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with rotational resolution at 320 nm
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The forbidden S, S, transition of acetone has been investigated by laser-induced fluorescence measurements with a resolution
of 270 MHz. The rotational structure demonstrates, that (1) one deals with a-type transitions and (11) there is a strong coupling
between the torsional motion of the two CH, groups and the tunneling, out-of-plane wagging motion (v,3) of acetone. The inter-
pretation of torsion~vibrational combination bands 1s less conclusive and thus the discussion still has a preliminary character.

1. Introduction

Formaldehyde (H,CO) exhibits a lowest energy
Inm* transition that is strictly forbidden in C,, and is
extremely weak, f~ 103, The observed intensity is
vibronically induced. The C=0 out-of-plane wagging
motion (¥,) is the b; vibration that makes the A, <A,
transition allowed, via intensity borrowing from the
B,(n,0*) higher lying state [ 1,2 ]. Proof of this mech-
anism was provided by the observation of a-type ro-
vibronic structure in the high resolution electronic
spectrum of H,CO [3].

A similar mechanism was expected to apply to ace-
tone, (CH,),CO, where A,« A, transition is also very
weak, f~4x10~* [4]. But Baba, Hanazaki and Na-
gashima (BHN) [5], and Zuckermann et al. [6,7],
in studies of the low resolution fluorescence excita-
tion spectrum of acetone, concluded that many of the
bands are c-type. Therefore, it appeared that the vi-
bronic coupling mechanism responsible for the ob-

served intensity in the S, S, transition of acetone is
different from that in formaldehyde.

The previous experiments on acetone were per-
formed at a resolution of 0.2 cm~!. Now, contour
analysis of weak transitions is potentially subject to
errors owing to fluctuations in laser intensity and to
mode hopping within the 0.2 cm~! bandwidth. For
this reason, we have re-examined the S, S, spec-
trum of acetone at high resolution, 0.01 cm—!. We
find that the low lying bands are all pure a-type, a
result that is consistent with the earlier results on
formaldehyde. Additionally, for the lowest vibra-
tional S, level we find a constant threefold splitting
of each rotational line. (More complex splitting pat-
terns are observed in higher energy bands.) We show
in this paper that these splittings have their origin in
the methyl group torsional motion.

In addition to the torsional motion we concern
ourselves here also with other low frequency vibra-
tions of acetone, in the S, state. Table | surnmarizes
the available data on the five lowest frequency ground
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Table 1

Low frequency vibrational modes of acetone 1n the ground electronic state

Symm. No. Description Frequency Ref. Comments

species (cm™')

(Cy)

a, Vys “antigearing” torsion [8]

b, Vaa “‘gearing” torsion 124 [9]

a, Vg C-C-C bending 385 [10,11] ref. [12] reversed the assignment of vy
and v,; but ref. [13] reconfirms it

b, Va3 C=0 out-of-plane wagging 484 [12] mref. [12] thisis b,

b Vig (=0 in-plane wagging 530 [11] inref. [12] thisis b,

state modes. The inertial axes and the torsional an-
gles are shown in fig. 1. The two torsional fundamen-
tals have been assigned only recently, and fitted to a
hindered two rotor potential [14]. The assignment
of the 385 cm~' vibration to the C—C~C bend and
the 484 cm~! vibration to the C=0 out-of-plane wag-
ging motion has been controversial [ 10-13].

The ground state torsional potential has been cal-
culated by several authors [15-18] in an attempt to
account for the microwave spectrum. The v,, vibra-
tion, which is infrared inactive and very weakly Ra-
man active, has been observed by two-photon jet
spectroscopy involving Rydberg transitions [8],
leading to a revised calculation [14], in which com-
plete geometry optimization for each conformer was
allowed. This calculation, using only four terms in the
torsional potential ( V3, Vi3, V53, and Vi) led to good
agreement with the experimental results, and to an
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Fig. 1. Schematic presentation of the structure of acetone.

effective torsional barrier (V.g=V;—V;3) of 240
cm™! , somewhat lower than previously determined
barrier {15,16] of 270 cm ™",

In the A, (n7*) state the v,3 vibration is described
by a double well potential and thus subject to tunnel
splitting, in contrast to the ground state case. A com-
plete analysis of the spectrum thus involves two mul-
tiple-well potentials that may lead to tunnel splitting:
that of the torsion (3*-fold) and of the C=0O out-of-
plane wagging motion (2-fold). It turns out that some
interaction between these two modes is required to
account for the rotational fine structure in certain
bands. In all bands, the v,; mode is involved via at
least one of its tunnel split levels.

2. Experimental

Narrow bandwidth radiation with a high peak
power is obtained by pulsed amplification of radia-
tion from a cw ring dye laser. The ring dye laser
(Spectra Physics, 380D) is pumped by 6 W of an ar-
gon ion laser (Spectra Physics, 2045-15) and oper-
ates on DCM dye (620~660 nm ). The bandwidth of
the ring dye laser is less than 0.5 MHz and the output
power is typically 400 mW. This radiation is ampli-
fied by a home-built four-stage pulsed dye amplifier
(PDA) system similar to the system described by
Cromwell et al. [19]. A frequency doubled Q-
switched Nd: YAG laser (Quantel YG 681C-10) with
a pulse length of 5 ns and a pulse energy of 550 mJ
pumps the PDA system. The pulse energy of the am-
plified laser beam is 100 mJ. The bandwidth, which
is merely determined by the Fourier limit of the
pulsed pumped laser is measured with a 300 MHz
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Fabry-Perot interferometer and amounts to 135
MHz. This light is then frequency doubled in a KDP
crystal. The UV beam (310-330 nm) is separated
from the fundamental beam by a Pellin Broca prism.
The pulse energy of the UV light is 20 mJ. For abso-
lute frequency calibration the iodine absorption
spectrum [20] is recorded. For relative frequency
calibration the transmission fringes of a temperature
stabilized Fabry-Perot interferometer with a free
spectral range of 598.82 MHz are recorded.

