e←0e torsional transitions. Like indole, 3-methylindole and 5-methylindole undergo axis
reorientation upon electronic excitation. The Hamiltonian used to describe all observed spectral
features includes a pure rotational part, a pure torsional part, and terms describing the interaction
between the internal rotation and the overall rotation. It also accounts for the axis reorientation
effect. Values for the barrier heights of the methyl torsion, the angle of the methyl top axis with the
inertial axes, and the rotational constants are obtained for both theS0 and theS1 state. From an
analysis of the intensities of the rotational 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. ©1998 American Institute of Physics.
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I. INTRODUCTION

Indole, its derivatives, and complexes have attracted
nificant attention because indole is a chromophore of
amino acid tryptophan. In these molecules thep-conjugated
electrons give rise to two close lying electronically excit
states, labeled1La and 1Lb . Excitation to the1La state
causes a significantly larger amount of charge transfer t
does excitation to the1Lb state.1,2 This larger charge transfe
is responsible for the much larger solvent and substitu
shifts for 1La←S0 transitions in comparison with1Lb←S0

transitions.1,3

Methyl substitution into different sites can provide
spectroscopic probe of the electronic structure of the pa
molecule since the methyl torsional barrier height is sensi
to thep electron density of the bonds adjacent to the met
group.4–6 Following this line of thought Bickelet al.7 ana-
lyzed the torsional excitation and dispersed fluoresce
spectra of theS02S1 transitions of seven monomethyl in
doles. For 5-methylindole and 6-methylindole a long to
sional progression was observed, which was explained b
phase shift between theS0 andS1 torsional potentials owing
to the 60° rotation of the methyl group upon excitation. N
phase shift was found for the other methylindoles. For
methylindole and 3-methylindole~skatole! only the origin
band was observed due to the lack of Franck-Condon ac
ity; it was not possible to determine the barrier heigh
Later, Sammethet al.8 presented a vibrational and rotation
band contour analysis of 3-methylindole~3-MI! and 5-
8430021-9606/98/108(20)/8436/10/$15.00
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methylindole~5-MI! by using one- and two-photon laser in
duced fluorescence spectroscopy. For 3-MI it was possibl
assign two of the weak bands near the origin to the tra
tions terminating in the 2a1 and 2e torsional levels ofS1.9

Another point of interest is the possibility of ‘‘tuning’
the frequency spacing between1La and 1Lb states, which
depends on the site to which the methyl group is attac
and on the solvent that is used.10,11The1La–1Lb spacing will
influence the frequencies and intensities of the whole exc
tion spectrum due to the vibronic interactions between
two states. It has been shown that in solutions the electr
cally excited states are widely separated for 5-MI but a
proach each other for 3-MI.12 Several studies were per
formed in order to distinguish between the two differe
electronic states and determine the position of the1La origin
of different indole derivatives.10,13–17 Polarized two-photon
excitation spectroscopy enabled Sammethet al.15 to dis-
criminate between1La and 1Lb type bands of jet-cooled
3-MI and 3-trideuteromethylindole. A number of intense1La

type vibronic bands were identified in this way. Albinsso
et al.18 determined the transition moment directions for bo
1La and 1Lb states of indole, 3-MI, 5-MI, and 5-
methoxyindole oriented in stretched polyethylene films, a
showed that the transition moments of1La and 1Lb were
almost perpendicular to each other.

Rotationally resolved spectra of molecules with an int
nal rotation degree of freedom can provide several impor
molecular properties~the rotational constants for the groun
6 © 1998 American Institute of Physics
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and excited state, the direction of the methyl top axis, and
transition moment angle! that cannot be determined precise
by other techniques.19–21 Besides this, a joint analysis of ro
tational and torsional data can yield more accurate values
torsional barrier heights. In both 3-MI and 5-MI the intera
tion between torsion and overall rotation of the molec
perturbs the rotational spectra. For these molecule
vibration-torsion analysis is already performed,8,15 a prereq-
uisite for the high resolution measurements. In this paper,
present the full~frequency and intensity! analysis of rotation-
ally resolved fluorescence excitation spectra of the ori
bands of theS1(1Lb)←S0 transitions of 3-MI and 5-MI.

II. THEORY

A. Model and calculations

The choice of an appropriate model for analyzing t
measured spectra is important for the extraction of a m
mum amount of information~molecular constants and the
error limits! within a reasonable computing time. Both 3-M
and 5-MI are assumed to consist of a methyl top attache
a planar frame~indole!. The methyl top axis and the trans
tion dipole moment are assumed to lie in the plane of
indole frame in both the ground and excited state. Molecu
of this type belong to the molecular symmetry groupG6,
which has three symmetry species,a1, a2, and e.22,23 We
consider only one large amplitude motion, which is the m
thyl top torsion~internal rotation! around its symmetry axis
In our calculations the reference coordinate system is form
by the principal inertial axes~the principal axis method
PAM!. In this method the rotational constants are direc
related to the geometry of the entire molecule and do
include contributions from internal rotation.

