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Fully rotationally resolved spectra of the two lowest-frequency bands~the origin (00
0) and the

inversion (140
1) band! of the S1(np* )←S0 transition of jet-cooled (Trot'6 K) acetaldehyde,

CH3CHO, have been recorded with a resolution of'0.01 cm21 using a pulsed dye amplified
continuous wave~cw! laser. In modeling the spectra a nonperturbative solution of the rotational–
torsional coupling problem was used, but the torsion–inversion and the rotation–inversion
couplings were neglected. All the lines of the origin band were reproduced with a model using the
same rotational–torsional Hamiltonian for the ground- and excited electronic state. The inversion
band could not be described with this model, since the ordering of the torsional levels in the excited
state is reversed. The measured spectrum was reproduced by using a rigid asymmetric rotor
Hamiltonian for the two torsional levels in the excited state. Some rotational levels of 00 and 141

states were found to be shifted from their predicted energy values. These shifts were explained by
an accidental resonance between the excited singlet level and some higher rovibronic triplet level.
The relative intensities of theab-type andc-type torsional subbands and the Herzberg–Teller–
induced transition dipole moment direction, characterizing theab-type subband, were determined by
an intensity fit. © 2001 American Institute of Physics.@DOI: 10.1063/1.1366643#
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I. INTRODUCTION

Acetaldehyde (CH3CHO) in its ground state is one o
the simplest and best-studied prototype systems for inve
gating the spectroscopic manifestations of the coupling
tween the overall rotation of the molecule and the met
torsion large amplitude motion.

Rotational–torsional coupling terms were already int
duced into the Hamiltonian in the early microwave study
Kilb et al.1 The measurement of additional microwave a
far infrared transitions together with better~faster! comput-
ing possibilities enabled improved rotational–torsion
analysis.2 Further developments in theory led to modern g
bal fitting models,3–8 which are able to fit thousands of line
belonging to transitions between states with torsional qu
tum numbersv t<4, and rotational quantum numbersJ<26
andKa<14. The number of parameters in these global fits
quite high; up to 60 parameters were needed to fit the t
sitions within their observed uncertainty.

The np* -type S1←S0 electronic transition, whose vi

a!Author to whom correspondence should be addressed. Electronic
erko@fi.tartu.ee

b!Present address: FOM-Institute for Plasma Physics Rijnhuizen, Pos
1207, 3430 BE Nieuwegein, The Netherlands.
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bronic bands cover the near UV spectral region~350–250
nm!, provides access to the first excited singlet state of
etaldehyde. Owing to the out-of-CCO-plane equilibrium p
sition of the aldehydic hydrogen in theS1 state, the inversion
~wagging! vibration of this atom with respect to the CC
plane is the second large amplitude motion besides the
thyl torsion.

Vibronic analysis of room-temperature gas cell abso
tion and fluorescence spectra revealed evidence of the me
conformational change as well as the double-minimum ch
acter of the excited state inversion potential.9,10 It was also
established that the excited state methyl torsional barrier
creases upon electronic excitation. However, the analysi
room-temperature spectra was severely limited by cong
tion of many bands.

In the early 80’s Nobleet al.11,12 and Babaet al.13 re-
corded the laser-induced fluorescence excitation spectr
several acetaldehyde isotopomers in a supersonic jet. Du
the cooling of the vibrational and rotational degrees of fre
dom, the 00

0 band was unambiguously identified. Assig
ments were proposed for torsional–vibrational bands up
1700 cm21 above the origin band. Essential to establishi
the band assignments was the rotational contour analysis
which the dominant type of the rotational spectrum~ab or c
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8317J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 The spectrum of acetaldehyde
type! was determined. Furthermore, the methyl conform
tional change and the out-of-plane movement of acetyl
drogen upon electronic excitation were confirmed, and r
able parameters of one-dimensional model potent
describing the torsion and wagging large amplitude moti
in the S1 were deduced.

Weersink et al.14 developed a torsion–inversion cou
pling model for the excited state and applied this mode
the spectra of Nobleet al.12 They deduced a two
dimensional potential energy surface, characterizing th
large amplitude motions and the structure parameters co
sponding to the minima of the potential. Additionally, W
ersinket al.14 clearly explained the physical nature of theab-
and c-type transitions to the excited state torsion–invers
levels.

Price et al.15 obtained excited state rotational consta
of the CH3CHO and CH3CDO isotopomers from a rotationa
fit of their origin band spectra of jet-cooled acetaldehy
The experimental resolution was'0.22 cm21, too low to
resolve the individual rotational lines. The spectra were
scribed with a simple rigid rotor Hamiltonian. From the r
tational constants an approximate excited state geometry
determined.

Subsequent achievements, reflected in a series of p
cations of Liuet al.,16–18 were based on the use of a pul
amplified cw dye laser system, with 0.005 cm21 laser line-
width. Analysis of the rotationally resolved spectra of s
lectedS1←S0 vibronic bands, carried out with a rigid asym
metric top model, yielded precise frequencies of the ba
origins and corresponding rotational constants. The band
gin frequencies have been fit to a torsion-wagging-CC
bending model~substantially different from that of Weersin
et al.14!, resulting in a refined set of potential hypersurfa
and kinetic parameters characterizing these three modes

In contrast to the very detailed global analysis of t
ground-state data of acetaldehyde,6–8 to the best of our
knowledge no reports exist where the coupling betwe
overall rotation and methyl torsion is consistently taken in
account in the rotational analysis of theS1←S0 electronic
bands. This work attempts to fill this gap for the two lowe
frequency vibronic bands ofS1←S0 transition, the origin
and the inversion band. Rotationally resolved excitat
spectra of jet-cooled acetaldehyde are measured with a p
amplified cw laser system and analyzed with frequency
well as with intensity fitting techniques.19,20

II. EXPERIMENT

A molecular beam of acetaldehyde is formed by expa
ing 1% acetaldehyde in He~for the origin band! or 5% ac-
etaldehyde in Ar~for the inversion band! through a pulsed
valve with an orifice of 0.8 mm diameter into a vacuu
chamber. For He beams, a backing pressure of 5 atm is
plied. When Ar is used as the carrier gas, the backing p
sure had to be lowered to 2 atm to avoid cluster formati
The molecular beam is crossed by a laser beam appr
mately 7 cm downstream of the nozzle. As excitation lig
source, a pulsed dye amplifier system is employed. The
put of an Ar ion pumped ring dye laser~Coherent CR699!,
operated on DCM dye, is amplified in three stages by
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
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second harmonic of a Q-switched Nd-YAG laser~Lumonics
HY600!. The amplified radiation is frequency doubled in
KDP crystal to yield UV light around 335 nm with a puls
energy of typically'2 mJ and a Fourier transform limite
bandwidth of 0.006 cm21. For absolute frequency calibratio
the I2 absorption spectrum21,22 is recorded along with the
excitation spectrum of acetaldehyde. For relative freque
calibration transmission fringes are recorded with press
and temperature stabilized Fabry–Perot interferometer w
free spectral range 500.4~1! MHz. The fluorescence from the
S1 state to the ground state is collected by af /0.7 quartz lens
system and imaged onto a photomultiplier tube~Hamamatsu
R212!. In order to reduce the scattered light an L-400 cut
filter is placed in front of the photomultiplier. The signa
from the photomultiplier are processed by a digital oscil
scope~LeCroy 9430! and a boxcar integrator~SRS 250! in-
terfaced with a computer.

