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For more than three decades far-infrared and Raman spectroscopies, along with appropriate quantum mechanical
computations, have been effectively used to determine the potential energy functions which govern the
conformationally important large-amplitude vibrations of nonrigid molecules. More recently, we have utilized
laser-induced fluorescence (LIF) excitation spectroscopy and ultraviolet absorption spectroscopy to analyze
the vibronic energy levels of electronic excited states in order to determine the potential energy surfaces and
molecular conformations in these states. Transitions from the ground vibrational state jnebatt®nic

state can typically be observed only to several excited vibronic levels. Hence, the LIF of the jet-cooled molecules
generally provides data on only a few excited state levels. Ultraviolet absorption spectra recorded at ambient
temperatures, however, often provide data on many additional excited vibronic levels. However, these can
only be correctly interpreted if the electronic ground state levels have been accurately determined from the
far-infrared, Raman, and dispersed fluorescence studies. In this article, we will first present our results for
bicyclic molecules in the indan family in theip&nd S(r,7*) electronic states. Two-dimensional potential
energy surfaces in terms of the ring-puckering and ring-flapping vibrations were utilized for the analyses.
Next, we review our work onrans-stilbene in its g and S(r,7*) states and examine the data from which
two-dimensional potential energy surfaces were determined for the phenyl torsions and one-dimensional
functions were calculated for the torsion about the@bond, which governs the photoisomerization. Finally,

we consider seven cyclic ketones in thejraBd S(n7*) states. The carbonyl wagging vibration of each was
studied in its electronic excited state in order to determine the barrier to inversion and the wagging angle.
The barrier to inversion was found to increase with angle strain. Conformational changes between the ground
and excited electronic states were also examined in terms of the out-of-plane ring motions.

1. Introduction and geometry of the molecule. The molecules shown in Figure

Numerous molecular processes such as isomerization orl. are a four-membered ring and two “pseudo-four-membered

inversion proceed along vibrational pathways that are governed”ngS where the atoms connected by double bonds behave as

by vibrational potential energy surfaces. In selected cases, thes<§Ingle units during the puckering V|brat|qns. For molecules such
surfaces can be described very well by just one or two as cyclopentane and cyclohexene, which are not pseudo-four-

vibrational coordinates. This is generally based on the -high membered rings, two-dimensional potential energy surfaces have

low frequency separation: conformational changes typically are been used to represent the conformational energetics. These
associated with low-frequency anharmonic, large-amplitude generally have the form

vibrations which interact little with higher frequency modes.
Over the past three decades we have studied numerous four-,
five-, and six-membered ring molecules as well as bicyclic
systems using far-infrared and Raman spectrosédpyhe ring- wherex; andx, are the vibrational coordinates (such as ring-
puckering vibrations (Figure 1) for molecules such a cyclobu- bending and ring-twisting) and, by, a, b,, andc are the
tane, cyclopentene, and 1,4-cyclohexadiene can be representegiotential energy parameters. This potential energy function is
very well by a single vibrational coordinate)(in each case,  also applicable for several types of bicyclic molecules and can

V(X%) = apX,”* + by + ax,” + bx,” + cx %, (2)

and potential energy functions of the form also be used to refine the calculations for the pseudo-four-
membered rings when small interactions with other vibrations
V=ad+ b 1) are to be accounted for.

During the past decade we have been concentrating our efforts
when used in the Schdinger equation, do an excellent job of on determining the potential energy surfaces of electronic excited
fitting the experimental spectroscopic data. The potential energy states using laser-induced fluorescence (LIF) spectroscopy of
parameters andb can be related to the intramolecular forces supersonic jet-cooled molecules and ultraviolet absorption
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Figure 1. Ring-puckering coordinate for cyclobutane, cyclopentene, and 1,4-cyclohexadiene.

spectroscopy. Despite the added complications expected for theFigure 2 shows the first 17 eigenvalues calculated for this
excited states, the same process of mapping the vibrationalfunction for different values oB (with A = 1). ForB = 0 the
guantum states and using these to determine the potential energjunction is that of a pure quartic oscillator. For positiBea

surfaces has worked remarkably well.
In this review, we will examine the potential energy surfaces
and structures of the bicyclic molecules in the indan family, of

mixed quartic/quadratic function exists with a pure harmonic
oscillator approached aB — . When B is negative, the
function represents a double minimum potential with a barrier

stilbenes, and of various cyclic ketones. In each case, data forof B%4, and pairs of energy levels begin to merge below the

both the ground and excited electronc states will be examined
since the former are required for the proper analysis of the
excited states.

2. Theory

In 1945 BelP predicted that the ring-puckering vibration of
a four-membered ring should be governed by a quartic oscillato
function 0 = 0 in eq 1). Laan®has shown that the parameters
in eq 1 for cyclobutane can be related to the ring-angle-bending
force constank,, the initial angle strairg, and the C-C bond
distanceR, by

r

a=128&,/R' ()

(4)

These contributions are both positive and hence would result
in a planar ring with the energy minimum at= 0. However,
for cyclobutane and other molecules, the torsional forces, which
result from—CH,—CH,— interactions and other effects, often
produce a substantial negative contribution to the paranbeter
and this can result in a double-minimum potential energy
function and a nonplanar ring molecule.

The one-dimensional Schimger equation for a vibration
with a fixed reduced mags is

b= 32,S/R

(—h%2u) dPpld® + Vi = Ey (5)

This can be transformed to the reduced féusing
Z = (2ulk?)"%a% (6)
E=A1 7)
A= (W120)* " ®)
B = (2u R Y223, 9)

This results in

—d?pldZ? + (Z* + By = Ay (10)

whereZ is the dimensionless coordinaidefines the quadratic
contribution which may be positive or negative, and thare

the eigenvalues which are proportional to the vibrational
guantum stateE. Each value oB defines a set of eigenvalues
which may be computed and then scaled by the parametter
best fit the experimental data. Hence, the effective potential
energy function is

V=AZ*+ BZ) (11)

barrier. WhenB — —oo, the pairs of energy levels become
equally spaced and also approach those of a harmonic oscillator.
Figure 3 shows the experimentally determined potential energy
function for the ring-puckering vibration of several different
molecules with values d8 ranging fromB = +4.68 to—9.33.
2,5-Dihydrothiopherfe (DHT) has a mixed quartic/quadratic
potential B8 = 4.68) while 3-silacyclpent-1-eAgSCP) is a
nearly perfect quartic oscillator with = —0.17. Both molecules

are planar. Trimethylene oxiti(TMO), 1,3-disilacyclobutarié
(DSCB), cyclopenterié (CP), and silacyclobuta®&(SCB) have
increasingly negativeB values (1.47, —4.65, —6.17, and
—9.33, respectively) and increasing barriers to planarity. Their
potential energy functions show how energy levels merge to
produce “inversion doubling.” As the barrier increases, more
and more levels can be seen to begin merging. Figure 2 indicates
the B value corresponding to the molecules whose functions
are shown in Figure 3. The eigenvalues at those sp&ifalues
correlate to the energy levels on the potential energy curves
when the appropriate scaling factaris used.