In general, the solution of the torsion-rotation proble
can be described by the Hamiltonian,24,25

Htr5F~p2r•J!21V~a!1AJa
21BJb

21CJc
2 ~1!

in a torsion-rotation basisueima&uJ,K&. Here,F is the inter-
nal rotation constant,

F5\2/2rI a5Fa /r , ~2!

where

r 512I a(
g

cos2 hg /I g , ~3!

p52 i\ ]/]a is the angular momentum operator conjuga
to the torsional anglea, V(a) is the torsional potential func
tion, A, B, C are the rotational constants, andJa , Jb , Jc are
the projections of the total angular momentum on the prin
pal inertial axesa, b, andc of the molecule. The componen
of the vectorr are given by the direction cosines coshg of
the methyl top axis in the principal axis system, the mome
of inertia of the entire moleculeI g (g5a,b,c), and the mo-
ment of inertia of the methyl groupI a ,

rg5coshgI a /I g . ~4!
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For the methylindolesrc50, since the methyl top axis lies in
the ab plane; we write cosha5cosh and coshb5sinh,
whereh is the methyl top angle with respect to thea-axis
~left part of Fig. 1!.

An exact solution of Eq.~1! is impractical for spectra
containing lines starting from highJ levels, because of the
long computational time needed. We therefore applied a p
turbation approach,19,24,25which permits us to solve the tor
sion and rotation problems separately. First, the pure
sional Hamiltonian is solved. The torsional Hamiltonian
expressed as,22,24

Ht5Fp21V3~12cos 3a!/21V6~12cos 6a!/2. ~5!

Eigenfunctions of this Hamiltonian are given by,

uns&5 (
k52`

`

Ak
~n!ei ~3k1s!a, ~6!

wheren is the torsional level label ands can take on the
values21,0, and11.22,24 This label indicates the symmetr
of the torsional functions; levels withs50 are ofa symme-
try and levels withs561 ~twofold degenerate levels! are of
e symmetry.

Treating the interaction of the torsion with the overa
rotation as a perturbation in the rotational Hamiltonian,
effective rotational Hamiltonian can be constructed for ea
ns torsional level,24,25

Hns5AJa
21BJb

21CJc
21F (

n51

`

Wns
~n!~Jara1Jbrb!n, ~7!

whereWns
(n) is then-th order perturbation coefficient for th

ns level. The dimensionless perturbation coefficientsWns
(1)

andWns
(2) can be expressed in terms of matrix elements of

internal rotation angular momentum operatorp in the basis
of the torsional wave functions given in Eq.~6!:24

Wns
~1!522^nsupuns&

FIG. 1. Definition ofh, the angle between the internal rotation axis and
principal a-axis, for 3-methylindole and 5-methylindole~left panel!. In the
right panel the transition moment angleu and the axis reorientation angleuT

are defined. Angles measured in counterclockwise sense are taken
positive.a9 andb9 are the principal axes in the ground state,a8 andb8 are
the principal axes in the excited state. Thec axes are perpendicular to th
indole frame.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Wns
~2!5114F (

~ns!8

8
u^nsupu~ns!8&u2

Ens2E~ns!8

, ~8!

whereEns and E(ns)8 are the torsional energies of thens
and (ns)8 levels. Higher order coefficientsWns

(n) can be ex-
pressed in terms ofWns

(1) andWns
(2) via the relationship:24,25

Wns
~n12!

Wns
~n!

'
2~2p/3!2

~n11!~n12!
for n.0. ~9!

For the nondegenerate states (a levels!, all odd-order pertur-
bation terms are zero.24,25 This implies that for these state
the rotational Hamiltonian in first approximation is given b
a rigid rotor Hamiltonian with effective rotationa
constants,24

Ans5A1FWns
~2!ra

2,

Bns5B1FWns
~2!rb

2, ~10!

Cns5C1FWns
~2!rc

2 .

For e levels also the odd-order perturbation terms should
taken into account. In both cases rotational basis functi
up to DK54 are mixed by the matrix elements for the e
fective rotational Hamiltonian@Eq. ~7!# up to 4th order,
which are given in Appendix B of Ref. 25.26 The matrix of
size (2J11)3(2J11) was diagonalized for everyJ for the
two lowest torsional states, 0a1 and 0e. Ka and Kc labels
were assigned to the calculated rotational levels of a giveJ
by their energy ordering, despite the absence of a c
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t

x
ia
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physical meaning ofKa ~and especiallyKc) labels in the
presence of the torsion-rotation interaction.23 The intensities
of the rotational lines are calculated from the eigenvectors
the effective rotational Hamiltonian and the known directi
cosine matrix elements.24 The only selection rule used i
DJ50,61 which distinguishesP, Q, andR branches. If the
transition dipole moment~TM! vector lies in theab plane
the line strength is proportional to,

Ar 9r 8}uma^r 8uFZaur 9&u21umb^r 8uFZbur 9&u2

12mamb^r 8uFZaur 9&^r 8uFZbur 9&, ~11!

where theZ-axis is the space-fixed axis along the directi
of the laser polarization,ur &[uJ,Ka ,Kc&, ma5m cosu, and
mb5m sinu. The double and single prime denote the grou
and excited state, respectively,m is the absolute value of the
transition dipole moment~TM!, u is the angle of the TM
vector with respect to the molecule-fixeda-axis, andFZa

and FZb are the direction cosines between the laborat
Z-axis and the moleculara- andb-axes.