III. THEORY

A. The subbands of the origin and the inversion band

In its ground state acetaldehyde is planar~except for the
two methyl hydrogens!. The third methyl hydrogen is
eclipsed with respect to the carbonyl group~see Fig. 1!. A
threefold barrier for methyl torsion (n15) gives rise to
a1 , a2 , ande torsional levels, designated by the species
G6 molecular symmetry group. Due to a barrier height
400 cm21 the two lowest torsional levels withv t50, marked
by 0a1 and 0e, are separated by 0.07 cm21 ~see Fig. 2!.

The equilibrium geometry in theS1 state is significantly
different from that of the ground state. The methyl group
rotated by an angle somewhat less than 60°~59.9° in Ref. 18,
but 54° in Ref. 14!, and the aldehydic hydrogen is bent out
the CCO plane by 35°.17,18,14The nearly 60° conformationa
change of the methyl group gives rise to a long torsio
progression in the excitation spectrum. The inversion~wag-
ging, n14) motion of aldehydic hydrogen in theS1 state can
be described by a symmetric double-minimum potent
whose local maximum corresponds to the planar configu

FIG. 1. Geometrical structure of acetaldehyde in the ground state and
orientation of principal inertial axes. The leftmost double H label marks
two out-of-CCO-plane methyl hydrogens. Two alternative directions
Herzberg–Teller-induced transition moment responsible for hybridab-type
subbands in the electronic spectra are marked by arrows.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8318 J. Chem. Phys., Vol. 114, No. 19, 15 May 2001 Jalviste et al.
tion of aldehyde group. Due to a finite~585 cm21 in Ref. 17
and 530 cm21 in Ref. 14! barrier height for the inversion
motion there is 34 cm21 splitting17 between the vibrationles
(00 or, in an alternative notation, 1401) level and the inver-
sion (141 or 1402) level. Both the 00 level and the 141 level
have torsional sublevels (0a1 and 0e) as a result of the finite
barrier for methyl torsion in theS1 state.

In acetaldehyde, thenp* type S1←S0 ~pure! electronic
transition (A9←A8 in Cs symmetry species orA2←A1 in G6

species! is allowed with the transition dipole moment d
rected perpendicular to the CCO plane, i.e., along thec prin-
cipal axis. Hence, the electric dipole allowed vibronic tra
sitions starting from the torsional ground-state levels,v t

50, give rise to thec-type 0a1– 0a1 and 0e– 0e subbands in
the origin (00

0) band~see Fig. 2!. Due to a 1.5 times highe
threefold torsional barrier height inS1 , the exited state tor-
sional tunneling splitting is about 9 times smaller than tha
the ground state. This leads to a 0.06 cm21 redshift of the
0e– 0e subband center with respect to the 0a1– 0a1 subband
center in the origin band spectrum.

Notwithstanding the fact that the transition to the inve
sion level, whose vibrational symmetry isa2 , is dipole for-
bidden for the transition dipole moment pointing along thec
axis, the inversion (140

1) band is about 1.4 times stronge
than the origin band.11,23 Its existence is explained b
inversion-induced Herzberg–Teller vibronic coupling
some higher electronic state, whose transition dipole mom
lies in theab plane. The inversion band consists therefore
hybrid ab-type 0a1– 0a1 and 0e– 0e subbands~see Fig. 2!.
We note that in this article the subbands are labeled by t
initial and final torsional states. The difference between th
frequency of 0a1– 0a1 subband centers of origin and inve
sion band is simply the 34 cm21 inversion tunneling split-
ting.

FIG. 2. Vibronic energy levels and the transitions~subbands! forming the
origin (00

0) band and the inversion (140
1) band. Number of quanta andG6

symmetry species are designated for two involved modes, the inver
(n14) and the torsion (n15). Dipole allowed transitions give rise toc-type
subbands. Herzberg–Teller-induced transitions give rise to hybridab-type
subbands. Dashed lines mark indirect 0e– 0e transitions acquiring their in-
tensity via torsion–inversion coupling. In the right side approximate ene
differences~in cm21! between the relevant states are given.
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
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The dipole allowedc-type 0a1– 0a1 and 0e– 0e sub-
bands of the origin band and the vibronically inducedab-
type 0a1– 0a1 and 0e– 0e subbands of the inversion ban
are calleddirect subbands.14 Besides the direct transitions
so-calledindirect transitions appear in the spectra~ab-type
0e– 0e subband in the origin band andc-type 0e– 0e sub-
band in the inversion band!, which are marked with dashe
lines in Fig. 2. These indirect transitions acquire their inte
sity via an anharmonic coupling between the torsional a
inversion motion in the excited state.14 This coupling is al-
lowed by the same torsion–inversion symmetry of thee
levels of 00 and 141 states.

B. Model and approximations

In our model for the excited state Hamiltonian we w
neglect the terms describing the inversion–torsion coup
as well as the inversion–rotation coupling. We will also n
glect the symmetry reduction due to the out-of-CCO-pla
location of the acetyl hydrogen in theS1 state. Furthermore
we will assume the methyl top axis to lie in theab plane~i.e.,
in the plane defined by the CCO group!. These approxima-
tions enable us to apply the same Hamiltonian for both
S0 state and theS1 state.