Many of the original ring-puckering studies utilized the wave
equation (eq 5) to fit the experimental data. However, since
this vibration has a large amplitude and the reduced mass
changes with the vibrational coordinate, the calculations can
be improved by utilizing a computed reduced mass function
which depends on the coordinate. In one-dimension the Hamil-
tonian becomes

H(X) = (-h%/2)0/0%(0,4(X))3/9x + V(X) (12)
wheregaa is the coordinate-dependent reciprocal reduced mass
function that can be represented by a polynomial

_ (@
Oas = 9514)

+ g + gix’ + g’ (13)

The odd-powered terms in this polynomial representation are
usually zero (if puckering up and down are equivalent). Only
terms up through the sixth-power term are included. The
subscripts orgsq reflect the fact the values—13 are reserved
for the molecular rotations. As shown by Malléfthe reduced
mass for the puckering motion can be readily calculated at
different coordinate values using vector methods. The difficult
part is to correctly model the vibrational motions. Laane and
co-workerd>19 have described the computation of the kinetic
energy expressions for several different types of vibrations using
vector methods for both one- and two-dimensional cases. In

two dimensions, the Hamiltonian becomes

H(X,.X,) = —(1%12)[/0%, (04400, %,)) /9%, +
0/ 0%y(G55(X1:%,)) 0/ 0%, + 0/ 90Xy (945(X1,%,)) 00X, +
0/ 9%x(Qas(X1,%2)) 8/ 0%,] + V(X1 %) (14)
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Figure 2. Eigenvalues for the reduced potential energy function Z* + BZ? as a function oB. The B values of the molecules shown in Figure
3 are indicated.
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whereV(xy,xo) typically has the form of eq 2. Thgy(x1.x2) are valuable in that they clearly show which transitions originate
calculated as a function of both coordinates, again using vectorfrom the vibrational ground state. However, the FranClondon
methods. Utilization of these kinetic energy functions rather than factor limits the number of Svibronic states that can be

a fixed reduced mass tends to affect the potential energyaccessed. In these cases the ultraviolet absorption spectra are
parameters by less than 5% but does reduce the deviationmost helpful in that many of the higher vibronic states can be
between observed and calculated frequencies by about a factoreached only when the transitions originate from upper vibra-
of 2 (typically from an average 1 to 2 crhdeviation for the tional levels in 3. The ultraviolet absorption spectra in our

fixed reduced mass model to half of that). laboratory are recorded on a Bomem 8.02 Fourier transform
_ spectrometer. The laser-induced fluorescence system utilizes a
3. Experimental Methods Nd:YAG laser to drive either a dye laser or an optical

Figure 4 shows some of the spectroscopic transitions and paramagnetic oscillator. The molecules are cooled through a

experimentally determined energy levels for both the ground SUPESONIC jet éxpansion using a pulsed valve. Detection is with
(So) and first excited §,7*) electronic states of phthalan, a @ Photomultiplier tube (PMT) or by a time-of-flight mass
molecule to be discussed later. The diagram shows far-infraregSPectrometer. Dispersed fluorescence spectra can also be
absorption and Raman transitions which are used to determine©corded using PMT or CCD detection. More detail can be found
the vibrational quantum states for the electronic ground state, &/Sewheré

These generally have changes/afr = 1 and 2, respectively,
for the major transitions of the ring-puckering vibration. Laser-
induced fluorescence (LIF) of the jet-cooled molecules results  A. Bicyclic Molecules in the Indan Family. The molecules
from transitions which for the most part originate from the indan, phthalan, coumaran, and 1,3-benzodioxole shown below
vibrational ground state ingSHowever, if the molecular jetis  are “pseudo-four-membered-ring” molecules since the ring-
warmed somehat, weak transitions from the= 1 state (30.9 puckering vibration resembles that of a four-membered ring (or
cm~1 above the ground state) can also be seen. With LIF the cyclopentene) in that the two atoms of the five-membered ring
laser system is tuned and when the energy of the vibronic level that are also part of the benzene ring tend to move together.
is reached, the fluorescence signal is detected (fluorescence

excitation spectra). For molecules excited from #he= 1 level o} 0
fluorescence results when the frequency matches the separation ©i> ©:>° @) ©:o>
betweervp = 1 and the vibronic level. The ultraviolet absorption

spectra are recorded at room temperature and hence transitions  indan Phthalan Coumaran 1,3-Benzodioxole

can originate from up to a dozen of thg Bbrational levels.

The C,, symmetry of phthalan restricts which transitions are ~ However, because each molecule is bicyclic, there is a low-
allowed and this explains why only = even to even or odd  frequency ring-flapping vibration (also called the butterfly
to odd transitions are observed. The LIF spectra are mostmotion) of the same symmetry species as the ring puckering

4. Results and Discussion
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Figure 3. Potential energy functions for the ring-puckering vibration of several different molecules. The valBes ef] 11 are as follows for
the indicated molecules: DHT (4.68), SCPQ.17), TMO (-1.47), DSCB {-4.65), CP {-6.17), SCB {9.33).
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Figure 5. Definition of the ring-puckeringxi)and ring-flapping %)
coordinates for indan and related molecules.

rings. The flapping X;) is the motion of the entire five-
membered ring relative to the benzene ring. The figure shows
the motions from a side perspective relative to the plane of the
benzene ring. Atoms 4 and 5 are the carbon atoms common to
both rings. Atoms 1, 2, and 3 are in the five-membered ring.
Vector methods have been developed to represent the motion
of all the atoms relative t@; andx; so that the kinetic energy
(reciprocal reduced mass) expressions for the molecules can be
calculated as a function of the coordinat&3! Figure 6 shows
how g44, the reciprocal reduced mass function for phthalan,
varies as a function of coordinates, and the coordinate depen-

Figure 4. Spectroscopic transitions involving the ground and excited dence can be seen to be substagfial.

electronic states of phthalan.