Indole, the chromophore of 3-MI and 5-MI, shows ax
reorientation upon electronic excitation.27 The principal axis
system rotates around thec-axis~see Fig. 1! and although the
angle of rotation is small, only 0.5°, the effect on the inte
sities of the rotational transitions is very pronounced. Fo
correct calculation of the intensities, all rotational wave fun
tions of the ground and the excited state should be expre
in a common coordinate system. This can be achieved
transforming the excited-state Hamiltonianvia a rotation ofJ
around thec-axis by an angleuT ,27,28
Hn8s8
t

5~A8 cos2 uT1B8 sin2 uT!Ja8
21~A8 sin2 uT1B8 cos2 uT!Jb8

21C8Jc8
21~A82B8!sin uT cosuT~Ja8Jb81Jb8Ja8!

1F8(
n51

`

Wn8s8
~n!

@~ra8 cosuT2rb8 sin uT!Ja81~ra8 sin uT1rb8 cosuT!Jb8#n. ~12!
ian,
er-

n
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In this way the excited-state Hamiltonian is expressed in
coordinate system of the ground state, and its eigenfunct
can therefore be given within the same basis set as
ground-state functions.29 It is readily seen that the matri
elements of the transformed effective rotational Hamilton
@Eq. ~12!# are the same as those for the effective rotatio
Hamiltonian@Eq. ~7!#, with the exception that the constan
A, B, andC andra andrb are replaced by variables depen
ing on the transformation angleuT . The cross termJaJb

1JbJa , however, gives rise to a new matrix element

^JKu~JaJb1JbJa!uJK61&

5 1
2 ~2K61!@J~J11!2K~K61!#1/2. ~13!

B. Effects on rotational spectra

The most apparent effect of the internal motion of t
methyl group on the rotational spectra of theS1←S0 origin
bands is the occurrence of two overlapping spectra aris
from transitions between levels with different torsional sy
e
ns
he

n
l

g
-

metries (0a120a1 and 0e20e transitions!. The two spectra
can each be described by an effective rotational Hamilton
which accounts for the interaction between torsion and ov
all rotation @Eq. ~7!#. The two origins will be shifted by,

Dn0
ae5DEae8 2DEae9 , ~14!

whereDEae9 and DEae8 are the torsional splittings betwee
the 0a1 and 0e levels in the ground and excited state, resp
tively. The torsional level splitting is larger for lower barr
ers; hence, a lowering of the barrier upon excitation w
cause a blue shift of the 0e20e origin with respect to the
0a120a1 origin.

Since all the odd perturbation coefficients vanish fora
levels, the effects of the internal rotation interaction are la
est for thee levels. For these levels the rigid rotor wav
functions are mixed. The mixing due to odd powers ofJa

increases with increasing values ofKa and the mixing due to
odd powers ofJb decreases with increasing values ofKa .
Figure 2 schematically shows the effects of both asymme
and internal rotation on the rigid symmetric rotor levels, a
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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displays the correlation of perturbed asymmetric rotor lev
with rigid asymmetric rotor levels on the one hand, and p
turbed symmetric rotor levels on the other hand.

The mixing of Kc values causes a splitting of~almost!
degenerateK doublets and the appearance of lines that
forbidden in the asymmetric rigid rotor limit, as illustrated
Fig. 3. This is especially apparent in transitions involvi
high Ka levels of the 0e state, where the mixing ofKc values
can be almost complete. The stronger the mixing of wa
functions the more intense the ‘‘forbidden’’ lines will be. Fo
low Ka values there will be two strong rigid rotor allowe
and two weak anomalous lines. For highKa values there will
be two weak ‘‘allowed’’ and two strong anomalous line
For some intermediateKa value there will be four lines of
comparable intensity.

Because rigid rotor wave functions of differentKa parity
are mixed, as well, the line strength of a transition is
longer described by only one term in Eq.~11!. A transition
can be induced by both thea and b component of the TM
~such a transition is no longer a purea or pureb type tran-
sition!. The interference term in the line strength formu
@Eq. ~11!# makes it possible to distinguish positive and neg
tive angles of the TM, as first discussed by Plusque
et al.30 A change of the sign of this angle would change t
sign of the interference term and therefore affect the inte
ties.

Axis reorientation also mixes the wave functions, as c
be seen from Eq.~12!. The term proportional to (JaJb

1JbJa) couples states with differentKa parities and there-
fore mixes the character ofa andb type lines.28 Unlike the
internal rotation induced mixing, axis reorientation affectsa
ande symmetry levels in a similar way.