A molecular beam of acetone is formed by expand-
ing a 5% mixture of acetone in argon through a mod-
ified electromagnetic fuel injector valve (Bosch) with
an orifice diameter of 1 mm into a vacuum chamber.
During operation the background pressure in the
vacuum chamber is 5 X 10~° Torr. The commercially
obtained acetone (Merck 99.5%) is used without
further purification. The stagnation pressure used
during the experiments is 2 atm.

The laser beam with a diameter of 3 mm crosses
the molecular beam 45 mm downstream the nozzle.
The laser induced fluorescence is collected by a quartz
lens system and imaged onto the photocathode of a
photomultiplier (EMI 9863B). To reduce the scat-
tered laser light a Schott KV 370 glass filter is placed
in front of the photomultiplier. The fluorescence sig-
nal is processed by a digital oscilloscope (LeCroy
7400) and a boxcar integrator (SRS 250) interfaced
with a PDP 11/23 computer.

3. Spectroscopic results and analysis

We have studied at high resolution the first 14
bands reported by BHN. figs. 2-4 show the fluores-
cence excitation spectra of some bands with their
tunnel splitting fine structure. Those are the bands
where a satisfactory fit to an asymmetric rotor Ham-
iltonian could be obtained. In table 2 we summarize
the main features of the bands, using BHN’s line
numbering system. Three main conclusions may be
drawn from the results:

(1) All transitions are a-type, namely polarized in
the molecular plane, perpendicular to the C=0 bond.
(In C,,, this polarization belongs to the B, irreduc-
ible representation. )

(ii) The largest change of the inertial moment on
excitation to S, is with respect to the b axis, i.e. along
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Fig. 2. Lower panel: the high resolution spectrum of line 1, the
band onigin indicated 1n the figure 1s calculated for the transi-
tions of G-symmetry, of which some are shown in the upper panel.
Upper panel: measured splittings (in GHz) and proposed assign-
ments of the fine structure. The splittings, shown for some mul-
tiplets only, hold for the entire spectrum.

the C=0 bond, as expressed by the relatively large
change in the B rotational constant. This is indeed
expected if the excited state is non-planar, as in form-
aldehyde, with the central carbon atom becoming the
apex of a pyramid whose base is formed by the two
other carbon atoms and the oxygen atom.

(ii1) Each of the rotational lines is split into a
muitiplet.

3.1. Analysis of the 0 band

The lowest frequency transition observed (line 1,
table 2) was assigned by BHN as the 03 band. We
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Fig. 3. Asn fig. 2, for line 2. The G'-transittions served to deter-
mine the band onigin.

have studied it with a resolution of 270 MHz, and fig.
2 shows the fluorescence excitation spectrum. Table
3 lists the observed transitions and their assignments.
Within the experimental error of 50 MHz every ob-
served rotational line in the spectrum could be fit to
the asymmetric rotor Hamiltonian. The observed
triplet splitting remains constant for all rotational
quantum numbers and amounts to 2.3 GHz. This
splitting arises from either (or both ) tunnel splittings
expected in this system: the one due to the three-fold
potential of the CH; torsional motion, and the one
due to the double well potential of the C=O out-of-
plane wagging. The first is expected to be present in
both Sy and S,, and the latter only in S,.

Since the transition is pure a-type, we can deter-
mine the symmetry species of the excited state. We
shall begin by assuming that the system can be dis-
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Fig. 4. (a) As in fig. 2, upper panel, for line 4. The symmetry
species of the quintets have not been assigned. (b) As in fig. 2,
upper panel, for line 5. The symmetry species of the quitets have
not been assigned. {¢) As in fig. 2, upper panel, for line 6. The
symmetry species of the quintets have not been assigned. (d) As
in fig. 2, upper panel, for line 7. A triplet structure has been found.

cussed within the C,, point group as far as the nn*
transition is concerned. The main justification for this
assumption is the fact that the S,-S, oscillator
strength in acetone is very small, similar to that of
formaldehyde. The physical reason is that in S, the
local symmetry of the C=0O bond is close enough to
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Main experimental results for the vibronic bands
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Line @’ Frequency Type © Rotational constants ¢’ (MHz) Fine structure
(cm™1)
AA AB AC
1 0 a 60.2(7.1) —341.9(3.4) —14.4(1.1) triplet
2 172.6244 78.8(5.7) —351.5(2.8) 10.9(0.6) quintet
3 not observed
hot band
4 314.5463 a 68.1(7.5) —362.9(2.7) —29.7(1.2) quintet
5 333.5593 a 87.4(6.2) —-371.3(3.0) —32.0(0.3) quintet
6 346.3927 a 23.8(8.9) —381.9(5.2) —23.8(1.2) quintet
7 373 a triplet
8 473.4 a > quintet ¢
474.4 a
9 486.7 a quintet =7
10 509.7275 a 42.4(6.1) —437.4(16) —23.9(1.8)
510.1171 a 139.97(9.8) —525.4(6.7) —-20.5(1.3) e
510.3715 a 53.44(8.0) —408.9(6.9) —37.1(0.6)
11 544
12 578
13a 621.76 a 107.8(11) —303.7(7.2) —40.9(0.6)
13b 624 quintet &’
14 645

*) The numbering system 1s the same as used by BHN (ref. [1]).

) Frequencies above the 09 transition, vo=30439.9145 cm~'; v, was used in calculation for fitted lines only; other frequencies are

estimated centers of bands.
©) Using the axis convention of scheme I.

4) Listed are the changes in the three principal rotational constants with respect to the ground state constants, which are (MHz): 4=10165.6,
B=8514.9, C=4910.2. The standard deviation of the fit is given in the parentheses.

¢ Analysis in progress.

) Five components are observed with approximate relattve shifts of 20, 9, 13 and 9 GHz.
&) Five components are observed with approximate relative shifts of 16, 8, 4 and 9 GHz.

C,.., so that C,, selection rules hold almost rigor-
ously. Furthermore, the fact that the two pyramidal
forms of S, are interconverting by tunneling motion,
means that C,, should be used rather than Cs. As we
shall see, predictions based on those rules agree well
with experimental observations.