Our results for both the electronic ground and excited states

that can interact strongly with the puckering. Figure 5 shows of phthalad*2>and 1,3-benzodioxoté2” are presented below.
the definition of these two low-frequency motions. The pucker- The ground state investigation of coumaia also discussed.
ing (x1) is basically the out-of-plane motion of the apex £H The preliminary FES and UV absorption spectra of coumaran
group or oxygen atom relative to all the other atoms in the two have also been recorded in our laboratory but will not be



Feature Article J. Phys. Chem. A, Vol. 104, No. 33, 2000719

800 ]

o
0.010 1
600 — 1103

0.008 7
1N 105.8
0.006 | E (cm™) .
0.004 400 — 100.6
s
— 93.2
XZ(A) 4 =
Figure 6. Dependence of reciprocal reduced massfor the ring- 98.5
puckering of phthalan on the andx; coordinates. 200, _|
74.3

100 = P Y
\\ [ 70.4 K
1 —
o] S P
I V=0
60 } Figqre 8. Er_1ergy Ieyel diagram for the ring-puckering vibratiam)(
T in different ring-flapping ¢r) states of phthalan.
40— O 800 - @:\/0 /
20 | 7 \
: 6
400

|
600 7 105.1 1148 7
300 oM 200 100 5\ 1006 107.7 /
Figure 7. Far-infrared spectrum of phthalan vapor. 1400 ) \ 932 99.6 /
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reported here. As has been noted previod$ihe coumaran 200 \ 743 184 /
spectra for the excited state are complicated by dimerization. 2 \ﬁ 704 688
Spectroscopic work on both the ground and excited states of 0 v=o — W
indan is also in progress in our laboratory. Previous gréund oS, CALC.
and excited! state assignments clearly need revision. A recent
microwave study proposes a barrier of 444érhased on the T . — \
ground state splitting2 much lower than the originally reported 02 01 00 01 02
value® of 1979 cntl. A high-level ab initio calculation predicts X (A)

a barrier of 662 cm’. In the §(z,7*) state the barrier is clearly  rigyre 9. One-dimensional ring-puckering potential energy function
lower as the 0— 3 transition drops from 143.2 to 112 c¥n calculated for phthalan.

Phthalan S Ground State. Figure 7 shows the far-infrared
spectrum of phthalan vapor in the-6840 cni ! region (20.25  the regularly increasing sequence as shown. In order to allow
m path, 0.55 Torr pressur#).A group of weak bands in the  the puckering and flapping to interact, we utilized the two-
30-35 cmit region are also present. The absorption bands dimensional function of eq 2 and the Hamiltonian of eq 14.

originate from transitions between the ring-puckering) ©r Just the introduction of the kinetic energy expansionsgigr
ring-flapping @) quantum states or both. Thesp = 1 bands  andg,s was sufficient to account for most of the unusual pattern
were observed in the 30110 cmi* region foroe = 0, 1, and 2. f ring-puckering energy levels. The cross term in the potential
The double Avp = 2) and tnp_le QAvp = 3) quantum transitions g rface €x2x:9) in eq 2 only played a minor role in perturbing
are weak but were detected in the 10 and 175-320 cm * the puckering levels. Thus, the reduced mass effects are the
regions, respectively. Most of the intensity near 220 &is basis for most of the interaction. Figure 10 shows the two-

the result from variougd\vg = 1 transitions withAvp = 0 but
arising from different puckering levels. Figure 8 shows the
energy level diagram for phthalan for these two vibrations in
the $ state. The energy level separations for the puckering can
be seen to change by moderate amounts in the different flapping . .
states. An attempt was made to fit the observed puckering data'?_"5 ent lies below the zero-point energy for the;e two modes.
using a one-dimensional function of the type in eq 1, but the ence, for all practical purpo_ses the_ molecule |s.planar.
frequency agreement was not very good, clearly reflecting the Phthalan S(w,7*) Electronic Excited State. Figure 11
fact that the puckering cannot be considered as a motionShows a partial qualitative molecular orbital diagram correlating
independent of the flapping. Figure 9 shows the one-dimensionalthe orbital energy levels of benzene to phthalan or any of the
function which gave the best frequency fit along with the other molecules in this group. The reduction of the benzene
observed and calculated transition frequeng&i&he reason for Den Symmetry toCy, in phthalan results in the splitting of the
showing this is to show how poorly the function reproduces benzene bonding {5 orbitals and the antibonding,Forbitals

the frequency increase from 74.3 to 98.5émand then back into A,,B, pairs. Analysis of the ultraviolet absorption band
to 93.2 cntl. A one-dimensional function can only produce type$® shows that the f,7*) excited-state results from the

dimensional potential energy surfatéayhich together with the
kinetic energy expression, very nicely reproduces the 28
observed far-infrared frequencies with an average deviation of
less than 2 cmt or about 1%. The tiny barrier to planarity of
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Figure 11. Molecular orbital diagram correlating ta orbitals of
benzene to these of phthalan. The skeletal atoms
assumed to be in thez plane.
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Figure 12. Fluorescence excitation and ultraviolet absorption spectra
of phthalan.

B, — By transition as shown in Figure 11. The ordering of the
orbital energies was also confirmed by ab initio calculatins.

Laane

Transmittance

200 oM
Figure 13. Ultraviolet absorption spectra of phthalan vapor near the
electronic band origin. The ring-puckering transitions and labeled.
Primes refer to ther = 1 state.
levels in this state have /ssymmetry forvp = even and B for
vp = odd. Hence, the most intense transitions in the spectra
(Figure 12) correspond thvp = 0, 2, 4, etc. where there is no
symmetry change between the vibrational levels. However,
rather surprisingly, a large number of weakvp odd
transitions were also observed. This presumably results from
the high anharmonicity of the ring-puckering vibration in both
electronic states. Figure 13 shows an expanded region of the
ultraviolet absorption spectrum near the band or@.nl\ll)any
of the bands are labeled by their ring-puckering quantum
numbers. The primes refer to transitions to or from a ring-
flapping excited state withg = 1. Some of these are shown in
Figure 4. From the FES only ring-puckering levels upto=
3 can be observed. However, the UV absorption spectra show
transitions up tap = 6 since the higher puckering levels ig S
are significantly populated and these have better transition
moments to the higher levels than those frogr= 0 (or vp =
1 for warmer FES spectra). In addition, four of the ring-
puckering levels in ther = 1 flapping states were determined

from the spectra. Figure 14 shows the puckering levels for both

the § and S(ur,1*) states for bothvg = 0 andvg = 1 flapping

of phthalan arestates, and the changes in the electronic excited state can be

seen to be quite large. The— x* transition to the $ state

can be expected to reduce the rigidity of this bicyclic ring
molecule, and this is reflected in the decrease in the ring-flapping
frequency from 215.9 cmt in S to 187.2 cmt in S;.
Surprisingly, however, the puckering of the five-membered ring
takes on a more rigid potential energy function. Figure 15 shows
the two-dimensional potential energy surface for thers*)

state which fits the experimental data very well. This has the
form

V(em ) =7.96x 10°x," + 4.09x 10°x,” + 1.44 x
10°%, %, (15)

Thus, the function is essentially pure quartic in nature %o
term). It has a cross termxfx,?) which is 3.5 times higher
than that for the §ground state, indicating that here the potential
energy interactions have become much more significant. The
kinetic energy interactions, just as for the ground state, are also
large. The function in eq 15, unlike the) 8inction, has no
barrier to planarity. Moreover, along the puckering coordinate
the potential energy function is somewhat stiffer. This is shown

Figure 12 shows the laser-induced fluorescence excitationin Figure 16 where the ring-puckering potential energies (along
spectrum (FES) of the jet-cooled phthalan and also the ultraviolet x, = 0) for the $ and S states are compared. The energy level

absorption spectrum of phthalan vapor at 5. The pure
electronic transition Dis at 37 034.2 cm! in both spectra.
Since the dm,7*) state has A symmetry resulting from the
B, — B, electronic transition, the vibronic ring-puckering energy

separations are also shown for the excited state. There is no
obvious explanation why the ring-puckering potential energy
function should become more rigid i, &nd why the small
barrier to planarity should disappear.
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Figure 17. Far-infrared spectra of 0.5 Torr of 1,3-benzodioxole with
a path length of 20 m.
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Ab initio calculations have been carried out for both the S Figure 18. One-dimensional ring-puckering potential energy function
and § states of phthalan and the other molecules in this family calculated for 1,3-benzodioxole.
of compounds. These will be discussed later.