C. Computational approach

All assigned rotational lines in the overlapping 0a1

20a1 and 0e20e spectra were fit simultaneously with to
sional frequencies from the literature if available. There
several advantages to this approach in comparison with
separate analysis of the 0a120a1 and 0e20e spectra.~i!

FIG. 2. Correlation diagram, showing the effects of internal rotation on
energy and characterization of symmetric and asymmetric rotor levels.
figures on top of the diagram represent the symmetry of the rotor, w
directly below the barrier height indicates whether there is internal rota
~finite barrier! or not ~infinite barrier!. The degeneracy of the levels is give
by the numbers above each level. Where possible a characterization of
level is given.DEae equals the torsional level splitting.
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The perturbation coefficients and the torsional barrier heig
are more accurate, since the vibrational band frequencies
rotational line frequencies are used in a self-consistent w
~ii ! An important structural parameter, the angle of the m
thyl top axis, is obtained directly from the fit.~iii ! The
‘‘torsion-free’’ rotational constants, which are directly re
lated to the corresponding moments of inertia of the m
ecule, are immediately obtained.~iv! The assignment of ex
tensively overlapping lines is much easier if the measu
spectrum is directly compared with the composite 0a1

20a1/0e20e spectrum.
We start by fitting the frequencies of the rotational lin

and torsional transitions to the torsional and effective ro
tional Hamiltonians@Eqs. ~5! and ~7!#. A maximum of 15
parameters can be determined, including the rotational c
stantsA,B, andC of the ground and electronically excite
states, the torsional barrier heights in both states, and
frequency of the 0a120a1 band origin.

The constants resulting from the frequency fit are k
fixed in the intensity fit, where ten additional parameters c
be determined: the rotational population distribution para
etersT1, T2, andw ~see below!, the transition dipole momen

e
he
le
n

ach

FIG. 3. Effect of internal rotation ona-type transitions in theQ-branch of
3-methylindole. Upper panel:e levels with highJ,Ka value are split by
FW0e

(1)raKa . The width of the arrows corresponds~approximately! to the
strength of the transitions; the 0e– 0e transitions show a change from ‘‘nor
mally allowed’’ transitions (DKc561) for low Ka values, where the asym
metry splitting is large, to anomalous transitions (DKc50) for high Ka

values, where the asymmetry splitting is much smaller. This is also il
trated by part of the experimental spectrum of 3-methylindole~lower panel!,
where the corresponding transitions are marked.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



e
a
iv

n

n

la
on

s
-
a
ur

u
u

io
as
he
e
rr

o
V

am
tl
d
a

a
3
b

s.
ph
er

d

ng
6G,

ing
le
e-
es.
ed
tral
io-
.

l

de-
lar
tics.
r

ea-

of
e

wer
the

ec-

on,

ing

.

8440 J. Chem. Phys., Vol. 108, No. 20, 22 May 1998 Remmers et al.
angleu, the axis reorientation angleuT , the intensity ratio of
the 0e20e and 0a120a1 spectraI e /I a , the Lorentzian and
the Gaussian contributions to the width of the Voigt-shap
lines, the background intensity, and an intensity scaling f
tor. The importance of these parameters has been extens
discussed in Ref. 27.

The intensity ratio of the 0e20e and 0a120a1 spectra
is given by,

I e

I a
5

ge•nSe•Se•ne

ga•nSa•Sa•na
, ~15!

where ge and ga are the degeneracies of the 0a1 and 0e
levels (ge52 andga51), nSe andnSa are the nuclear spin
statistical weights (nSe/nSa51:2 for molecules of G6

symmetry22,31!, Se and Sa are the strengths of the 0a1

20a1 and 0e20e torsional bands~squared Franck-Condo
factors!, and ne /na is the population ratio of 0a1 and 0e
torsional states. Under the usual assumption of no collisio
population redistribution between 0a1 and 0e levels during
the expansion, the latter ratio is one.

The ground state rotational population, used to calcu
the intensities, was described separately for each torsi
level. It is given by a two-temperature distribution,27,32

nJ,Ka ,Kc
~T1 ,T2 ,w!5e2EJ,Ka ,Kc

/kT11we2EJ,Ka ,Kc
/kT2,

~16!

where the energiesEJ,Ka ,Kc
are pure rotational energie

~relative to the lowest 0a1 and 0e rotational level, respec
tively!, andw is the weighting factor for the second temper
ture. The same weighting factors and rotational temperat
were used to describe the distribution over the 0a1 and 0e
levels.

The final constants are obtained by averaging the res
from different measurements of the same spectrum to red
the errors due to a drift in the relative frequency calibrat
device. The errors of the constants reported are in most c
determined by the variations within different scans rat
than by the statistical errors resulting from the fitting proc
dure. However, for several parameters the statistical e
still dominates.