In the jet experiments, all transitions are assumed
to originate from the vibrational ground state, which
is A;. The nnt* electronic state transforms as A,. We
write the transition dipole moment as

s =< 1l Ve >, (D

where ¥, and ¥/, are vibronic wavefunctions of
the upper and lower vibronic states, respectively, and
require that ug is of A; symmetry. The direct product
of the irreducible representations (irreps) of the
terms appearing in (1) is

A =T(Y)RT(1)RT(¥H®I'(X)®T'(XY)
=A,®B,®A, ®T'(X,)®A, =B, ®T'(X)) (2)

(A3 ®A,®A QT (X,)®A, =A,®I'(X}) in Gy, see
below) meaning that the vibrational wavefunction of
S, must transform as B, in order to make the transi-
tion allowed; the real zero point vibrational wave-
function is totally symmetric (A,). A transition to
this lowest state is therefore forbidden. The first ob-
served transition will be to a low vibrational level of
B, symmetry, which e.g. might arise from tunnel
splitting of one of the multiple well motions.

We start the theoretical analysis of the torsional vi-
brations with the assumption that interactions be-
tween torsion vibrations and other normal vibrations
of the molecule can be neglected. In this case, it is
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Table 3
Observed and calculated rovibronic frequencies of the S, «S,03 vibronic transition relative to the center frequency vo=30439.9145
cm™!
Calculated Observed Obs. —calc. J” K7, Ky J K| K
frequency frequency (MHz)
(MHz) (MHz)
—54556 — 54557 -1 5 0 5 4 0 4
—54527 —54557 -30 5 1 5 4 1 4
—55421 —55461 —40 4 1 3 3 1 2
—52852 —-52881 -29 4 2 3 3 2 2
—47180 —47219 -39 3 2 1 2 2 0
— 44525 — 44462 63 3 1 2 2 1 1
—40435 —40426 9 3 2 2 2 2 I
— 34645 —-34616 29 3 0 3 2 0 2
—34021 —-33957 64 3 1 3 2 1 2
—30768 -30709 59 2 1 1 1 1 0
—24829 —24842 -13 2 0 2 1 0 1
—23228 —23264 —36 2 1 2 1 1 I
— 13440 —13458 —18 1 0 1 0 0 0
13083 13042 —41 0 0 0 1 0 1
22933 22891 —-42 1 1 1 2 1 2
23877 23792 —85 1 0 1 2 0 2
29164 29209 45 1 1 0 2 i 1
32991 33087 96 2 1 2 3 1 3
33277 33292 15 2 0 2 3 0 3
39134 39160 26 2 2 1 3 2 2
40975 40969 - 6 2 1 1 3 1 2
42702 42655 —47 3 0 3 4 0 4
42653 42655 2 3 1 3 4 1 4
44037 44007 -30 2 2 0 3 2 1
49508 49521 13 3 2 2 4 2 3
50520 50533 13 3 1 2 4 1 3
52193 52202 9 4 0 4 S 0 5
52186 52202 16 4 | 4 5 1 5
61673 61666 -7 5 1 5 6 1 6
61674 61666 - 8 5 0 5 6 0 6

sufficient to consider only the following terms of the
Hamiltonian [15]:

H=HR+HT|+HT2+HT|T2+HRT- (3)

The terms Hy and Hy, (i=1, 2) stand for pure rota-
tion and torsion vibration of top i, respectively;
Hr 1, describes the interaction between the two CH,
tops and Hyr describes the interaction between over-
all rotation and the torsion vibrations. In the analysis
of our spectra we will ignore the Hgy interaction term
so that the rotational energy levels are merely super-
imposed on the energy levels of the torsion vibra-
tions. This is permitted since in our measurements,
the triplet splitting remains constant for all rotational

quantum numbers. The torsional Hamiltonian con-
sists, then, of three parts:

Hy, =FP +1[Vi(1~cos3a,)+ V(1 —cos 6a,) ],
k=12,
Hyg,=F'Py Py, +3{V, [1—cos(3a, +3a5) ]

+V_[1—cos(Bo, —3a) ] +..) . k=1,2, (4)

where Hy, describes the motion of the & th methyl
group with momentum P, conjugated to the tor-
sional angle «,. The parameters V; and V describe
the frame-top interaction, whereas we call ¥, and
V_ the antigeared and geared top-top interactions. F
and I’ are determined by the molecular geometry
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only. Note that there is a simple correspondence be-
tween our notation and that used in refs. [14,15,21]:
Vi=3(Vi3—Vs)and Vo= —3(Vi+Vis).

Since the torsional barrier in S, is relatively low
(about 250 cm~' [15,16], we cannot neglect the
splitting caused by tunnelling. Thus, a complete anal-
ysis of the spectrum requires the use of the G, mo-
lecular symmetry group for the ground state, instead
of C,,. To Cs symmetry of a pyramidal geometry,
corresponds the symmetry group of G,z [22]. How-
ever. the finite inversion barrier, as will be shown
later, requires actually the use of G4 also for the S,
surface. The correlation between C,, and Gs, is re-
produced in table 4, as taken from Bunker [23,24].
In the high-barrier limit, each torsional wavefunc-
tion associated with a given rotational level is nine-
fold degenerate. As the barrier height is lowered, this
degenerate level is split into a non-degenerate A, ie {1,
.... 4} level, two doubly degenerate E, ie {1, ..., 4} lev-
els and a fourfold degenerate G level. If the Hr, 1, in-
teraction term is also neglected, the two E, states are
degenerate so that torsional triplets are obtained. All
low lying torsional levels actually possess this triplet
structure, for reasonable assumptions concerning the
torsional potential including also an Hr,, term.