1,3-Benzodioxole in the §Ground State. This molecule is investigate what the influence of the benzene ring has on the
of s’pecial interest since it is expected tc; show the anomeric anomeric effect and then determine what effect the electronic

effect, which can occur when-aO—CH,—O— configuration o — qr* transition has on this. Figure 17 shows the far-infrared
is present in a molecule. Previously we have studied the far- spectrum of this molecuf®. Rgman spectra showwzguP =2

— transitions of the vapor confirm the far-infrared assignments.
infrared and Raman spectra of 1,3-dioxed€CH,OCH=CH,

The data can be fit moderately well with a one-dimensional

potential function (Figure 18), but the deviations between
believed to arise from a desire of the molecule to get better observed and calculated values clearly shows the need to

overlap between a*(C—O) orbital and the lone-pair orbital  consider interactions with the ring flapping. Thus, the ring-
on the other oxygen atom. For 1,3-benzodioxole we wished to puckering energy levels for both the flapping= 0 and 1 states

and showed that its barrier to planarity is 325¢mThis is
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Figure 21. Ultraviolet absorption spectra of 1,3-benzodioxole near

Figure 19. Potential energy surface for the ring-puckering) @nd the electronic band origin.

ring-flapping (%) vibrations of 1,3-benzodioxole in the State.

quite difficult to assign, especially before we realized that the

05 pure electronic band tends to obscure the-11 transition

for the puckering which is only 1.4 cm higher. This was

resolved in high-resolution absorption spectra, however. The

assignment was also complicated by the fact that many

. transitions to flapping excited levels (labeled with primes in

the figures) in the §m,7*) electronic excited state are among

the most intense in the spectra. Figure 21 shows the UV

absorption spectrum near the band origin along with the

assignments for many of the transitions. The>11 transition

can be barely seen in this figure. The intensity of the-Q'

o transition, which also corresponds to the most intense band in
— — ‘ the FES, should be noted. As can be seen, most of the transitions

n 100 0 arevp = even to even or odd to odd (A~ A; or B, — By)

Figure 20. Fluorescence excitation and electronic absorption spectra when the flapping vibration is not involved. In the flapping

of 1,3-benzodioxole. excited state, which has,Bymmetry; however, the, = even

levels become Band the odd ones become,Aeversing their
were utilized in a two-dimensional potential energy calculation. symmetries. Hence, the-® 1' and the > 2' are now A —

(These will be compared to the excited state levels later.) The A; and B, — B,, respectively, for example. The%+ 2 band
kinetic energy expressiorga(x1,Xz2), Jss(X1,X2), and gas(Xy,xz2) intensity for an odd— even transition is surprisingly large, but
were calculated and used for the determination of the two- poth these levels are below the barrier so this is actually'an A
dimensional potential energy surface shown in Figure 19. This — A’ transition for aCs molecule. Figure 22 presents the ring-
has a barrier to planarity of 164 cthand puckering and  puckering energy levels in several flapping states= 0, 1,
flapping angles oft24° and+3°, respectively. If the flapping  2) for both the § and S electronic states. The-@l splitting
angle is forced to be zero, only a slightly worse frequency fit from S to S, can be seen to increase by 1.3¢mand explains
results. Hence, the experimental data are only sufficient to showwhy the 1— 1 transitions is nearly coincident with the-8 0.
that the flapping angle is °3+ 3°. However, ab initioc  The ring-flapping frequency drops from 267.2 to 189.5ém
calculations predict puckering and flapping angles of 24ritd and this reflects the fact that the electronic transition weakens
2.6°along with a barrier of 171 cm, in remarkable agreement  the 7 bonding allowing the five-membered ring to flap more
with the experiment. readily relative to the benzene ring. This frequency change of
The 164 cm? barrier for 1,3-benzodioxole clearly arises from 77.7 cnt! is large when compared to that in phthalan (28.7
the anomeric effect as there are aAcCH,—CH,— torsional cm™1) and can be accounted for by the decreased interaction
forces present to produce a nonplanar five-membered ring. between the oxygen nonbonded orbitals and the benzene ring
However, the barrier is only about half that of 1,3-dioxole, which in the § state. This will be discussed in more detail below.
is similar except that it possesses no benzene ring. Hence, there Figure 23 shows the two-dimensional potential energy surface
is a strong indication that the anomeric effect is suppressed bydetermined for 1,3-benzodioxole in terms of the puckeriny (
the presence of the benzene ring. and flapping %) coordinates. The barrier to planarity is 264
1,3-Benzodioxole in the Hmw7*) State. The molecular cm! and the dihedral angle of puckering is °22Within
orbital diagram in Figure 11 is also applicable to 1,3-benzo- experimental error, the flapping angle is.0
dioxole. Because this molecule is puckered in both its ground  As described above, the somewhat suppressed anomeric effect
and excited states, the molecular symmetrLisrather than produces a barrier of 164 crhfor 1,3-benzodioxole in its
Ca.. Nevertheless, th€z, selection rules hold for the most part.  electronic ground state. This barrier increases upor 7*
Figure 20 shows the fluorescence excitation spectrum andelectronic excitation to 264 cm, apparently because the
the ultraviolet absorption spectrum of the molectileThe anomeric effect is less suppressed in & comparison of the
electronic band origin is at 34 789.8 ctn These spectra were  potential energy along the ring-puckering coordinate is shown

UV Absorption

FES

&
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00 a0 W00 et
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Figure 22. Ring-puckering energy levels for 1,3-benzodioxole in
different flapping states forgSand S.