III. EXPERIMENT

Rotationally resolved fluorescence excitation spectra
3-MI and 5-MI were obtained using a narrow bandwidth U
laser system and a molecular beam apparatus.33 3-MI or 5-
MI, obtained from Aldrich, was heated to;75 °C, seeded in
0.6 bar argon, and expanded through a nozzle with a di
eter of about 0.15 mm. The nozzle was kept at a sligh
higher temperature than the sample vessel to prevent con
sation of the sample in the orifice. The molecular beam w
skimmed twice in a differential pumping system and w
crossed perpendicularly with a UV laser beam at about
cm from the nozzle. The pressure in the detection cham
was below 1026 mbar, assuring collision free condition
The total undispersed fluorescence was imaged onto a
tomultiplier connected to a photon counting system, int
faced with a computer.

UV radiation with a bandwidth of 3 MHz was generate
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by intracavity frequency doubling in a single frequency ri
dye laser, operating on Rhodamine 110 and Rhodamine
respectively, for the 3-MI and 5-MI measurements. By us
a 2 mm thick Brewster cut BBO crystal, 0.1 mW of tunab
UV radiation was obtained. Light at the fundamental fr
quency was used for calibration and stabilization purpos
For relative frequency calibration a temperature stabiliz
Fabry-Perot interferometer was used with a free spec
range of 75 MHz. For absolute frequency calibration the
dine absorption spectrum34 was recorded simultaneously
The scanning range is typically 2 cm21 at the fundamenta
frequency.

The spectral resolution of the experimental set-up is
termined by the residual Doppler width in the molecu
beam and the geometry of the fluorescence collection op
Although the instrumental Doppler width is not known fo
specific molecules, it can be estimated to be;16 MHz full
width at half maximum~FWHM! from the results of similar
experiments on indole, indazole, and benzimidazole, m
sured previously using this set-up.27

IV. FREQUENCY ANALYSIS

A. 3-methylindole

The observed spectrum of theS1←S0 origin band of
3-MI is presented in Fig. 4. This spectrum is a composite
the 0a120a1 and 0e20e spectra, whose simulations ar
given separately in the upper two panels. The 0e20e spec-
trum ~of which the origin is indicated by an arrow in Fig. 4!
is blue shifted with respect to the 0a120a1 spectrum, which
means that the torsional barrier in the excited state is lo
than that in the ground state. The separation between
origins of the 0a120a1 and 0e20e spectra,Dn0

ae , was
found to be 915 MHz. This separation appears in the sp
trum as a spacing between 0a120a1 and 0e20e rotational
transitions starting from lowKa levels. HighKa levels of the
0e states are disturbed by the torsion-rotation interacti
which causes this spacing to no longer be constant.

It was possible to reproduce all observed lines us
terms up ton52 in the Hamiltonian of Eqs.~7! and ~12!.

FIG. 4. Experimental spectrum of 3-methylindole~lower panel! together
with simulations of the 0a120a1 and 0e20e transitions~upper two pan-
els!. The 0a120a1 origin ~0 on the scale of the figure! is located at
34 874.69~1! cm21. The origin of the 0e20e band is indicated by the arrow
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 21 N
TABLE I. Molecular constants of 3-methylindole. Fitted parameters are given in the upper part, de
parameters in the lower part.

S0 S1

A9, A8-A9 2603.6~9! –37.45~3! MHz
B9, B8-B9 1268.6~2! –18.30~2! MHz
C9, C8-C9 857.7~1! –12.40~2! MHz
Fa 5.17~3! cm21 a

V3 500~40! 301~1! cm21 a

h 50.1~9! deg a

u 626.3~9! deg b

uT 60.7~3! deg b

n0
aa 34 874.69~1! cm21

Dn0
ae 914.7~4! MHz

DEae 90~40! 1005~40! MHz
I a 3.26~2! 3.26~2! amu Å2

F 5.23~3! 5.23~3! cm21

W0e
(1) –7~3!31024 –77~3!31024 c

W0a
(2) 8~4!31024 93~3!31024

W0e
(2) –4~2!31024 –47~2!31024

FW0e
(1)ra –1.2~5! –12.9~6! MHz c,d

FW0e
(1)rb –0.7~3! –7.5~3! MHz c,d

aFa95Fa8 , V695V6850, andh95h8 is assumed.
bThe signs ofu anduT cannot be independently determined from the fit. They are, however, coupled: both
either be positive or negative.

cW0e
(1) is given fors511. The value fors521 is given by2W0e

(1) .
dFW0e

(2)rg
2 ,g5a,b are,0.02 MHz forS0 and,0.2 MHz for S1.
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The analysis started with the simulation of a purea-type
spectrum of a rigid asymmetric rotor, using rotational co
stants calculated from a 3-MI geometry obtained from
attachment of a methyl group to the calculated geometry
indole.35 By comparison of this simulation with the observe
spectrum, several 0a120a1 lines could be assigned. A fit o
these lines provided improved rotational constants. Next,
simulated the complete spectrum containing all 0a120a1

and 0e20e lines, fixing the distance between the 0a1

20a1 and 0e20e origins to 915 MHz by adjusting the val
ues ofV39 andV38 , taken from Ref. 8. Eventually, about 40
0a120a1 and 400 0e20e lines were included in the fit
together with the excited-state torsional frequencies of
2a1←0a1 band at 188 cm21 and the 2e←0e band at 197
cm21.8