Fig. 5 shows the fine structure for the (pseudo) 0§
electronic transition. The rule according to which the
allowed transitions were determined is that the ini-
tial overall vibrational wavefunctions (A, E, E;, G)
should transform into (A,, E;, Es, G) 1.e. A—~A E<E,
G+« G. The direct product of the irreps of the vibra-
tional wavefunctions (I'(X,)) transforms as I"(tor-
sion)® I (wag), since all other vibrational modes are
in their ground state. Therefore, it is the second in-
version-tunnelling component (I'(wag) =A-(Gs6) )
that is responsible for the observation of line 1
whereas the fine structure mainly reflects the torsion-
tunnel-splitting in the ground torsional state. The

Table 4
Correlations of rotorvibrational levels of acetone. Spin statistical
weights are given 1n parentheses

C,, level G sublevels

A(28) A (6)+E (4)+E;(2)+G(16)
A,(28) A3(6)+E;(4)+E;(2)+G(16)
B,(36) A, (10)+E (4)+E (6)+G(16)
B,(36) A4(10)+E,(4)+E(6)+G(16)

0?, Transition of Acetone at 30439 cm-!

I-(\I‘wag)®r(\{‘l(n's)
S EirEa  AE=50MH
G = == = z
LS, T
=L F F
Observed spectra
E,+E, 6 [
AE =2.3GHz
Y
S, G '3 16
AE=23GHs
A —— 6 |
G36 Statistical
weights

Fig. 5. Diagram showing the possible S, (0, ) < So(0,) transitions
between torsional tunnel components of each rotational level for
the case where the splitting 1n the excited state is small. Only three
lines can be experimentally observed 1n this case. The structure
of each triplet is shown on the right side
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Fig. 6. Tunnel sphtting as a function of torsional barrier height
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triplet splitting of the lines in the observed spectrum,
AE=|AE’'—AE"|, is determined by the difference in
torsional energy splittings in the upper and lower
electronic states. Fig. 6 shows our calculation of the



200 H. Zuckermann et al. / Laser-induced fluorescence study of acetone

expected energy splitting, AE”, as a function of the
barrier height, It is found that 2.3 GHz is compatible
with a barrier of about 250 em ™', as observed by mi-
crowave spectroscopy. Assuming that the splitting in
the excited state is smaller than our accuracy (=50
MHz) we estimate a lower limit for the barrier height
(V3) to internal rotation in the S, state to be around
600 cm~'. A more precise estimate is deferred to the
analysis of the torsional energy levels.

The observed triplet intensities obey the ratio
1:2:1, within the experimental uncertainty, which is
in agreement with predictions based upon spin statis-
tics, see fig. 5.

3.2. Refined analysis of the 09 band

The torsional energy levels and wavefunctions are
well known for the case of two-top molecules [25,21].
The product of single-top wavefunctions serves as the
basis for the total two-top Hamiltonian (using the
principal axis method (PAM)):

Ugii(ay . ax)=Uh{a; ) Ui(az) , (5)

where

Us(@)= 3 A expli(3k+o)al . (6)
k= —or

The label v is called the principal torsional quantum
number since it becomes the quantum number for the
limiting harmonic oscillator (¥5;-c0). The index
o=0,*1 gives the symmetries of the wavefunctions
and thus distinguishes between the tunnelling sublev-
els. Each eigenstate of the two-top torsional Hamil-
tonian is characterized by the four quantum numbers
vy, 0y, U, 05. In a somewhat simplified picture, v, and
v, denote the number of torsional quanta present in
each top while the various combinations of o, o>
provide the overall nine-fold degeneracy of the tor-
sional level.

The out-of-plane wagging mode (»,3, b,) can be
viewed as the motion of the central C atom with re-
spect to the plane spanned by the two methyl groups
and the O atom. Considering first the C=0 out-of-
plane wagging we have calculated the double well po-
tential fitting our observed spectra using the tables of
Coon et al. [26]. The results are shown in fig. 7. In
C,.. the symmetry of the vibrational levels alternates
between A, and B, and thus only half of the levels
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Fig. 7. The calculated out-of-plane wagging potential of S;. The
parameters used in the calculation are p=1.20, B=6.0, v¢=224.6
cm™! (see ref. [26]). Only odd levels (A, in Gi4) can be ac-
cessed for zero-torsion, the forbidden ones are shown by dashed
Iines. The splitting of the lowest level 1s much smaller than | GHz
and amounts to 1, 17 and 270 GHz, respectively, for the next
higher ones. The position of levels 1s given 1n wavenumbers.

will be observed in the excitation spectrum. For a
reasonable potential model the barrier height ob-
tained — 1348 cm~! — was made to fit the transition
at 333 cm~! (line 5, see table 2). It leads to a split-
ting of about | GHz, due to tunnelling, between the
two levels v=2 and v=3 (1" and 17). The lowest
doublet splits <1 GHz.

Since the energy, E(23'), of the C=0 out-of-plane
wagging is only some GHz above the value of E(23°),
we propose to consider its coupling with the torsional
motion. In turn, this coupling will allow transitions
to some of the forbidden levels, as required by the
appearance of quintets in higher members of the tor-
sional progression. The wagging motion will be de-
scribed by the distance coordinate, g,,. As follows from
the character table of G, a translation along this di-
rection belongs to the A, irreducible representation,
as does the gearing motion of the two CHj; groups. In
order to couple the two kinds of motion we look for
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a potential term - of A; symmetry — that contains
naturally the coordinates of both. The operator, to be
added to our Hamiltonian (4},

chupi = Ccoupl‘?’w Siﬂ( 3“] - 3“2} H (?)

offers itself since both factors are of A, symmetry with
A,®A,=A, Note that positive torsional angles «,
and e, are defined as clockwise rotation looked from
_the central C atom; i.e. the minus sign in the argu-
ment of the sine factor corresponds to the gearing op-
eration of A, symmetry. Having thus established the
simplest potential coupling term between wagging and
torsion, we next consider qualitatively its influence
on the possible transitions between cnergy levels.
Without this coupling the excitation leads — for the
0F band - from the §, ground state to the clectroni-
cally excited state with ane vibrational quantum in
the wagging mode, 23'. For instance, the initial quad-
ruplet of states {A,, E,, E;, (3) is excited to the quad-
ruplet (A,, E;, By, G)=A,® (A, E|, E;, G). (Note
that the transition dipole operator is of A, symme-
try.) This would apply to the 0, as well as to the al-
lowed excitations of 2, and 2 levels.