The principal axis method rotational–torsional~RT!
Hamiltonian20,24–27 corresponding to a molecule-fixed ax
systema,b,c is given by

H5F~p2raJa2rbJb!21AJa
21BJb

21CJc
2

1V3~12cos 3a!/21V6~12cos 6a!/2, ~1!

whereF is the reduced rotational constant for internal ro
tion, p is the angular momentum operator conjugate to
torsional anglea, ra andrb are the projections of the vecto
r on thea and b principal inertial axes@see Eq.~3!#, A, B,
and C are the rotational constants,Ja , Jb , and Jc are the
projections of total angular momentumJ to the correspond-
ing axes, andV3 and V6 are the threefold and sixfold tor
sional barrier heights, respectively. The first term of t
Hamiltonian~1! describes the kinetic energy of internal r
tation ~torsion! and that of the rotational–torsional~RT! cou-
pling. The expressionp2r•J represents the relative angula
momentum of the methyl top and the frame.25,27 The next
three terms give the rotational energy without RT couplin
and the two last terms are the torsional potential function
order to improve the precision of the fit of available micr
wave data, the centrifugal distortion terms up to the fou
order24,25 were included into the ground-state Hamiltonian

The reduced internal rotation constantF, characterizing
the relative motion of the top and the frame, can be
pressed via the~internal! rotational constant of the bare me
thyl top about its symmetry axisFa by20,24

F5Fa /~12ra cosh2rb sinh!, ~2!

whereh is the angle between the methyl top axis and pr
cipal a axis. The projections of ther vector are related to the
angleh by20,24

ra5A cosh/Fa ,
~3!

rb5B sinh/Fa .
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FIG. 3. Observed spectrum~upper trace! and simulated spectrum~lower trace! of the 00
0 band of acetaldehyde. The origin of the 0a1– 0a1 subband, marked

in the figure at 0 cm21, is at 29 769.046~6! cm21.
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We use the axis convention, whereh, ra , and rb are
positive7 ~see Fig. 1!.

The Hamiltonian matrix is set up in a rotational
torsional basis consisting of the products of Wang-type ro
tional basis functions and one-dimensional free internal ro
tion sine–cosine-type basis functions as in the work of Hu
et al.28 The matrix elements for an equivalent, but differen
parameterized Hamiltonian are given in Table III of th
work. The Hamiltonian factorizes into blocks of overall sym
metry a1 , a2 , ande, which are diagonalized separately f
eachJ value. From the resulting eigenvalues and eigenv
tors, only those corresponding to the torsional ground st
v t50, were selected.

The transition strengthSc8c9 between given RT levels o
S1 andS0 state can be expressed by20,24,28

Sc8c9}ma
2u^c8uFZauc9&u21mb

2u^c8uFZbuc9&u2

12mamb^c8uFZauc9&^c8uFZbuc9&

1mc
2u^c8uFZcuc9&u2, ~4!

where uc& is the RT eigenfunction,ma5m cosu, and mb

5m sinu. The double and single prime denote the groun
and excited state, respectively,m is the absolute value of th
transition dipole moment,u is the angle of the transition
moment vector with respect to thea axis, andFZa , FZb ,
and FZc are the direction cosines between the laboratorZ
axis and the moleculara, b, andc axis, respectively. The firs
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
-
-
r

t

c-
e,

-

three terms are nonzero forab-type subbands and the la
term is nonzero forc-type subbands. The absence of t
cross terms}mamc and}mbmc in Eq. ~4! follows from the
assumed symmetry of acetaldehyde with respect to theab
plane.

The line strength factorsSc8c9 are calculated by prop
erly combining the expansion coefficients ofuc8& to the
excited-state RT basis, the expansion coefficients ofuc9& to
the ground-state RT basis, and the direction cosine ma
elements between the excited- and ground-state basis f
tions @see Eq.~8! in Ref. 28#. To obtain the line intensities
the line strength factors are subsequently weighted by
Boltzmann factor and by the intensity weight factor of t
subband to which the line belongs~vide infra!. In order to
take into account the 60° methyl conformational change
excitation the sign of eitherV38 or V39 was set to negative.28

A detailed description of the theory used here in t
analysis of the electronic bands, its limitations, and its c
nections with other authors’ work will be given elsewhere29

IV. RESULTS

The rotationally resolved spectra of the 00
0 band and the

140
1 band of theS1←S0 transition of acetaldehyde are show

in the upper traces of Figs. 3 and 4. The spectral resolu
of the inversion band~0.008 cm21! is better than that of the
origin band~0.012 cm21! because the origin band was me
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. Observed spectrum~upper trace! and simulated spectrum~lower trace! of the 140
1 band of acetaldehyde. The origin of the 0a1– 0a1 subband, marked

in the figure at 0 cm21, is at 29 803.420~7! cm21.
s
a
th

da
ig
y
th
ns
a
b-

nd
n
th
id
o
o
d

ci
ra

ro

l
me
t
ree
ed:

wn
s.

m
m-

re

in
to

e
Hz

of

-
fit
sured while acetaldehyde was seeded in helium, wherea
inversion band was measured with argon as a seeding g

The analysis of these spectra started by determining
ground-state molecular constants from ground-state
available in the literature. Then, we have made an ass
ment of the features in the electronic spectra, followed b
fit of frequencies of the assigned lines which provided us
molecular constants of the excited state. Finally, the inte
ties of the spectral lines are analyzed in order to extract
ditional information, like the relative intensities of the su
bands.

A. Frequency analysis: The microwave spectrum

Although much effort has been devoted to the grou
state analysis, resulting in large sets of molecular consta
we could not use the published constants. The reason is
in the case of acetaldehyde the constants depend cons
ably on the model Hamiltonian and the number and type
transitions included into the fit. The larger the number
lines included in the analysis, the more sophisticated a mo
is necessary to fit all line frequencies within a given pre
sion. This explains the variety of values found in the lite
ture.

For our analysis, we included all the observed mic
wave transitions between the rotational sublevels ofv t50
torsional level withJ9<8 andJ8<9 from Ref. 7 into the fit
(158 0a1– 0a1 and 153 0e– 0e lines!. It should be kept in
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
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mind that here 0a1– 0a1 or 0e– 0e denote the rotationa
transitions, whose final and initial state belongs to the sa
torsional 0a1 or 0e level of theS0 state, respectively. Apar
from the observed microwave transition frequencies, th
far infrared torsional band origin frequencies were includ
the 1a1←0a1 at 143.7428 cm21, the 2a1←1a1 at 110.2124
cm21, and the 1e←0e at 141.9237 cm21. These far infrared
band origin frequencies were deduced by combining kno
frequencies of measured far infrared and microwave line8

As a compromise between model simplicity~fewer fit
parameters! and the precision of the fit, we used, apart fro
the rotational and torsional constants, the distortion para
etersDJ , DJK , DK , anddk as fit variables, butdJ was kept
fixed to zero. The distortion terms of the Hamiltonian a
defined in a standard way@see Eq.~1! in Ref. 24#. A trial fit
with variabledJ yielded zero value for this parameter with
its error limits. This selection of fit parameters enabled us
fit most of the microwave lines within 5 MHz precision. Th
root-mean-square standard deviation of the fit was 0.68 M
(2.331025 cm21). To save on computing time, the size
the basis, given by the maximum allowed values ofJ and of
the free internal rotation quantum numberm, was limited to
Jmax59 and mmax518. For mmax518 the error of the tor-
sional basis truncation was negligible,,0.05 MHz even for
the J,Ka ,Kc59,9,0 level of the 0e species. The ground
state molecular constants obtained from our microwave
are listed in the first column of Table I.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 21 M
TABLE I. Molecular constants of the ground state (00), and electronically excited states 00 and 141. Abbre-
viations: 0. means that this parameter is fixed to zero, g.s. means that the parameter is fixed to its grou
value, and n.a. means that it is not a parameter. See the text for details.