Since the spectra did not contain enough information
determine all possible parameters, we made the follow
assumptions. First, it was assumed that the internal rota
constant of the methyl group does not change upon exc
tion; i.e., the differenceFa82Fa9 was fixed to zero. Since th
torsion-rotation interaction in the ground state of 3-MI
very small, the calculated spectrum is relatively insensit
to large variations (;5°) of the ground-state methyl to
angle h9 and it turned out to be impossible to fith9 and
h82h9 simultaneously. We therefore also fixedh82h9 to
zero. The molecular constants obtained from the fit are lis
in Table I together with the absolute center frequency of
0a120a1 spectrumn0

aa and several other constants calc
lated from the fit parameters.

Due to the high torsional barriers in both electron
states of 3-MI, the effective rotational constants for the 0a1

20a1 and 0e20e spectra differ by less than 0.2 MHz from
ov 2002 to 192.42.124.30. Redistribution subject to A
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e

d
e

the ‘‘torsion-free’’ values. This implies that the 0a120a1

spectrum is practically that of a rigid asymmetric molecu
with the same rotational constants and the perturbation
the 0e20e spectrum are mainly determined by the firs
order terms in the effective rotational Hamiltonian.

As can be seen from Table I, the torsion induced sp
tings of the 0e20e levels in the ground state
(;2KaFW0e

(1)ra) reach a value that is comparable to t
linewidth only atKa.10. Since the intensities of these line
are already negligible, it is impossible to obtain the groun
state barrier heightV39 directly from these splittings.V39 is
determined via the excited-state torsional parameters and
separation of the origins of the 0a120a1 and 0e20e spec-
tra, Dn0

ae @Eq. ~14!#. This separation is directly determine
from the observed spectrum, whileV38 is determined by a
combination of the two torsional frequencies included in t
fit and the perturbations of the 0e20e lines of the observed
spectrum. It follows therefore that the uncertainties of bo
barrier heightsV39 and V38 largely depend on the torsiona
frequencies, which are accurate to 1 cm21.

B. 5-methylindole

The spectrum of theS1←S0 origin band of 5-MI con-
sists, like that of 3-MI, of a 0a120a1 and a 0e20e spec-
trum. Figure 5 presents the observed spectrum~lower panel!
together with simulations of the two separate 0a120a1 and
0e20e spectra ~upper panels!. The 0e20e spectrum is
again blue shifted with respect to the 0a120a1 spectrum,
indicating a lowering of the torsional barrier upon excitatio
in this case by a substantially larger amount.

Terms up ton54 in the effective rotational Hamiltonian
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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@Eqs.~7! and~12!# were necessary to reproduce the obser
spectrum. The geometry of 5-MI was again constructed fr
the combination of a methyl group and an indole fram
which yielded the initial rotational constants. A hybrid asym
metric rotor spectrum was simulated and several 0a120a1

lines were assigned. A fit of these lines provided the eff
tive rotational constants for the 0a1 levels of the ground and
the excited state of 5-MI. Assigning the 0e20e lines was
more troublesome than for 3-MI, because the origin of
0e20e spectrum is more shifted from the 0a120a1 origin.
Furthermore, the overall intensity of the 0e20e spectrum is
about three times less than that of the 0a120a1 spectrum.
The distance between the origins was first crudely estima

FIG. 5. Experimental spectrum of 5-methylindole~lower panel! together
with simulations of the 0a120a1 and 0e20e transitions~upper two pan-
els!. The 0a120a1 origin ~0 on the scale of the figure! is located at
34 355.915~12! cm21. The origin of the 0e20e band is indicated by the
arrow.
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and the values of the three-fold barrier heightsV39 and V38 ,
taken from Ref. 7, were slightly adjusted to yield the corre
Dn0

ae value (;0.9 cm21!. These values enabled us to dete
mine the perturbation coefficients from which we could c
culate ‘‘torsion-free’’ rotational constants for the ground a
the excited state. In the next step these constants were
to simulate the composite spectrum of the 0a120a1 and
0e20e bands. Finally about 400 0a120a1 and 200 0e
20e transitions were included into the fit. The final param
eters are given in Table II.

Six excited-state torsional frequencies~39.5, 52, 74.6,
94.4, 155.5, and 203.1 cm21!,8 and six ground-state torsiona
frequencies~60.2, 101.3, 122.4, 166.7 228.9, and 295
cm21!,7 were included into the fit. Thanks to this large num
ber of torsional transitions also the six-fold barrier heigh
V69 andV68 could be determined. Within the errorsh9 andh8
yielded identical values in the attempt to fit both paramete
Thereforeh82h9 was fixed to zero. Furthermore, it wa
assumed thatFa82Fa950.