With the coupling term (7), two members of the
quadruplet of excited states just discussed, (A,, E,,
E., G), appear to be coupled to two members of the
slightly lower quadruplet of states, (A,, E,, Es, G) of
23% ie. E, with E, and G with G. Note that this cou-
pling leads to five encrgetically distinct transitions,
A,>AL(23"), E,-E/(23') and E;-E. 23"},
E,—~E, (23%), G-G{(23') and G—~G(23%). The re-
sulting pattern is thus a quintet, as it is observed for
most bands but #o! for the 0§ band.

In the following we will show why the proposed
coupling vanishes for the 09 transition so that the
spectrum possesses a triplet structure while the “di-
rect” and “‘coupled” transition strength in the spec-
tra of bands 2, 4 and 6 digplay quintet structure, whose
components are of similar intensity. A transition is
calted “direct”, if the final level (with torsional split-
ting being neglected) has B, symmetry, in C,,, and

. can thus be reached through a B, transition dipole
moment, see eq. (2). “Coupled” transition needs eq.
{7) to become allowed. The matrix element of the
coupling may be expressed as

¥ _o(q U (e, 02) gy sin(3e, —3a,)
P (@)U (ay, ap) ) (8)

where ¥,_(q..) and ¥,_,{4q,.) are the part of the bra
and ket describing the lowest and first excited wag-
ging states split by the tunneling motion and Ul g,
«,) — the torsional part {see eq. {3)}. The coupling
between v=0 and v=1 wagging levels 1s realized by
the factor ¢, in V.. The torsional coupling takes
place through the sine term of A, symmetry. If the
sine term is written as a difference of two exponen-
tials, it becomes evident that raising the degree of tor-
sional excitation of one internal top is accompanied
by lowering the torsional excitation of the other one.
For the torsional ground state, this operation neces-
sarily vields zero, i.e. the observed triplet structure of
the 0F band agrees with our analysis even after intro-
duction of V.., 2q. (7).

3.3. Analysis of the torsional progression

Table 5 lists the lowest torsional states with their
tunncling symmetries in Gag. In the middle column,
those statles are indicated which cannot be cxcited
from the ground state of acetone (A, vibronic sym-
metry, A, E|, Es, G torsional symmetries).

The progression bands at 0, 172.5, 314.5, 346.3,
474.3, 510 and 640.8 cm~ ' are assigned to the anti-
gearing and gearing torsional modes v,, and v,, (see
table 6). The torsional energy levels calculated by
diagenalizing the Hamiltonian (eq. (4)) are de-
picted in fig. 8 together with the experimental ener-
gies. The kinetic energy coefficient 7 was takenasa
parameter along with the potential parameters 75, V.,
V. and V_, since only gualitative information is
available on the excited state geometry. The best cal-
culation resulted in an agreement within 2 cm~! be-
tween the experimental and calculated frequencies of
the lines 2, 4, 6. Each of the lines 2, 4, 6 has a quintet
fine structure which is constant for all the rotational
lincs within a given band. The remaining discrep-
ancy, and the fact that the bands display quintet fine
structure {rather than triplet, like in the 0§ band ) may
be accounted for by introducing a coupling between
the torstonal motion and other vibrational modes.
Thus, 1o the torsional Hamiltonian {(eq. {4)) the
coupling term, V., eq. (7), will be added.

For instance, we have (A,, E|, E;, G =A.®{A,,
E;. E,, ) vielding an additional doublet of E, and G
symmetry as final levels if the excitation of the 1; tor-
sional level is accompanied by excitation of the wag-
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Symmetries of lower torsional vibrational states of acetone 1n the S, excited state with their tunneling sublevels

N vt v G(Cy) Selection rules G(Gse) ®
based on C,,
Fors®A, (wag) Fon®Az(Wag)

0, 0 0 A, A +E,+E,+G (A;+E,+E.+G)
1 1 0 A, forbidden A3+ E,+E;+G (As+E;+E4+G)
1, 0 1 B, A,+E +E,+G (A+E,+E;+G)
2, 2 0) A, A +E+E;+G (A, +E,+E+G)
2, (1 1) B, forbidden A4+E,+E+G (A3;+E,+E;+G)
2, (0 2) A, A+E+E+G (A;+E,+E,+G)
3, (3 0) A, forbidden A;+E.+E,+G (Ay+E,+E4+G)
3, 2 1) B, A,+E +E,+G (A,+E, +E;+G)
33 (1 2) A, forbidden As+E,+E;+G (A4+E,+E,+G)
3. (0 3) B, A.+E,+E;+G (A, +E,+E;+G)
4, (4 0) A, A+E +E+G (A;+E+E.+G)
4, (3 1) B, forbidden As+HE,+E+G (A;+E.+E;+G)
4, (2 2) A, A, +E +E;+G (A>+E,+E,+G)
4, (1 3) B, forbidden Ay+E,+E;+G (A3+E,+E;+G)
45 (0 4) A, A +E,+E;+G (A,+E,+E,+G)

) N=y*+v~ (number of torsional quanta). The group of levels having the same N is defined as a torsional polyad. Polyad N consists
of N+1 levels labeled by k. The v*, v~ designation here refers to the gearing and antigearing torsional fundamentals but not to the
actual distribution of energy between the two tops. Starting from the second polyad onwards the ™, v~ designation is put into paren-
thesis since the actual motion described by the eigenfunctions has a more complicated character.

®) The left term 1s the representation of the torsional states coupled to the A; component of the out-of-plane wagging tunnel-split com-
ponent, the right hand term (1n parentheses) 1s the representation of the same torsional state coupled to the A, component.