00(S0) 00(S1) 141(S1)

A 1.888 360~7! 1.601 91~7! Aa851.597 60(8), Ae851.598 01(7) cm21 a
B 0.339 202 0~13! 0.338 638~21! 0.338 801~14! cm21

C 0.303 289 0~13! 0.296 450~16! 0.297 339~11! cm21

DJ 0.263(13)31026 0. 0. cm21

DJK 21.42(6)31026 0. 0. cm21

DK 23.48(41)31026 0. 0. cm21

dJ 0. 0. 0. cm21

dK 1.1(6)31026 0. 0. cm21

Fa 5.219 0~18! g.s. n.a. cm21 b
F 7.552 4~41! 7.089 4~38! n.a. cm21 c
V3 404.57~23! 592~5!. n.a. cm21

V6 29.54~20! 0. n.a. cm21

h 24.96~3! g.s. n.a. deg d
DEae 0.069 03~35! 0.007 68~32! 20.003 39~23! cm21 e,f
Dn0

ae n.a. 20.061 35~33! 20.072 42~24! cm21 g,c
n0

aa n.a. 29 769.046~6! 29 803.420~7! cm21 h

aAa8 andAe8 are rigid rotorA8 constants for 0a1 and 0e levels, respectively.
bFa is the internal rotation constant of the bare methyl group.
cF andDn0

ae are derived parameters, not used as fit variables.
dh is the angle between the methyl top axis and thea axis.
eDEae is the torsional 0a1– 0e splitting.
fDEae is a derived parameter in the MW and 00

0 band fits, but a fit variable in the 140
1 band fit.

gDn0
ae is the distance between the origins of 0e– 0e and 0a1– 0a1 subbands:Dn0

ae5DEae8 –DEae9 .
hn0

aa is the absolute center frequency of the 0a1– 0a1 subband determined by comparison with the iodi
spectrum.
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B. Frequency analysis: The electronic bands

The reliability of the constants determined from ele
tronic spectra depends, apart from the number and typ
lines included into the fit, on several limiting experimen
factors. Most important are the experimental resolution a
the linearity of the frequency scale, determined by the in
ferometer drift.

Since the assignments of transitions in our spectra w
initially not known, the fit was performed iteratively. At firs
the spectrum was simulated with approximate initial co
stants taken from the literature.16,17 In each step the simu
lated spectrum~the composite of all the subbands! was visu-
ally compared with the observed spectrum to find n
improved line assignments which were in turn used in a s
sequent improved fit and simulation. The advantages of
iterative technique are outlined in our previo
publications.19,20 Although the frequencies of 0a1– 0a1 and
0e– 0e transitions are calculated separately, thex2 value,
characterizing the quality of fit, is calculated by summing
the squared differences of observed and calculated freq
cies over all the included transitions, regardless of wh
subband they belong to.

The correctness of the proposed assignments, given
J8,Ka8 ,Kc8←J9,Ka9 ,Kc9 , was checked by the ground-sta
combination differences~GSCD!. For that purpose an add
tional computer program was used which calculated
excited-state rotational energies from the frequencies of
assigned lines and from the known ground-state energ
For convenience we used ground-state rotational ener
calculated from our microwave fit constants rather than co
bination differences of measured frequencies of microw
ay 2001 to 131.174.177.33. Redistribution subject to A
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lines. The proposed assignments are accepted only if the
culated excited-state energies for the lines, expected to s
a common upper state, match within a reasonable error l
~1/3 of the observed width of electronic lines!. In this way
the linearity of the frequency scale is also tested.

In the frequency fits of the electronic bands, the groun
state constants~including the distortion constants! are taken
from the microwave fit~Table I! and were kept fixed, while
the excited-state constants were allowed to vary. Since
fixed ground-state constants define the frequency scale o
spectra more precisely than the fringes of the interferome
a correction factor for the free spectral range of interfero
eter was used as a fit variable. All the calculated frequen
of electronic bands are scaled with this factor, whose de
tion from unity gives a measure of the compensated syst
atic error of the interferometer drift. The scale correcti
factor was 1.000 22~5! for the origin band and 0.999 76~3!
for the inversion band. The excited-state centrifugal dist
tion constants are all fixed to zero, since the rotationally c
electronic spectra contain only transitions with low rotation
quantum numbers. Furthermore, the linewidth in the el
tronic spectra is about 4 orders of magnitude larger than
in the microwave spectrum.

1. The origin band

In the 00
0 band fit the selected variable parameters w

the rotational constantsA8, B8, andC8, the torsional barrier
heightV38 , the relative frequency of the band center, and
free spectral range correction factor. To achieve better c
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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vergence of the fit we fixed the loosely determined fit para
eters. For example,h8 and Fa8 were fixed to their ground-
state values andV68 was fixed to zero.

All together 60 0a1– 0a1 lines and 97 0e– 0e lines,
characterized by the ground-state quantum numbersJ9<7
andKa9<2 ~except for two lines for whichKa95J953), and
by the transitionsDKa50,61 and DJ50,61, were in-
cluded into the final fit. The assignment of 38 0a1– 0a1 lines
and 89 0e– 0e lines were verified by GSCD.

Two moderately strong lines, assigned toc-type
0a1– 0a1 transitions 2,2,1←2,1,1 and 2,2,1←1,1,1, were
blueshifted'0.0040 cm21 with respect to their frequencie
predicted by the fitting program. In order to compensate
shift 0.0040 cm21 was added to the calculated frequency
the 0a1 level with J8,Ka8 ,Kc852,2,1. With this correction all
the line frequencies included into the fit were reproduc
within 0.0031 cm21 and the root-mean-square standard
viation of the fit was 0.0013 cm21.