Figure 25. Benzene ring p orbitals and orbitals involved in the
m’ “ ‘ I W anomeric effect for planar and puckered forms of 1,3-benzodioxole.
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Figure 23. Potential energy surface for 1,3-benzodioxole in its S Figure 26. Far-infrared spectrum of coumaran vapor.
(rr,7) electronic excited stateq = ring-puckering, = ring-flapping. Coumaran in Its Electronic Ground State. The far-infrared

spectrum of coumaran is shown in Figure 26 along with the
for both electronic states in Figure 24. Figure 25 shows the assignment of many of the ring-puckering transitiéh3he

molecule in both its planar and puckered forms along with the spectrum is fairly noisy since the sample vapor pressure is less
p- orbitals on the benzene ring, one of the oxygen nonbonding than 1 Torr. Nevertheless, in addition to the ushap = 1

orbitals, and one*(C—O) orbital. When the molecule is planar, transitions, many weakekvp = 2 and 3 transitions as well as
overlap between the oxygen p orbital and the benzesystem transitions involving ther = 1 flapping excited state (labeled
is maximized but the po* interaction is not possible. Upon

with primes) can be observed. These can be fit quite well with
puckering, the benzerg(O) interaction is decreased while the just a one-dimensional potential energy function which is shown
p—o* interaction is increased. In theyState the p orbitals in Figure 27. This has a barrier to planarity of 279 ¢nand
compete strongly for interaction with p(O), thus suppressing the energy minima at= +0.14 A correspond to dihedral angles
the anomeric effect and allowing less puckering. In thierg*) of +£30°. The data also define the energy levels very well for
excited state the benzene ringbonding is reduced as is the

the flapping excited state§ = 1) and these are shown in Figure
interaction between the ;pand p(O) orbitals. Hence, the

28. The energy spacing changes frop¥ 0 to 1 are substantial
anomeric effect is less suppressed and the ring can puckerand arise from the interactions between the puckering and

further. flapping motions. This has also been accounted for with a two-



7724 J. Phys. Chem. A, Vol. 104, No. 33, 2000

Laane

TABLE 1: Comparison of Experimental and ab Initio Results for Molecules in the Indan Family

ground state

&,t*) excited state

barrier dihedral angles (cr)? barrier dihedral angles ved (cm™?)
molecule expt ab initio expt ab initi¢ expt ab initi¢ expt ab initi¢ expt ab initio
phthalan 35 91 0 23 0 0 0 0 37034 46 635
1,3-benzodioxole 164 171 243° 25°,3° 264 369 24 29° 34790 36 986
coumaran 279 258 30 2r ? ? 34 870
indan 434 662 30 32 ~300 ~25° 36 904

apuckering angle except for 1,3-benzodioxole for which the flapping angle is also §iUsing MP2/6-31G* basis setUsing CIS/6-
311+G(2s,p)//CIS/6-33G* basis setd Value of energy minimum; the lowest puckering level is only slightly below the calculated bé&rvalue

calculated from microwave study, ref 32.

700
o T,
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6001 6 |
71.4
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T 95.0
400 76.7 g> —L 27
E (cm™) 6 ——
3004 701 133.4
5 1
37.0 Ve=01—7p—
200{ * t e
. 87.9 243.1
>——182
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127.8
dy.-
0- ve= 0'1\/;:0

Figure 27. Energy levels for the ring-puckering in the = 0 and 1
flapping states of coumaran.
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Figure 28. Potential energy function and observed transitions for the

ring-puckering of coumaran.

dimensional potential energy surface which has a very similar

barrier of 275 cm™.

The barrier to inversion of coumaran is considerably higher
than that for 2,3-dihydrofur@h(83 cnt?). This is expected since

Q. e
o © O O

U3s

o
b & b0

Uag

Figure 29. Low-frequency vibrations ofrans-stilbene.

we complete the far-infrared and dispersed fluorescence analysis
of the § ground state.

Ab initio calculations for electronic excited states are
considerably more challenging. Even predicting the frequency
of the electronic transition is far from routine. Calculations at
the CIS/6-31%G(2s,p)//CIS/6-3+G* level are moderately
good, predicting the electronic transition to be at 36 986%m
(vs 34 790 cm! experimental) and calculating the barrier to
planarity of 369 cm?! (vs 264 cm! experimental) for 1,3-
benzodioxole. Results for the other molecules are also shown
in Table 1.

B. trans-Stilbene in Its Ground and S(r.7*) Excited
States Thetrans—cis photoisomerization of stilbene has been
of interest to experimental and theoretical chemists for many
years36:37In the electronic ground state there is a reported barrier
to isomerization of 48.3 kcal/mél.Hence, the internal rotation
about the &C bond does not occur ingSThe photoisomer-
ization in the (r,7*) excited state can take place since the
potential energy minimum for the internal rotation corresponds
to a twisted (perpendicular) configuration and a relatively small
barrier exists between thieans and twisted forms. In 1992

the angle strain, which favors a planar structure, is lower for gynares Heikal. and Zew#l studied the dynamics of the

the coumaran molecule.

Ab Initio Calculations. For the electronic ground state the
ab initio calculation®-27:33are in remarkably good agreement

photoisomerization and concluded that thenstwist barrier
is about 1200 cmt.
The analyses of both they &nd S(m,7*) states oftrans

with the experimental results determined here and this is shownstilbene are complicated by the fact that this molecule has eight

in Table 1. For phthalan, both experiment (35 @jnand

calculation (91 cm?) predict only a tiny blip of a barrier. For

vibrations with frequencies below 300 cf These are shown
in Figure 29. For many years there was considerable debate

1,3-benzodioxole and coumaran the differences between ex-about the assignments ftrans-stilbene vapor for which only

perimental and calculated barriers are only 7 and 2tcm

dispersed fluorescence data were available for the electronic

respectively (0.02 and 0.06 kcal/mol). For indan the microwave ground state. However, Haller, Chiang, and L&8sacceeded

result of 434 cm? for the barrier is well below the 665 crh

in recording the vapor-phase Raman spectrum of this molecule

value from the ab initio computation. However, we believe it at 330°C. The low-frequency region of the spectrum with
is quite likely that the experimental number will be higher when perpendicular and parallel polarizations is shown in Figure 30.
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Figure 31. Dispersed fluorescence spectra of tiieb@nd oftrans- C=C  Ringflap  Phenyl  Phenyl
stilbene. torsion torsion torsion

. _ Figure 33. Vibrational energy spacings for four low-frequency
The two polarized bands at 273 and 152 émust clearly be vibrations oftrans-stilbene in its ground and excited states.

the two A; modes. Somewhat surprisingly, these are not
observed in the dispersed fluorescence spectrum (Figure 31).TABLE 2: Vibrational Assignments (cm~?) for the
The weaker depolarized bands at 211 and 118¢mhich do Low-Frequency Vibrations of trans-Stilbene in Its & and

have dispersed fluorescence counterparts, correspond to the twX(%:7") States

By modes. The dispersed fluorescence spectrum in Figure 31 approximate  transstilbene 4-methoxyransstilbene
was recordet from the § excitation band at 32 232 crh Coh description 5 Sy So Sy(ar,*)
Other dispersed spectra were recorded from excitation bands ata; 1,,C.—Ph bend 273 280 234 279
39, 70, 83, and 95 cm. Figure 32 shows the laser-induced vos phenyl wag (i.p.) 152  (156) 144 (140y
fluorescence excitation spectrum of the jet-coolgdns Ay w35 C=C torsion 101 99 86 85.5
stilbene3® All but the first of these excitation bands used for 336BE22§: I';gion 5% 475;2 52 ‘Z‘S
_the dispersed spectra originate from the V|brat|onq| ground state By Ui; phenyl flap 211 (200) 179 (170%
in So. The 39 cm! band originates from an excited phenyl vsgphenyl torsion 118 110 123 109
torsion level which is only 9 cm' above the ground state. Even B, wvz,phenylwag (i.p.) 76 (76) 68 (65)

with jet-cooling, this level has a substantial molecular popula- Estimate

tion. Because of symmetry factors, th&fpectrum in Figure '