Table 6

Comparison of experimental and calculated torsional frequencies

N, Calculated ® Experimental © 49
(line #)

A-G E-G
1, 155.5 not observed 0.255 0.255
1, 173.9 172.5 (2) 0.328 0.328
2, 314.7 314.5 (4) 2.3 23
2, 324.0 not observed 5.0 5.0
25 344.7 346.3 (6) 2,417 2.390
3, 471.2 not observed 54.1 10.4
3, 474.0 474.3 (8) 21.7 64.5
35 489.0 not observed 16.9 17.7
34 511.9 510 (10) 5.28 5.44
4, 597.0 598 (12.12a) 0.796 510
4, 614.0 not observed 509 0.07
45 641 640.8 (14a) 13 9.9
4, 646 not observed 26.3 28.8
45 673

® Frequencies are in cm ™~ '; measured above the 03 band (v,=30439.9145 cm~"); the 0, is calculated to be at 164.4 cm—".

) Parameters used in calculation: F=5.7255 cm~', F’
—86.63cm™!.

) The band origin is given where a fit was possible; otherwise, the estimated center of the band is given.
4 Calculated maximum splitting between the A, E and G sublevels in GHz. It 1s noted that the degeneracy between the pairs of E levels
for a given N, level prevails and 1s lifted to 15 MHz only in 4s. For N,= 1, an experimental splitting Az =0.3 GHz has been assigned.

—0.28128 cm~%, V5=832.03cm !, Vy=—603cm~"', V,=1346 cm~! V_=
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Fig. 8. The calculated torsional potential for the excited state and
the associated energy levels. Unobserved levels are not shown on
the nght side.

ging mode (see fig. 9 and table 5). The effect of the
very small splitting (<<1 GHz) between the two low-
est wagging levels is that torsional sublevels of the
same symmetry, i.e. G with G and E with E are cou-
pled by the V., term. The resulting pattern is a
quintet, instead of a doublet. In our assignments we
were guided by the nearly constant ( ~ 3.2 GHz) dis-
tance between the two strongest lines within the
quintets. Our analysis implies then that the strength
of the interaction caused by the F,,, term is of the
order of 2 GHz.

Linear combinations of eq. (5) form the eigen-
functions of our torsional Hamiltonian. The same
basis functions have been used and are discussed in
ref. [27]. As an example of an excited state, the 1,
torsional level may be described with a high accuracy
by the eigenfunction (l/ﬁ) (11,0>—10,1>) where

|2y, v, > indicates v; and v, torsional quanta in topl
and top2, respectively. Substitution of this expres-
sion into the matrix element of eq. (8) results in a
nonvanishing torsional coupling: the sin(3«a;, - 3a,)
operator working upon (|1,0> —]0,1)) yields e.g.
(10,1>—]1,0>) and thus a nonvanishing coupling
matrix element is obtained. Within the torsional
multiplet we find a wagging mixture (23° and 23')
through Veoup, €a. (7), vielding transitions which
were forbidden before. In an analogous way the “cou-
pled” transitions in the bands at 314.5 and 346.3
c¢m~ ! become allowed. The intensities of the “*direct”
and “coupled” transitions are nearly equal. This fact
implies that the unperturbed eigenfunctions mix with
nearly equal weights. It is the near degeneracy of the
23%and 23! levels that makes such a mixing possible.
We can easily show (see ref. [28]) that if the unper-
turbed wagging levels are tunnel-split by 1 GHz, a
coupling strength on the order of 2 GHz would be
enough to bring the intensity of a “coupled” transi-
tion to about 40% of the “direct” one. A full treat-
ment must be based on a Hamiltonian including the
Veoupt tETM.

For the third and fourth polyads only a prelimi-
nary analysis can be presented. The band around 474
cm~! (line 8) spreads over =12 cm~!, compared to
~8 cm~! for the nearby lying lines 7 and 9. The pre-
diction of an exceptionally large (=2 cm~') tor-
sional splitting within the 3, level (table 6) agrees
with the large shifts (x4 cm~!) between various
components found in a preliminary analysis of line
8. The band at 510 cm ™" (line 10) is assigned to the
3. level. Both 3, and 3, bands are expected to have a
quintet fine structure. Line 10 exhibits higher than a
triplet fine structure, whereas line 8 is much more
complicated. The rotational analysis of line 8 and all
other higher energy lines is complicated by the fact
that different components within the same band have,
at times, different rotational constants. We assign
lines 12 and 12a to the 4, level. Line 12a was mea-
sured with 0.2 cm ™! resolution only [6]. It is a rela-
tively broad band, similar to line 8 and can. there-
fore, accommodate the needed calculated ~ 17 cm ™!
split, 4 (see table 6). Line 14a, at 641 cm ', fits
well to the assignment 23'+45; in table 7 it is re-
marked that the nature of the eigenfunctions has the
symmetry of (2=*antigearing+ 2 *gearing ). Note that
the eigenfunction may differ from the mixture be-
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Fig. 9. Level scheme for the S; (1)« 8, (0,) transition 1n acetone. Indicated are the “direct” transitions to the lowest wagging compo-
nent and the “coupled” transitions to the higher wagging component. Also indicated are the energy sphittings on the S, (1,) level as

deduced from the observed spectrum.

longing to n *antigearing+ » +gearing in case that a
parenthesis occurs in the last column of table 7. Up
to the second polyad, however, such a characteriza-
tion is rather accurate. It is evident that the analysis
of these and higher levels may require introduction
of more coupling terms.

3.4. Other low lying modes

In the ground state, three other low frequency
modes are known (table 1): v§, the C-C-C bend at
385 cm~!, v4;, the C=0 out-of-plane wagging at 484
cm~"'and »{s, the C=0 in-plane-wagging at 530 cm ',
For the S, state we offer two possible assignments be-
low, to explain our spectra, see table 8. In both cases
v;=373 cm~!. Further, r,3=333 cm~' and
V=621 cm~' for the second possibility and
Vio=177 cm~' and v5; undetermined, for the first
and by us preferred possibility, as will discussed next
in connection with the %, *+ and * * * progressions
of table 7.