Observed and simulated origin band spectra are
sented in Fig. 3 and the molecular constants are listed in
second column of Table I. The shift of the aforemention
level has been included in the simulation. The rotational te
perature and the relative subband weights used for the s
lation are taken from the intensity fit described in Sec. IV

2. The inversion band

The fit of the 140
1 band with the same set of excited-sta

variables as for the origin band was relatively poor. T
calculated 0a1– 0a1 lines were systematically shifted to th
red and the calculated 0e– 0e lines to the blue~'0.0034
cm21! in comparison to their observed positions, indicati
an overestimated splitting between the predicted torsio
0a1 and 0e levels. Test fits with fixed values of the threefo
barrier heightV38 showed that the higher the barrier the bet
the quality of the fit. Moreover, Liuet al.17 found by fitting
the 0a1– 0a1 and 0e– 0e lines separately to a rigid asym
metric top model that the excited-state 0e torsional level lies
belowthe 0a1 level as shown in Fig. 2. However, accordin
to the theory of one-dimensional hindered rotation, the t
sional 0e level must always lie higher in energy than the 0a1

level, i.e.,DEae.0 for a finite threefold barrier. Since ou
model, which neglects the torsion–inversion coupling, c
not describe the observed ordering of torsional levels
might be that the rigid asymmetric top model, for which t
torsional 0a1– 0e splitting vanishes (DEae8 50), is a better
choice for describing the rotational levels of the 141 state.

To mimic the rigid rotor Hamiltonian all the rotational
torsional interaction terms in the excited state Hamilton
were disabled by fixingFa8 to zero in the fit. Since the cal
culated energy levels no longer depend on the barrier he
V38 and the methyl top axis angleh8, these parameters wer
fixed in the fit. The variables of interest were the three ro
tional constants for the 0a1 level and another set of thre
rotational constants for the 0e level. Additionally, the tor-
sional 0a1– 0e splitting DEae8 was introduced as a fit param
eter. The energies of the 0e level were then obtained b
addingDEae8 to the energies that resulted from the rigid rot
Hamiltonian for the 0e state. Indeed, the fit was improved
comparison with the fit where a finite torsional barrier w
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assumed and the opposite systematic shifts of 0a1– 0a1 and
0e– 0e lines were compensated by the negative value
DEae8 . Furthermore, it turned out that theB8 and C8 con-
stants were nearly the same for 0a1 and 0e levels. Therefore,
in order to improve the convergence of the fit, only theA8
constants were assumed to be different. They are marke
Aa8 andAe8 for 0a1 and 0e levels, respectively. The variable
in the final fit wereAa8 , Ae8 , B8, C8, DEae8 , the relative
frequency of the band center, and the correction factor of
free spectral range of the interferometer. It is important
note that the ground-state levels are still described with
nonrigid Hamiltonian~1! with the constants from the micro
wave fit.

All together 129 0a1– 0a1 lines and 92 0e– 0e lines
with J9<8, Ka9<2, DKa50,61, andDJ50,61 were in-
cluded into the final fit. The assignment of 125 0a1– 0a1

lines and 82 0e– 0e lines was verified by GSCD.
Five 0a1– 0a1 transitions sharing a common excite

state 0a1 level with J8,Ka8 ,Kc851,1,1 were found to be
shifted on the average 0.0037 cm21 to the red with respect to
their calculated frequency. Likewise, the observed 0e level
with J8,Ka8 ,Kc854,0,4 was found to be 0.0037 cm21 red-
shifted, but the 0e level with J8,Ka8 ,Kc854,1,4 was found to
be 0.0057 cm21 blueshifted. Both 0e levels are the uppe
state for four identified transitions. After correcting the en
gies of those three levels in the fitting program all the m
sured line frequencies included into the fit were reprodu
within 0.0031 cm21, except for the 5,3,3←4,2,2 0e– 0e
line, whose observed position was shifted'0.0040 cm21 to
the red. It is recognized that more excited-state levels of
inversion and the origin band are perturbed, but sh
smaller than 0.003 cm21 are too small to be reliably con
firmed. The root-mean-square standard deviation of the
was 0.0012 cm21.

The observed and the simulated inversion band spe
are shown in Fig. 4. The shifts of the three aforemention
excited-state levels have been included in the simulat
The molecular constants are listed in the third column
Table I.

C. Intensity analysis

The relative intensities of the rotational transitions of t
origin and inversion bands contain information which cann
be extracted from a frequency analysis only. Most import
in this respect are the relative strengths of the subbands.
have performed an intensity fit of the origin and inversi
band, keeping theS0 and S1 molecular constants obtaine
from the frequency fits fixed. The following parameters we
allowed to vary: the rotational temperature, the vibronica
induced in-plane transition dipole moment angleu, the inten-
sity weight factors ofab-type andc-type 0e– 0e subbands,
the background intensity, and the intensity scaling factor
the spectrum as a whole. The weight factor of the 0a1– 0a1

subband~c type for origin band andab type for inversion
band! was fixed to 1. The results are given in Table II.

The shape of individual lines was chosen to be Loren
ian, because this gave a better fit than a Gaussian shape
improvement of the fits with a two-parameter Voigt sha
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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was too small~'1.5%! to justify further use of this shape
The fitted Lorentzian linewidth matches within 0.0001 cm21

with the averaged width from direct measurements of fu
resolved rotational lines. Narrower lines in the inversi
band~measured with Ar carrier gas! in comparison with the
origin band~measured with He carrier gas! are due to the
lower molecular beam velocity resulting in a smaller Do
pler broadening when using argon.

Apart from the Boltzmann population distribution whic
is characterized by a single rotational temperature, we te
two different two-temperature non-Boltzmann distributio
in the intensity analysis, which are described in detail in R
19. The improvement of the fit was relatively small~a few
percent! for both models and was somewhat better for
inversion band. The fits resulted in nearly the same~within 1
K! rotational temperature forJ- andK manifolds in contrast
with earlier results of Priceet al.,15 where the temperatur
for the levels with differentKa9 was found to be 10 K highe
than that for levels with the sameKa9 but differentJ9. For
both two-temperature distributions the weights of 0e– 0e
subband intensities as well as the induced transition dip
moment angle remained the same, differing only within th
error limits.

There are still some distinct differences between the
served and simulated spectra which we note without furt
discussion. For example, in the region from24.4 to 22.8
cm21 of the origin band, theb-type 0e– 0e lines J21,0,J
21←J,1,J (J52,3,4) are enhanced and thec-type
0a1– 0a1 linesJ21,0,J21←J,1,J21 (J52,3,4) are sup-
pressed in the observed spectrum in comparison with
simulated one~see Fig. 3!. In the inversion band spectrum
three pairs of overlappedb-type 0a1– 0a1 lines, whose com-
ponents are J11,3,J21←J,2,J22 and J11,3,J22
←J,2,J21 (J52,3,4) are clearly suppressed. The pa
corresponding toJ52, 3, and 4 are located at 7.1, 7.7, a
8.3 cm21 with respect to the band center, respectively~see
Fig. 4!.