31 shows transitions only to every other phenyl torsion level in phenyl torsions are doubly degenerate, each energy level for
S. Since the symmetry properties of the 9 Tnlevel are each of the vibrations is actually 4-fold degenerate. Some
different from the those of the vibrational ground state, the previous analyses of thieans-stilbene spectra had not recog-
dispersed spectrum from the 39 thexcitation band shows nized this degeneracy.

transitions to the missing levels. Figure 33 shows the energy Table 2 summarizes the vibrational frequency assignments
spacings for both theoSand S states. In Figure 31 the bands for both the $and S (7,7*) states fortrans-stilbene and also

at 19, 45, and 76 cm result from transitions to the (4,5), (8,9), for 4-methoxytrans-stilbene® which we have analyzed in a
and (12,13) quantum states of the phenyl torsions. Because botlsimilar manner. Of particular interest are the phenyl torsions
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Figure 36. Potential energy function for the internal rotationtigins
stilbene about the €C bond.f = 0° corresponds to theansisomer.

Figure 35. _Potential energy surface for the phenyl torsiondrahs 3000 cnmt (2V,). There are four equivalent energy minima at
stilbene in its g.7*) state. $1 = +90° and ¢, = +90°, where the entire skeleton of the
molecule lies in a plane. The barrier to rotating a single phenyl
ring is 1670 cm®. The $ potential energy surface is qualita-
tively similar with a barrier atp; = ¢, = 0 of 3100 cnrl.
However, the barrier to rotating a single phenyl group is only
%875 cnrl. Both the % and S surfaces require three potential
energy parameters, and these do an excellent job of fitting all
of the observed energy spacings. Even the large difference (9
cm ! vs 118 cntl) between the out-of-phase and in-phase
phenyl torsions is very nicely reproduced.

In order to represent the internal rotation about theCC
double bond, a computer program was written to calculate the
coordinate dependent kinetic energy function. For thgr8und
state this was used to calculate the potential energy parameters
for the one-dimensional potential function

(v37andwvag) and the torsion about the double bomgsf, which

for the most part governs the photoisomerization. As mentioned
above and shown in Figure 33, many of the quantum states for
the phenyl torsions have been mapped out and these ar
discussed below. The torsion about the=C bond (A, sym-
metry) is observed as a series of overtones 202, 400/410 doublet
609 cnt?, etc. in the dispersed spectra (Figure 31) for the S
ground state. Hence, the fundamental band is at 10%,camd

this is compatible with the 48.3 kcal/mol barrier previously
reported for the ground staté.

Figure 34 defines the; and¢, coordinates used to represent
the phenyl torsions an@l which represents the internal rotation
about the &C bond. The phenyl torsions were treated as a
two-dimensional problem and a computer program was written
to calculate the coordinate dependent kinetic energy (reciprocal 1 1
reduced mass) function in terms ¢f and ¢,. This was then V() = 7,V,(1 — cosb) + 7/,V,(1 — cos D) +
utilized in the potential energy computation with Y,V,(1 — cos ) (17)

1
V(1,¢,) = 1,V,(2 + cos 2, + cos 2p,) + where® = 0° and 180 correspond to theansandcisisomers,
V1, COS 2, cOs 2p, + V'y, Sin 29, sin 2p, (16) respectively, wher¥, is the energy difference between thans
andcis forms, whereV, almost entirely determines the barrier,
A separate computer program was written to determine the and whereV, is a shaping parameter. When the literature
energy levels for this potential energy surface and to optimize values® V; =1605 cm (4.6 kcal/mol) an¥, = 16 892 cn1!

the potential energy parametevs, Vi, andV'1,. For the 3 (48.3 kcal/mol) are used, excellent frequency agreement between
ground state the values determined wese= 1550 cn1l, Vi, the experimental and calculated data is obtained u¥ing

= 337.5 cnT?, andV'y, = 402.5 cntl. For S these were found ~ —900 cnT. Since our data is confined to the bottom region of
to beV, = 1500 cn1?, V4= —85 cntlandV'i, = —55 cntl. a potential energy function which has a very high barrier, the
Figure 35 shows the potential energy surface for ther,3*) calculation ofV, by extrapolation does not give a very accurate
excited state. The coordinates are defined so that &t ¢, = value (150004 3000 cntl). However, the data is totally

0 both phenyl groups are perpendicular to #8—C = C—C— consistent with the literature values. The lower half of Figure

skeleton. Here the potential energy has its maximum value of 36 shows the potential energy curve for thestte.
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The C=C torsion data for the §7,7*) state are only observed
for the trans conformation (due to the FraneiCondon Prin-
ciple) although the energy minimum for this electronic state
occurs for the twist formf = 90°). Figure 36 (top section)
shows the qualitative potential energy curve estimated in the
literature. The figure also shows the vibronic energy levels
observed within thetrans potential well. No fluorescence
excitation spectra can be observed going to levels in the twist
well. In addition, theciswell is apparently too shallow to allow
transitions originating from the State ofcis-stilbene. Conse-
quently, the fluorescence data allow only the shape ofrtres
well to be calculated, and this is shown as the dotted line in
Figure 36. This can be represented by several different f6rms
for the potential energy function including

V(6) = 1,V,(1 — cosb) + 1,V,(1 — cos D) +
Y,V,(1 — cos ) + /,V4(1 — cos @) (18)

Here, Vi represents thdrandcis energy difference and/,
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Figure 37. Fluorescence excitation spectrum of jet-cooled 2CP.

TABLE 3: Vibrational Frequencies (cm~?) for the Ground

primarily determines the depth of the twist well. We have no and Excited S(n,z*) States of 2-cyclopenten-1-one

experimental data for either of these, and their values have little

effect on the vibronic levels in th&ans well. V4 primarily
determines th&ans— twist barrier whileVg is a minor shaping
term. Analysis of the experimental data, which extend 1230
cm~1 above thetrans well minimum, shows that theeans —
twist barrier is somewhat higher than the 1200 émastimated
from the dynamics dat®.