As can be seen from Table II the difference betwe
‘‘effective’’ A and ‘‘torsion-free’’ A constants, determined
by FW0a

(2)ra
2 and FW0e

(2)ra
2 , is quite significant (;25 MHz

for the 0a1 states ofS1) and is different for 0a120a1 and
0e20e spectra. The difference for theB constants is less
than 0.3 MHz.

V. INTENSITY ANALYSIS

With the parameters obtained from the frequency ana
sis kept fixed, the intensities of the rotational lines can n
be analyzed. The results, which are averages of the re
from fits of several measurements, are given in Table I a
rived
TABLE II. Molecular constants of 5-methylindole. Fitted parameters are given in the upper part, de
parameters in the lower part.

S0 S1

A9, A8-A9 3459.9~1! –132.85~4! MHz
B9, B8-B9 1034.06~5! –0.81~1! MHz
C9, C8-C9 800.29~4! –7.65~1! MHz
Fa 5.24~1! cm21 a

V3 135~6! 85~1! cm21

V6 –21~13! –14~3! cm21

h –16.9~4! deg b

u 53~1! deg
uT 0.4~2! deg
n0

aa 34 355.915~12! cm21

Dn0
ae 26 325~2! MHz

DEae 18 381~12! 44 705~14! MHz
I a 3.219~3! 3.219~3! amu Å2

F 5.348~6! 5.344~6! cm21

W0e
(1) –0.1431~3! –0.3693~6! b

W0a
(2) 0.1625~3! 0.3745~5!

W0e
(2) –0.0809~2! –0.1788~2!

FW0e
(1)ra –483.6~3! –1199.6~4! MHz b

FW0e
(1)rb 43.9~7! 113~2! MHz b

FW0a
(2)ra

2 11.585~3! 24.667~3! MHz
FW0e

(2)ra
2 –5.764~2! –11.773~3! MHz c

aFa andh are assumed to be the same forS0 andS1.
bW0e

(1) is given fors511. The value fors521 is given by2W0e
(1) .

cFW0a
(2)rb

2 andFW0e
(2)rb

2 are,0.1 MHz for S0 and,0.3 MHz for S1.
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Table II. Both molecules show anab hybrid spectrum and
undergo a reorientation of the inertial axes upon electro
excitation. For 5-MI it was possible to determine the signs
u anduT . Information about the relative signs of the angl
u, uT , andh can only be obtained from the intensities. T
0a120a1 spectrum behaves effectively as an ordinary asy
metric rotor spectrum and it is therefore only sensitive to
relative signs ofu anduT , as in indole.27 The intensities of
the 0e20e lines, however, depend on the relative signs
anglesu, uT , andh. Therefore, since the sign ofh is fixed
by the geometry, the signs ofu and uT can be determined
For 5-MI this results in a TM angleu that is 153° and a
reorientation angleuT that is10.4°. The effect on the inten
sities of a change ofu anduT is demonstrated in Fig. 6. Fo
3-MI the interference effects are not large enough to aff
the intensities appreciably. It is therefore only possible
derive the relative signs ofu (u5626.3°) and uT (uT

560.7°), yielding the same sign for both angles.
The intensity ratioI e /I a found for 3-MI is approxi-

mately unity, in agreement with Eq.~15!; the band strength
ratio Se /Sa is predicted to be 1.0, using the constants giv
in Table I. For 5-MI a value of 0.2560.10 was found for the
intensity ratio, again in agreement with the band stren
ratio, which, using the constants given in Table II, is p
dicted to be 0.304.

A Voigt line-profile was used in the fit of the observe
spectrum. For 3-MI it was not possible to fit both the Lore
zian and Gaussian contributions to the linewidth. Therefo
we fixed the Gaussian contribution to 16 MHz, a value d
termined earlier for this experimental setup.27 The resulting
Lorentzian contribution to the linewidth was found to b
2163 MHz. Lifetime measurements of 3-MI by Demme
et al.11 and Arnold et al.3 yielded 12.3 and 13.860.2 ns,
respectively. These result in Lorentzian contributions to

FIG. 6. Parts of the 0a120a1 and 0e20e spectrum of 5-methylindole. The
lower panels show the observed spectrum. The middle panels show sim
tions, using positive values for the transition moment and axis reorienta
angle. A simultaneous change of sign ofu anduT does not affect the line
positions but yields different intensities for the 0e20e transitions, as can be
seen from the upper panels.
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linewidth of only 12.9 and 11.560.2 MHz, respectively. A
similar line broadening, although less, was also found
indole and indazole.27 For 5-MI we were able to fit both
linewidth parameters, which yielded 1765 and 1065 MHz
for the Gaussian and the Lorentzian contribution, resp
tively. This latter value corresponds to a lifetime of 1568
ns.