In the intensity fits described above, the phase angle
tween theS0 and S1 torsion potentialsDa5a82a9 was
fixed to zero. Beside this we fitted the same spectra assum
the more realisticDa560° phase angle by changing the si
of V38 to negative. Unexpectedly, these fits resulted in
higher x2 value ~37% for the origin band and 7% for th

TABLE II. Results of the intensity fits of 00
0 and 140

1 bands: the intensities
of theab- andc-type 0e– 0e subbands relative to the 0a1– 0a1 subband, the
angle of the induced transition momentu, the Lorentzian linewidthDnL ,
and the rotational temperatureTrot . The phase angle between theS1 andS0

threefold torsional potentialsDa is assumed to be zero in the fit; see the te

00
0 band 140

1 band

0a1– 0a1 ab ¯ 1
c 1 ¯

0e– 0e ab 0.763~9! 0.254~4!
c 0.228~6! 0.186 6~30!

u 654.61~30! 651.14~12! deg
DnL 0.011 46~8! 0.008 02~6! cm21

Trot 5.923~31! 5.979~28! K
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inversion band! than the fits withDa50°, indicating poorer
reproduction of the measured intensities.

V. DISCUSSION

A. Rotational constants and the rigid rotor model

Table III compares our excited-state rotational consta
with those determined by Priceet al.15 and Liu et al.16 from
the fits of the 0a1– 0a1 subband of the origin band to a rigi
asymmetric top model. In these fits fixed ground-state ro
tional constants from the microwave analysis1,2 were used.
We note that, in spite of fact that the spectra of Priceet al.15

were recorded with much lower resolution~'0.22 vs'0.01
cm21 in our work!, their constants still agree with our value
within 0.009 cm21. The better resolution of the pulsed dy
amplifier setup used by Liuet al.16 explains the much bette
agreement of their constants with ours.

The rotational energies of degenerate 0e species are sig-
nificantly perturbed by the rotational–torsional~RT! cou-
pling in comparison with the rigid asymmetric top ener
level structure. This is governed mostly by the22FrapJa

term of the Hamiltonian~1!. In the framework of perturba-
tion theory of RT interaction25–27 this contribution can be
expressed byFW(1)raKa , where the dimensionless firs
order perturbation coefficientW(1) is related to the averag
value of the torsional angular momentum operator~the diag-
onal matrix element ofp for a given torsional state! by
W(1)522^p&.20,25–27Our estimations show that for ground
and excited-state 0e torsional levels the factorFW(1)ra is
20.0274 and20.0026 cm21, respectively. Obviously, owing
to the poor description of the 0e levels by the rigid rotor
model, the analysis of 0e– 0e lines was omitted15 or only the
0e– 0e transitions withKa950 andKa850,1 were included
into the fit.16,17Even a model20 based on fourth order pertur
bation theory27 results in an 0.014 cm21 error for the ground-
state 0e, J9,Ka9 ,Kc953,3,1 level. Therefore, we used a no
perturbative solution of the rotational–torsional problem
this study. In order to avoid problems with the ground sta
Liu et al.17,18 used known ground-state energies, determin
from microwave analysis, in the rigid rotor fits of the inve
sion band and higher electronic bands.

For nondegenerate 0a1 torsional levels,W(1)50, indi-
cating that for these levels the first-order RT perturbation
absent.25–27However, due to the second-order effect the co
stants obtained from the rigid rotor fit contain an effecti
contribution from the torsion. Thus, in principle, it is no
thoroughly correct to compare the constants obtained fr
the fits to a nonrigid model with those from the fit to a rig

TABLE III. Comparison of our excited-state rotational constants from
origin band fit with other author’s constants who have fit the 0a1– 0a1

subband of the 00
0 band to a rigid rotor model.

This work Priceet al. ~Ref. 15! Liu et al. ~Ref. 16!

A8 1.6019 1.596 1.6030 cm21

B8 0.3386 0.334 0.3388 cm21

C8 0.2965 0.305 0.2963 cm21
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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rotor model. Within the second-order perturbation appro
the effective and ‘‘torsion-free’’A and B constants are re
lated by

Aeff5A1FW~2!ra
2,

~5!
Beff5B1FW~2!rb

2,

whereW(2) is the second-order perturbation coefficient fo
given vibrational level arising from nondiagonal matrix el
ments of thep operator.20,25–27 The calculated values o
FW(2)ra

2 for the 0a1 torsional level, being 0.0108 an
0.000 87 cm21 for the ground- and excited (00) state of ac-
etaldehyde, respectively, indicate a significant torsional c
tribution in theAeff9 andAeff8 constants. For theBeff9 andBeff8
constants this contribution is (ra9/rb9)

25143 and (ra8/rb8)
2

5103 times smaller, respectively, owing to a small an
between the methyl top axis and thea axis. For theCeff9 and
Ceff8 constants it vanishes sincerc95rc850. These consider
ations explain why the value of theA8 constant from the
rigid rotor fit of Liu et al.16 is '0.001 cm21 larger than our
value and why their values of theB8 and C8 constants are
almost the same as ours~see Table III!.

We also note that our absolute frequency of t
0a1– 0a1 subband center of the origin bands is 0.024 cm21

larger than that determined by Liuet al.,16 but our absolute
frequency for the 0a1– 0a1 subband center of the inversio
band matches exactly with their results.17

B. The effects of inversion

The inversion–torsion and the inversion–rotation co
plings have been neglected in our model simulations. Ne
theless, the observed transitions in the origin band are
reproduced by taking into account only the rotation–tors
~RT! coupling in the excited state in the same way as in
ground state. However, this model was unsatisfactory w
applied to the inversion band. Rather than using a more c
sistent, but very complicated, inversion–torsion–rotat
model, we described the rotational levels of the 141 state
with a simple rigid asymmetric rotor model, where differe
A8 constants were used for the calculation of the rotatio
energies of the 0a1 and 0e levels, and the energies of the 0e
level were corrected by anad hocparameterDEae8 . In this
way the inversion band was also reproduced quite wel
should be noted that the formally infinite torsional barrier
the 141 state has nothing in common with the real poten
energy surface.