3.4.1. Single star progression
First possibility. The bands at 333.5, 487, 624, 624

and 645 cm~' (lines 5, 9, 13a, 13b and 14b, respec-
tively) are assigned to the v}, +torsion progression.
The C=0 in-plane-wagging, »i,(A4), can have an a-
type spectrum only if coupled with the antigearing
v,»(Asz) and is expected to have a quintet fine struc-
ture. Line 5 at 333 cm~! is assigned to 19'+1, and
displays a quintet (see fig. 4b). This assignment sug-
gests a very big change in the frequency of the C=0O
in-plane wagging, i.e. 177 cm~! in S;, compared to
530 cm~'in S, (table 1). Lines 9, 13b, and 14b are
assigned to 19'+2,, 19'+3,, and 19'+3;, respec-
tively. It follows from this assignment that the tor-
sional antigearing motion possesses an intermode an-
harmonicity of about 20 cm~! between v,4 and v, 5.
Second possibility. The single starred progression is
assigned to the C=0 out-of-plane motion. Line 5 (333
cm™!') is assigned to 233, the upper tunnel-split level
of the second dyade of the wagging mode. The quin-
tet fine structure of the band with 3.2 GHz distance
between the two strongest components implies that
the two levels (23 and 23?) are almost degenerate
(split by less than 1 GHz). The “coupled” transition
to the 232 level, however, actually is not coupled by
eq. (7), because we deal here with the torsional



H. Zuckermann et al. / Laser-induced fluorescence study of acetone 205

Table 7

Assignment of the long-wavelength bands observed in the fluorescence excitation spectrum of acetone. For line 8 onwards, assignments

and analysis are less certain

Line Energy *’ Assignment ® Remarks ¢
# (cm™1)
ref. [1] this work ¢
1 0° Vi3 23!
2 172.5 (1,0) (0,1) gearing (A;)
3 hot band not observed
4 314.5 (2,0) 23'+(2,0) 2+antigearing (A,)
5 333.6 (2,0) * two possible assignments, see text
6 346.3 (L1) 23'4(0,2) 2sgearing (A,)
7 373 V%;’ *®
8 474 (3.0) (2,1) (gearing+ 2 »antigearing (A,))
9 487 (2,1) *
10 510 (2,1) (0,3) (3xgearing (A;))
11 544 v3T +(1,0) *
12 578 (258 23'+(4,0) (4+antigearing (A;))
12a 598 n 23!+ (4,0) &)
13a 621 * OF * % *
13b 624 4,0)® *
l4a 641 (2,2) (2+gearing+ 2 santigearing (A,))
14b 645 a.nm *

2) Energy above the origin of S.

®) Torsional quanta are listed as (1,7) where 1 and  are the number of quanta excited 1n the antigearing and gearing motions respectively.

¢ Symmetry species are 1n Ga.
a

=, x*x_* % are (starting levels of ) new torsional series; for their assignment see text.

<) The zero-point energy level of the CO out-of-plane wagging (23°) is forbidden for a dipole transition from the S, vibrationless level.
The first overtone (23') is calculated to be 1.1 GHz above 23° and is the pseudo-origin of the observed spectrum.

) Not mentioned in ref. [ 1], was measured with 0.2 cm ™! resolution in ref. [2] (see fig. 1).

&) Belongs, too, to N=4 and k=1; for its large splitting, see table 6. Agg=17 cm™".

") Lines 13 and 14 consist of two nearly overlapping lines and were given one assignment in ref. [1].

Table 8
Low energy modes of acetone (cm~')

So S
first possibility second possibility
v, torsion (antigearing) 77 155.5 155.5
V4 torsion (gearing) 124 172.5 172.5
vy C-C-C bend 385 373 373
v,3 C=0 out-of-plane wagging 484 - 333
v,9 C=0 1n-plane-wagging 530 177.5 465.4
wagging barrier height - 927 1350
effective torsional barrier 270 759 759

ground state. We were not able to individuate an al-
ternative coupling mechanism so far to explain the
observed quintet (and therefore prefer the first pos-
sibility). For line 9, 13b and 14b the assignment be-
comes 232+ 1,at484 cm—",23*+2,at624cm ' and

23%+2; at 645 cm~'. In all cases, quintets are ex-
pected and found for the first two, in our preliminary
analysis. These assignments (especially of lines 9 and
13b) necessitate a wagging barrier of about 1350
cem™!,
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3.4.2. Two stars progression

The band at 373 cm~! (line 7) is assigned to the
C-C-C bending, v for both possibilities. The A,
symmetry vg is expected to have a triplet fine struc-
ture, just as the 05 band. The observed spectrum of
line 7 has a triplet fine structure as shown in fig. 4d
with a consistent 2.1 GHz splitting of each rotational
line and approximately 1:2: 1 relative intensities. The
200 MHz decrease from the 2.3 GHz triplet splitting
in the 0§ band is four times our experimental accu-
racy. We argue that since the 373 cm ™' band serves
as a pseudo-origin for the progression of 8'+torsion
combination bands, the torsional barrier used in the
torsional energy-level calculations for the excited state
must be lowered. Fig. 6 shows that a 200 MHz zero-
tunnel-splitting is obtained for ;=450 cm ™', i.e. the
torsional barrier is effeciively lowered by nearly the
amount of vibrational excitation. The physical rea-
son for such an effect might be that a somewhat dif-
ferent equilibrium geometry of acetone in the 8! vi-
brationally excited state lowers the hindrance of the

two CH; groups.