VI. DISCUSSION

The torsional barriers found for 3-MI are less accura
than those for 5-MI, but all values, where relevant, are
agreement with values found earlier.7,8 For both molecules
the three-fold barrier lowers by about a factor of 1.6 up
electronic excitation, which accounts for the blue shift of t
0e20e origin with respect to the 0a120a1 origin. 3-MI and
5-MI provide a nice example for comparing small and lar
internal rotation effects. The torsional barrrier heights
5-MI are about four times lower than those for 3-MI. Th
leads to larger torsional tunneling splittings~the 0a120e
distanceDEae) for 5-MI, and larger distortions in the rota
tional spectrum of 5-MI compared to 3-MI. Therefor
fourth-order perturbation theory was necessary to desc
the 5-MI spectrum while second-order theory was suffici
to describe the 3-MI spectrum. Despite this, the effects ofKc

mixing can clearly be distinguished in the spectrum of 3-M
as is illustrated in Fig. 3.

The three-fold barrier heights are related to the elect
densities in the molecular frame at the site to which the m
thyl group is attached. In 3-MI the electron density is distr
uted asymmetrically around this site, which accounts for
large three-fold barrier found for 3-MI. The much lowe
three-fold and appreciable six-fold barrier found for 5-M
can be explained by the much more symmetrical elect
distribution in the benzene ring. The lowering of the thre
fold barrier upon electronic excitation indicates a shift of t
electron distribution in the two molecules toward a mo
symmetrical distribution around the methyl group site.

Both 3-MI and 5-MI show hybrid type spectra. The 3-M
spectrum is predominantlya-type (uuu526°), while that of
5-MI is predominantlyb-type (u5153°). By virtue of the
interference term in the intensity formula@Eq. ~11!#, arising
from both axis reorientation and the interaction between
ternal and overall rotation, it was possible to determine
sign of the transition moment angle of 5-MI. This was fou
to be in agreement with several semiempirical andab initio
calculations, which yield values between135 and172° for
the TM angle of indole~for a review see Ref. 36!. It also
agrees with the conclusion of Philips and Levy, who, af
comparing the transition moment angles of tryptamine a
indole, concluded that the transition moment angle of ind
should be positive.37 It is also consistent with the measur
ments of Albinssonet al.,18 who determined the anglesu of
indole, 3-MI, and 5-MI in polyethylene to be, respectivel
14263, 13062, and 15862°. From this we conclude
that also for 3-MIu ~and henceuT , which is found to have
the same sign asu) should be positive. Assuming that th
direction of the TM with respect to the indole frame is th
same in 3-MI and 5-MI as it is in indole, the TM angle i
3-MI and 5-MI can be calculated from the TM angle of in

la-
n
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dole. MP2/6-31G* geometry optimizations38 were performed
on 3-MI and 5-MI to ensure that the structure of the indo
frame does not change significantly upon the attachment
methyl group. This yielded 16 and 49° for the TM angles
3-MI and 5-MI, respectively. The latter value is in reaso
able agreement with the experimental value found for 5-M
5361°, implying that the addition of a methyl group atC-5
only slightly influences the electron density changes in
indole frame upon excitation. For 3-MI however, the calc
lated value deviates much more from the experimental va
26.360.9°, implying a larger influence of the methyl grou

The axis reorientation angles found for 3-MI and 5-M
~respectively 0.7 and 0.4°) are, as expected, comparab
the value found for indole (0.5°27!. Geometry calculations on
the first excited singlet state were performed by adding
excited-state CIS/3-21G and ground-state HF/3-21G coo
nate differences to the MP2/6-31G* ground-state coo
nates. The axis reorientation angle can subsequently be
culated using,39

tan uT5
( imi~ai8bi92bi8ai9!

( imi~ai8ai91bi8bi9!
, ~17!

where mi are the atomic masses andai8 ,bi8 ,ai9 ,bi9 are the
ground- and excited-state atomic coordinates, expresse
their inertial axis systems. For 5-MI this yielded a value
0.4°, in good agreement with the measurements. For 3-
calculations always converged into the1La electronic state,
which can be explained by the near degeneracy of the
dicted 1La and 1Lb electronic states. No reorientation ang
for excitation to the1Lb state could therefore be determine

VII. SUMMARY

The rotationally resolved excitation spectra of t
S1(1Lb)←S0 origin bands of 3-MI and 5-MI have been me
sured and analyzed. The rotational constants in the gro
and electronically excited state have been determined
both molecules. These constants can be used to validate
ometry calculations of these molecules. The transition m
ment angle was also determined from the spectra, consis
of two overlapping transitions between different torsion
levels, which originate from the internal rotation of the m
thyl group. The spectra could be reproduced by describ
the interaction between the overall rotation of the molec
and the internal rotation as a perturbation on the rotat
From the frequency analysis, the rotational constants,
torsional barrier heights in the ground and electronically
cited states, and the angle of the methyl top axis were de
mined. Intensity analysis of the spectra yielded values for
TM and axis reorientation angles.
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