Our value of the excited-state threefold barrier height
methyl torsion~592 cm21! is lower than that obtained by Liu
et al.17 ~721 cm21!, Weersinket al.14 ~680 cm21!, and Baba
et al.13 ~691 cm21! from the torsion–inversion analysis. Th
difference is explainable by the fact that ourV38 value is
determined only from the rotational line frequencies of t
two lowest torsional bands (0a1– 0a1 and 0e– 0e subbands
of the 00

0 band!. We did not use the available band orig
data17,18 in our fit, because our single-large-amplitud
motion model cannot predict correctly the higher torsio
inversion levels. For example, our model cannot expl
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
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why, for the inversion band, the 0e level lies beneath the 0a1

level. The negative 0a1– 0e splitting is therefore described
with an extra empirical fit constantDEae8 .

The inversion motion of acetyl hydrogen in the excit
state can be treated as a hindered internal rotation of
aldehyde hydrogen around the same axis~defined by the
C–C bond! as the methyl group internal rotation;14 see Fig.
1. For a double-minimum inversion potential with a fini
barrier all corresponding vibrational states are nondege
ate. Treating the inversion–rotation coupling within the p
turbation model we can use the fact that for nondegene
levels all the odd-order perturbation coefficients vanish
zero.25–27 The remaining even-order perturbation terms a
pear via the change of rotational constants according to E
~5!. Thus, within the second-order perturbation approach
not necessary to include new terms describing inversio
rotation coupling into the rotational–torsional Hamiltonia
Since the methyl top axis makes a relatively small angle w
respect to thea axis, leading tora8@rb8 , it is expected that
the inversion–rotation coupling affects mostly theA8 con-
stant. Indeed, the rotational constants obtained from the
version band spectrum differ from those obtained from
origin band spectrum~see Table I! and the difference is the
largest~'20.004 cm21! for theA8 constant. A crude mode
calculation with a twofold sinusoidal barrier for inversio
shows that the effective contributionF inv8 Winv

(2)ra8
2 @see Eqs.

~5!# is positive for the 00 state and negative for the 141 state.
The absolute values ofWinv

(2) are nearly the same for bot
states. Although, this is in qualitative agreement with larg
A8 constant from the origin band fit, a quantitative compa
son requires the use of a finer model potential.

The suppression of certainb-type 0a1– 0a1 lines with
Ka53←2 in the inversion band as noticed in Sec. IV C c
be another manifestation of coupling to the inversion moti
It seems that a full understanding of the effects induced
the inversion motion can only be achieved by an analy
with a model Hamiltonian, taking the torsion–inversion
well as the rotation–inversion coupling into account.

C. Shifted energy levels

Our frequency analysis shows that some energy level
the 00 as well as in the 141 state are shifted with respect t
their expected positions. We suggest that an accidental r
nance with some rovibronic level of the triplet state is r
sponsible for these perturbations.

A possibility for such anS1–T1 coupling for acetalde-
hyde is well grounded. Gas cell fluorescence quenching
periments by collisions with oxygen30 and by an externa
magnetic field31 revealed the presence of intersystem cro
ing to theT1 state even for the low energy levels near theS1

origin. Observation of the magnetic field-dependent quant
beats32 and state-selective investigations of line broadeni
quantum beats, biexponential decays, and dissocia
rates23,33,34 under free-jet conditions demonstrated an
creasingly important role of intersystem crossing for t
higher vibronic levels of theS1 state.

Additional evidence ofS1–T1 coupling for the lowest
excited-state vibrational levels comes from the time-resol
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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measurements.35,23,36 Rotationally selective lifetime mea
surements of Jenet al.35 confirmed the single exponentia
character of decay for the lowest vibronic levels, which w
observed earlier in vibrationally resolved experiments.36 The
lifetime of rotational levels of the 00 state varied in the rang
of 171–206 ns.35 The lowest 0a1 , J8,Ka8 ,Kc850,0,0 level
had the shortest lifetime of 171 ns. Jenet al.35 suggested tha
a perturbation by aT1 level of the excitedS1 level can
lengthen its lifetime. The rotational state-dependent varia
of lifetimes can then be explained by the accidental chara
of perturbations. Lee and Chen23 observed that excitation
into the 0a1 , J8,Ka8 ,Kc851,0,1 level of the 141 state resulted
in a exponential decay modulated with quantum beats
32.3 and 44.1 MHz, indicating the presence of intermedia
caseS1–T1 coupling already at excess energy of 34 cm21.

Owing to the small~2530 cm21! S1–T1 separation37,38

the density of triplet state vibrational levels near theS1 ori-
gin is relatively low so thatS1 levels will accidentally inter-
act with a singleT1 level only. According to the standar
nondegenerate two-level coupling scheme, the shift of p
turbed level from its unperturbed position gives the estim
of the minimum possible value of theS1–T1 coupling matrix
element. For example, for the 0e level of 141 state with
rotational assignmentJ8,Ka8 ,Kc854,1,4 theS1–T1 coupling
matrix element should be larger than 0.0057 cm21. We did
not observe any evidence of intensity suppression for
shifted lines indicating that theS1–T1 mixing is not strong.

An ultimate proof for the existence of coupledS1–T1

pairs might be an observation of thetriplet level rather than
the singlet level of the coupled pairs. Such measurements
done for glyoxal exciting selectively into its rovibronic lev
els in collisionless conditions.39,40The triplet-like eigenstates
of the coupledS1–T1 pairs, called gateway states, are d
tinguished experimentally by their long fluorescence de
time, being an order of magnitude longer than the normaS1

lifetime. The extreme weakness of the long-lived fluore
cence from the triplet-like gateway states, which require
special technique for its detection,39,40 can be a reason wh
the slow fluorescence is not observed yet for acetaldehy

D. The subband intensities

Within the Franck–Condon approximation the intens
ratio of 0e– 0e and 0a1– 0a1 torsional subbands of the sam
type is given by

I e /I a5~ge•nse•Se•ne!/~ga•nsa•Sa•na!, ~6!

where ge and ga are the degeneracies of the 0e and 0a1

levels (ge52 andga51), nse andnsa are the nuclear spin
statistical weights (nse /nsa51:2 for molecules ofG6 sym-
metry!, Se and Sa are the strengths of the 0e– 0e and
0a1– 0a1 torsional bands~the Franck–Condon factors!, and
ne /na is the population ratio of the torsional levels. Und
the usual assumption of the absence of collisional popula
redistribution between the 0a1 and 0e levels during the jet
expansion, thene /na ratio is nearly 1. The intensity ratio o
the Herzberg–Teller induced directab-type 0e– 0e and
0a1– 0a1 subbands of the inversion band is expressed in
same way as for the directc-type 0e– 0e and 0a1– 0a1 sub-
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
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bands of origin band, because in both cases theSe /Sa ratio is
determined by the torsional Franck–Condon factors.