C. Cyclic Ketones in Their S(n,r*) States.The lowest lying
electronic state for many ketones results from the nrto
transition producing the ;f,7*) state in which the bond order
of the C=0 bond has been reduced to 1.5. In this electronic
state, a carbonyl compound typically distorts from a planar to
a pyramidal configuration about the carbonyl carbon atom. This
was predicted for formaldehyde in 1953 by Wélsind verified
spectroscopically by Brand in 1938.The S(n,7z*) state of
acetaldehyde has been studied by fluorescence and absorptio
methods since 1954 as a prototype of larger carbonyl
compounddg3-45 However, its electronic absorption spectrum
is complex and ill-resolved, and little agreement existed on the
interpretation. Only recently, with the vibrational and rotational
cooling obtained in a supersonic jet, did it become possible to
make accurate assignmeffts*® We have recently recorded and
analyzed the fluorescence excitation spectra (FES) for severa
cyclic ketones in a supersonic jet including 2-cyclopenten-1-
one (2CP), 3-cyclopenten-1-one (3CP), cyclopentanone (CP),
cyclobutanone (CB), bicyclo[3.1.0]hexan-3-one (BCHO), tet-
rahydorfuran-3-one (THFO), and tetrahydrothiophen-3-one

(THTP), and these results will be discussed here. The electronic

absorption spectra of 2CP,3CP#° CP3° and CB! at room
temperature had previously been reported, but without jet
cooling to simplify the spectra it was difficult to assign the
spectra correctly. The fluorescence spectra for these molecule
are considerably weaker than the— 7* transitions discussed
above for the indan family drans-stilbene. The pure electronic
transition is strictly forbidden for 3CP and CB, for example,
which haveC,, symmetry and for which the electronic transition
is to an A excited electronic state. Transitions to vibronic levels
for B, vibrations such as the carbonyl wagging or ring-
puckering, however, become symmetry allowed.

Q

S

O0O0C QA

2CP 3Cp BCHO

approximate description ground excited

vs C=0 stretch 1748 1357
vg C=C stretch 1599 1418
v13ring mode 1094 1037
v14 ring mode 999 974
v15 fing mode 912 906
v16 Fing mode 822 849
v17 ring mode 753 746
V18 ring mode 630 587
v19 C=0 def () 464 348

V26 a-CH bend 750 768
v28 C=0 def (J) 537 422

Vg C=C twist 287 274

V30 ring-puckering 94 67

2-Cyclopenten-1-one (2CP).Figure 37 shows the low-

ﬁesolution FES of 2CP2 The spectra of the two deuterated

species were also recorded. The electronic origin was observed
at 27 210 cm?. In comparison to the other cyclic ketones, which

will be considered later, the 2CP frequency is considerably

lower. This is the expected result from the conjugation between

the G=0 and G=C groups which results in a lower energy

orbital. The electronic origin for 2CP is also extremely intense

Iin contrast to the §n,7*) origins of the other more symmetric

molecules without conjugation.

The frequencies of the relevant fundamental vibrations
determined for the electronic ground stand S excited state
are given in Table 3. Thirteen of the 30, &xcited state
vibrational frequencies have been determined from the fluores-
cence excitation spectrum. For the higher frequency vibrations
our FES assignments agree well10 cnt?) with the absorption
study of Gordon and Orf However, we disagree on the

Sassignments involving the ring-puckeringsd), ring-twisting

(v29), and carbonyl out-of-plane'{g) wag, for reasons discussed
elsewheré?

The FES of 2CP shows ring- puckering bands at 67, 158,
256, and 360 cm' and the ring-twisting band at 274 cth
Figure 38 compares the ring-puckering data for the ground and
excited electronic states for 2CP and itsatid @ isotopomers.

As will be seen, the ring-puckering series of bands can be fit
nicely with a one-dimensional potential energy function. The
C=O0 in-plane ¢19) and out-of-plane,g) wags occur at 348
and 422 cm?, with both values considerably lower in frequency
than in the electronic ground state reflecting the decrease in
character of the €0 bond. For 2CP sufficient conjugation is
retained in the §n,7*) state that the carbonyl group remains
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T T i observed. These show up as type B bands arising frgnx A

o 2CPd,  2CP-d;  2CP-d, B, = B; symmetry. The first three of these transitions are labeled

in Figure 40. It should be noted that since the= 0 andv =

1 levels in the gn,r*) state are near-degenerate from inversion
doubling, the band origin lies very close to the-0L frequency.
The other bands in the spectrum include many combinations of
So S, the C=0 wag with the ring-puckering vibration and combina-
tions of these with other fundamentals including the@
stretch. Of particular note is the; 2% 305 band at 32 211
cm 1, shifted 1973 cm! from the band origin and 746 crh
from the G=0 stretching ¢3) value at 1227 cm'. The 746
cm~! value corresponds to the sum of the—6 4 wagging
transition @29) and the ring-puckeringugg) frequency of 127
cmL. This shows the 6~ 4 spacing to be 619 cmd, which is

20 cnt? less than the 6~ 5 spacing.

In order to analyze the €0 wagging vibration in the
electronic excited state, we have utilized our computer programs,
o, . v described above, for calculating the reduced masses and energy

-0.1 0.0 0.1 levels for the Hamiltonian given in eq 12 and the potential

PUCKERING COORDINATE (A) energy function given by eq 1. Hereis used for the &0
Figure 39. Potential energy function and energy levels for the ring- wagging coordinate given in terms of the wagging angiend

puckering vibration of 2CP in the ground (thin lines) angnSr*) the G=0 bond distancd&R b)ﬁf’
excited (thick lines) electronic states.
X=Rgp (29)

Figure 38. Energy level diagram for the ring-puckering vibrations of
2CP+y, 2CP4d;, and 2CPd; in the ground and $ns*) excited
electronic states.
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in the plane of the planar ring system. For the other cyclic
ketones to be discussed, this is not the case.

The intense bands at 1357 and 1418 érfor 2CP4, are
clearly due to the &0 and C=C stretches, respectively. These
two vibrations are FranekCondon active due to the increased
bond lengths for both bonds. The large drop in frequency for
both of these in the excited state reflects both the conjugation
be_tly;:een the groups and also the_ decreasda_lnndl_ng chargcter. V=A2+B exp( sz) (20)

e potential energy for the ring-puckering vibration in both
the ground and excited electronic states can be analyzed usingvhere theA, B, andC are potential energy constants. Both eq
eq 1 while the Hamiltonian is given by eq 12. Figure 39 1 and eq 20 give very similar results for the energy barrier (939
compares the functions and puckering energy levels for both cm=1), minima @24°), and calculated frequencies. The ring-
states. As expected, the electronic excitation to an antibondingpuckering frequency of 127 crhin the § state is considerably
orbital results in a less rigid ring system and lower frequencies higher than the value of 83 crhin the ground state, and this
for the puckering vibration. However, the molecule, along with is apparently the result of the asymmetry in the ring-puckering