3.4.3. Three stars progression
Second posstbility. The band at 621 cm ' (line 13a)

. We were ableto fitline 13ato

YOI a0 10 i il i oa

¢ acgioned to ¢ 4 ‘
is aSSIEHCU O Ve T

an a-type rotational transmon with ¥,=31061.6781
cm~! (AE=621.7636 cm~!) (see table 2). It is one
of the strongest lines measured in this work and our
preliminary analysis shows that establishment of the
fine structure, even at this high vibrational excita-
tion, is possible. In the first possible assignment, this

lina 124 haol 1t thae 1 3
++* line 13a belongs to the * series, assigned as

191+ 3,. It belongs to the same component of a po-
lyad. 3,, as line 13b, with a calculated splitting of
about l cm~™

4. Discussion

The high resolution spectra reported in this work
led to the proposal of an effective barrier height for
torsion — 759 cm ! in the S, state. The torsional bar-
rier is much larger than that in the ground state, and
leads to a much smaller frequency difference be-
tween the torsional fundamentals - the calculated

separation between the (0, 1) and (1, 0) levelsis 18.4

cm~ !, compared to 63 cm~! in the ground state. The

high barrier may be related to the fact that the two
rotors are somewhat closer to each other due to the
bent configuration of the excited state. Internal rota-
tional barriers are believed to reflect electronic den-
sities in the bands adjacent to the rotor [29,30]. The
n,m* transition involves an increase in the electronic
density of the C=0O bond which could increase also
the density in the C-C bond (by hyperconjugation),
making the bond stiffer and rising the barrier. These
speculations should be checked by clectronic density
calculations.

The inversion barrier of the S, state — 1348 cm ™
- is much larger than that of formaldehyde (350
c¢cm~ ') and acetaldehyde (541 cm '), probably re-
flecting the increased stabilization of the pyramidal
form upon exchange of a hydrogen atom by a methyl
group.

Qur analysis of the low energy torsional bands

makes it comnulsory to include an additional poten-

AAAGRARTS 10 VRRIPPUIS0UR Y 0 AR IRRAEL 4L QRIS jEos £ 4

tial coupling term, ¥, into the Hamiltonian. Doing
that, we, nevertheless, interpret the spectra using the
G54 molecular symmetry group for acetone in the S,
electronic state.

Durig and co-workers developed a general theory
for molecules with two internal rotors of C;, sym-

4 A ol A + h +
metry and showed how it may be utilized for several

different models [31.32]. They recognized the dif-
ference of the torsional Hamiltonians between the
models of C,, and Cs molecules with two equivalent
tops (-, (e) and Cg{e) in their notation) but also
pointed out their formal identity. In particular. this
difference manifested itself by inclusion of more po-
tential terms into the Hamiltonian uﬁSCI‘xuing the tor-
sional motion of a molecule having Cs(G, 8) sym-
metry. One of them. of A; symmetry in G s, is

V7 sin(3a, —3a.) (11)

(compare to eq. (7) ). Acetone in the ground S, state

corresponds to the C., (¢) model Anr\nrdino to the

orresponds to the C,, (¢) model. According to th
classification of Durig et al., in case the wagging tun-
nelling is frozen acetone in the excited S, state should
be treated within the Cq(e) model since it attains a
pyramidal equilibrium geometry. That is, if we as-
sume for a moment an infinite inversion barrier, there
are two equivalent potential minima corresponding

to two bent (rigid) conformations of Cs(G ;) sym-

metry. These minima are distinguished by a simul-
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taneous change of the signs of the two coordinates: q,,
for the wagging and 3, — 3, for the gearing torsion.
The term, eq. (11), must be included in the torsional
Hamiltonian. The Cg(e) model was applied to the
analysis of the Raman spectra of dimethylamine
where the tunnelling of the H atom through the CNC
plane was thought to be frozen [21]. If we lower now
the inversion barrier the tunneling motion becomes
feasible and the levels split, for the two cases. Per-
forming a tunnelling through the barrier is equiva-
lent to adding a new symmetry operation-reflection
through the CCC plane ~ which is absent in the G5
symmetry group and belongs to the A, irrep in Gy,
The wavefunctions describing the wagging motion are
written as symmetric and antisymmetric linear com-
binations of ¥(+gq,) and ¥(—gq,). A feasible tun-
nelling through the inversion barrier rises the sym-
metry of the molecule and, in our case, allows to treat
the internal rotation of acetone (S, ) within Gig.

Thus, in our analysis we introduce a coupling be-
tween the CO out-of-plane wagging (»,;) and tor-
sional modes. The physical origin lies in the fact that
for certain (&, a-) configurations the inversion mo-
tion brings the molecule to a nonequivalent configu-
ration if a simultaneous adjustment of (&, ) is not
allowed. The proposed coupling term of eq. (7) leaves
the Hamiltonian invariant under the operations of the
G;¢ symmetry group, being a product of two terms,
both antisymmetric with respect to inversion through
the CCC plane.

The fact that the transitions observed are a-type, as
well as the observed splitting patterns led to some re-
assignment of the vibrational bands observed in the
excitation spectrum. Table 7 summarizes the situa-
tion. In contrast to ref. [1], we assign the first band
to the upper fine structure component of the tunnel
split wagging motion. Thus, it is not necessary to in-
voke second order perturbation theory in order to ac-
count for intensity borrowing that makes the transi-
tion allowed. As in formaldehyde, this B, type
vibration mixes the nn*(A,) state with the nc*(B,)
state.

The occurrence of b-type transitions in the spectra
cannot be entirely ruled out, since a full analysis is
yet to be completed. B-type transitions are expected
for vibrations having A,(C,,) symmetry. However,
up to line 7, at 373 cm~!, all lines exhibit pure a-type
rotational transitions.

It is clear from our calculations that many tor-
sional bands are forbidden. Our successful assign-
ment is an a posteriori support for the use of the C.,
molecular point group rather than Cs,.

The n,n* excitation leads to considerable changes
in the frequencies of some low energy mode frequen-
cies of acetone (table 8). Though. for the torsion—
vibrational combination bands we prefer the “‘first
possibility”™ of table 8, the change »},=530
cm~'5vg=177 cm~! is discomfortingly large and
should fill us with caution. Remember, however, that
acetone changes its geometry for the transition S, « S,
which permits relatively big changes of mode fre-
quencies. In addition, for the related acetaldehyde
molecule the corresponding shift is also very large,
=509 cm~' - v}, =370 cm~! [33]. In conclu-
sion, the first possible assignment is the favoured but
still tentative one.
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