We note that the physical meaning of the fitted subba
weight factors depends on whether or not the 60° conform
tional change on excitation is taken into account in the
tensity fit. For a given subband the intensity fit procedu
matches the simulated spectrum to the observed spectru
scaling it with a weight factor. If the methyl conformation i
assumed to be preserved in the intensity fit, the obser
subband intensities are described by the subband weight
tors. In this case the ratio of the weights of the direct 0e– 0e
and 0a1– 0a1 subbands reflects the ratio of correspondi
Franck–Condon factorsSe /Sa . On the contrary, if the me-
thyl conformation is assumed to change in the intensity
the torsional Franck–Condon factors corresponding toDa
560° are already taken into account in the simulated spe
of the subbands. Ideally, in this case the ratio of the weig
of direct 0e– 0e and 0a1– 0a1 subbands should be unity.

The ratio of band strengthSe /Sa can be calculated sepa
rately from known internal rotation constants (F9 and F8)
and barrier heights (V39 , V69 , andV38) with the help of pure
torsional Franck–Condon overlap model. In the case t
Da50° the calculatedSe /Sa ratio is 1.000 and in the cas
that Da560° the calculated ratio is 0.251. The observ
intensity ratios for the direct subbands given in Table II~0.23
for the origin band and 0.25 for the inversion band! are close
to the calculated value forDa560°.

The intensity weights of indirect 0e– 0e subbands given
in Table II are merely empirical parameters in our model.
the indirect subbands are induced by torsion–inversion c
pling, models accounting for this effect14,41 are required to
predict their relative intensities.

Liu et al. concluded16,17,42 that the relative intensity of
0e– 0e subbands decreases as the rotational tempera
rises by comparing the excitation spectra of acetaldeh
measured at warm (Trot55 – 9 K) and cold (Trot'0.7 K) jet
conditions. However, a visual comparison of our simulatio
~with the subband weights taken from Table II and a gues
value of Trot) and their published spectra16,17 indicates that
for a given band their ‘‘cold’’ and ‘‘warm’’ spectra are re
producible~although not in details! with the samesubband
intensity weights.

The angle of the induced transition dipole momentu is
related to the strength~intensity! ratio of the b-type and
a-type components of the hybridab-type 0a1– 0a1 and
0e– 0e subbands by

tan2 u5sb /sa . ~7!

We note thatsa should be not confused withSa used in Eq.
~6! to mark the strength of the whole 0a1– 0a1 subband,
which can beab- as well asc type. As expected, the fit of the
origin and the inversion bands yielded similar values for
angle of the induced transition moment. Its sign remains a
biguous, because the quantum interference effects43,20are too
small to distinguish opposite signs ofu compared to the ex-
perimental accuracy with which the intensities are det
mined. The value of this angle hopefully can help to ass
the inducing higher electronic state in the near future.
evidence of axis switching~reorientation!44,45,19 upon elec-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tronic excitation~in the ab plane! was found in theab-type
hybrid subbands of the origin and the inversion band.

E. Methyl conformational change and relative line
intensities

Under the assumption of 60° phase change between
excited- and ground-state torsional potentials the inten
fits were poorer. If the only difference between the ca
with Da50° and Da560° were the change of torsiona
Franck–Condon factors, no degradation of the fit qua
would be expected. The smaller predicted strength of
0e– 0e subbands inDa560° case would be simply com
pensated by their larger weight factors. However, our sim
lations showed, indeed, that the relative intensities ofrota-
tional lines of a given torsional subband are different i
Da50° and in Da560° cases. Relative intensities we
changed ~for some lines even by a factor of 2–5! for
0a1– 0a1 as well as for 0e– 0e subbands. Usually it is as
sumed that the relative intensities of rotational lines are
dependent of the presence or absence of a conformat
change. This case of acetaldehyde shows, however, tha
effect should be carefully considered in analysis of electro
spectra of molecules with strong rotational–torsional c
pling. More detailed investigation of this effect is in progre
and the results will be published elsewhere.29

It still remains unclear why the simulations, where t
absence of methyl conformational change on excitation
presumed, are in better agreement with the measured spe
Previous investigations of vibrationally resolved excitati
spectra14,17 and also our results~Sec. V D! leave no doubt
about the presence of conformational change. It could be
the optimum of the intensity fits correspond to some int
mediate conformational change angle, 0°,Da,60°, which
is not accessible in our model.

VI. SUMMARY

It is shown that all lines in the rotationally resolved spe
tra of the two lowest electronic bands of jet-cooled (Trot

'6 K) acetaldehyde are reproduced with a model, where
interaction between the methyl torsion and the overall ro
tion is rigorously taken into account, but the inversion
torsion and inversion–rotation couplings are neglected
our analysis the ground- and electronically excited states
modeled with thesameHamiltonian, giving the same phys
cal meaning to corresponding excited- and ground-state
stants. Moreover, this approach enabled us to predict the
tensities of the lines apart from their frequencies. In
simulation of the origin band the 00 state was described wit
a finite threefold torsional barrier higher~by about 1.5 times!
than the ground-state one. The inversion band could no
described with this model. Therefore, in the simulation of
inversion band, the 141 state was described with a rigi
asymmetric top Hamiltonian and with two extra paramet
~negative torsional 0a1– 0e splitting and a differentA8 con-
stant for the 0e state!. Shifts of some excited-state leve
with respect to their predicted positions were explained
accidental couplings with nearly isoenergetic high rovibro
levels of the triplet state. The intensity fit yielded reliab
Downloaded 21 May 2001 to 131.174.177.33. Redistribution subject to A
he
ty
s

y
e

-

-
nal
his
ic
-

is
tra.

at
-

-

e
-

n
re

n-
n-
e

be
e

s

y
c

values of the relative intensities of theab-type andc-type
0e– 0e subbands with respect to the 0a1– 0a1 subband and
the angle of Herzberg–Teller-induced transition dipole m
ment. Although the torsion–inversion analysis of the vib
tionally resolved excitation spectrum firmly proves the pre
ence of a near 60° conformational change on excitation,
observed rotational spectra are in better agreement
simulations, where the absence of conformational chang
assumed.

This work is a step toward a global analysis of t
excited-state data of acetaldehyde isotopomers. The ultim
goal is to fit all the frequencies and intensities of the ro
tional lines of different vibronic bands simultaneously to
model, which takes consistently into account the coupl
between rotation, torsion, and inversion.
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