The reciprocal reduced mass expangignfor this coordinate
has the form given in eq 13. The experimentally determined
potential energy function for the carbonyl wagging of 3CP is
shown in Figure 41. In addition to the potential curve for eq 1,
the figure also shows the best fit with a potential energy of the
form

its C=0 group, remains planar in both electronic states. potential function caused by the bending of thee@ group
3-Cyclopenten-1-one (3CP)Figure 40 shows a portion of  out of plane.
the jet-cooled fluorescence excitation spectrtiof 3-cyclo- Cyclopentanone (CP).This molecule is different from 3CP

penten-1-one with its band origin at 30,238 dirEach transition in that it is twisted in both its ground and excited states and
from the electronic ground state to an odd quantum state of thehence ha€, andC; symmetry, respectively, for the two states.
C=0 wag (29 in the Ay electronic excited state has,B  This means that the FES not only shows transitions to the odd
vibrational symmetry (assuming the molecule to lie in the xz C=O0 wagging states, but also to the even ones. Figure 42 shows
plane), but has Avibrational symmetry for even quantum states the low-frequency region of the FES of ERvhich has a band

of the wag. Thus, only transitions to the odd states can be origin of 30,276 cm?. Several ring-bending bandg§) can be
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seen as can the splitting of the carbonyl wagging)( Ring- 0
twisting (v1g) bands are also evident. The full spectrum of CP T, T

shows nearly a hundred bands below 2000 §rand these were 0 2 0 2 10

used to create the energy diagram in Figure 43. In the ground WAGGING ANGLE

state the CP energy levels are doubly degenerate as a result ofigure 44. Vibrational potential energy function for the=& out-

the barrier to planarity for the ring-twisting mode. In the S  ©f-Plane wagging vibration of cyclopentanone.

state the levels become near-4-fold degenerate from the addeghotochemical processes can occur in electronic excited states
inversion splitting of the carbonyl wagging. All this data allows but cannot in electronic ground states.

us to not only determine the carbonyl wagging potential energy  Cyclobutanone (CB).The FES of CB8is shown in Figure
function (Figure 44) with its 680 cnt barrier, but also makes 46, with the band origin at 30,292 crh Only transitions

it possible to determine the two-dimensional potential energy involving the odd quantum levels of the wag are allowed as
surface for the two out-of-plane ring modes for both electronic Type B bands (A x B, = B; which gives the type B band
state6:57 The surface for the excited state is shown in Figure type). The barrier to inversion of the=8 group of CB is

45. This has a barrier to planarity of 1400 thhwhich is very sufficiently high that the lowest six pairs of levels are nearly
similar to the ground-state value, but it has a much lower barrier doubly degenerate with vibrational symmetry speciesaAd

to interconversion (550 cm) from one twisted form to another.  B,. Even though transitions involving only the vibrational states
In the excited state the ring can invert by passing over a of B, symmetry can be observed, these have essentially identical
relatively low energy saddle point which corresponds to a bent frequencies with those involving the;/states. Because the
conformation. This kind of surface helps explain why certain C=O group is bent out of the plane in the Sate, the ring-
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Figure 46. Fluorescence excitation spectra of cyclobutanone. its Si(n,*) excited state.

the carbonyl group has a wagging anglek#9°. The effect of
the asymmetry is evident in the figure

' _puckering Bicyclo[3.1.0]hexan-3-one (BCHO).‘I;his molecule is dif-
' ferent from the other ketones in that it has a bicyclic ring and
. __—=0

that both the ring puckering and carbonyl wagging are asym-

//: minima correspond to slightly puckered configurations) while
¢ P

metric motions in both the ground and;(87*) excited
electronic states since the three-membered ring is tilted relative
inversion ” inversion to the five-membered ring. The far-infrared spectra were
analyzed to determine the ring-puckering potential function in
the ground state? and the FES was recorded to determine the

'Q\&o ] puckering and &0 wagging levels in the excited stfThe
_puckering A\ carbonyl wagging potential energy function for the excited state
N determined from the spectra is shown in Figure 49. The barrier
\Y' to planarity and energy minima are determined quite well, but
the energy difference between the two wells (36 &rim the
figure) has substantial uncertainty. It is only clear that this value
is small (less than 50 cm) and the presence of the tilted three-
membered ring across from the carbonyl group affects the
puckering motion encounters an asymmetric potential energy wagging very little. However, as shown in Figure 50, which
surface. This is shown in Figure 47 where puckering toward or compares the ring-puckering potential energy function for the
away from the bending of the carbonyl group requires a different two electronic states, the asymmetry of the molecule has
amount of energy. In the excited state the ring-puckering considerably more effect on the puckering motion. Both the
frequency increases to 106 chfrom 37 cntlin the S state ground and excited state functions show substantial asymmetry
and there is sufficient information on the higher levels that a while that for the excited state shows the ring to become
two-dimensional surface in terms of the=© wagging and considerably more rigid upon electronic excitation.
puckering can be determined. This surface, which has a barrier Tetrahydrofuran-3-one (THFO) and Tetrahydrothiophen-
to planarity of 2106 cm! opposing the &0 inversion (a one- 3-one (THTP). These molecules are similar to cyclopentanone
dimensional calculation gives a barrier of 2149éjnis shown but have either an oxygen or sulfur atom substituted asym-
in Figure 48. The ring is essentially planar (although the energy metrically into the five-membered ring. Because of the lack of

Figure 47. Ring-puckering and carbonyl inversion vibrations of
cyclobuatanone in its.$h,7*) excited electronic state.
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TABLE 4: Comparison of Frequencies (cnT?) of Several Vibrations of Cyclic Ketones in Their Ground and S(n,z#*) Electronic
Excited States

2CP THTP CP BCHO 3CP THFO CB
vibration ) S S St S S S S S St S S S St
ring puckering 94 67 67 58 95 91 86 134 83 127 59 82 36 106
ring twisting 287 274 170 38 238 378 377 228 224
C=Owago.p? 537 422 427 326 446 309 315 450 336 463 344 395 355
C=Owagip® 464 348 483 329 467 342 458 339 463 365 454 392
C=0 stretch 1748 135 1760 1240 1770 1230 1773 1227 1755 1232 1816 1251
S, barrier 0 659 672 873 939 1151 2149
ve® 27210 30028 30276 30262 30238 30180 30292
20.p. = out of planei.p. = in plane.
DIHEDRAL ANGLE highest barrier to inversion. This effect follows intuition in that
20 ()} 20 40 closing the CCC angle allows more bending of the carbonyl
1500 ' ' group. This is similar to what has been observed for the HCH
angles in cyclopropane, cyclobutane, and cyclopentane; namely,
the HCH angle is largest for cyclopropane and smallest for
1000 f cyclopentané?
B
Viem') V. Summary
500 . . . . .

In this article we have examined the electronic excited states
of three different types of molecules. In each case we have
spectroscopically established the vibronic quantum states for

0 . . A N conformationally important low-frequency vibrations and used

these with our computer programs to determine the vibrational

X(A) potential energy surfaces which govern the conformational
Figure 50. Comparison of the ring-puckering potential energy functions processes. Although interactions between electronic excited
of BCHO in its ground and excited states. states and other complicating factors might be expected to make
these types of studies much less feasible, we have been
pleasantly surprised that much of the methodology we have
developed for analyzing electronic ground states is also ap-
plicable to the excited states.

For the indan family of molecules, previous investigations,
which attempted to utilize one-dimensional potential energy
functions to explain the spectra, resulted in flawed interpreta-
tions. For these molecules it is essential to utilize two-
dimensional analyses considering the strongly interacting ring-
‘ flapping and ring-puckering motions. In order to understand the
110° electronic excited state data, it is also essential to have the

ground state problem solved correctly. The fluorescence excita-
Figure 51. Correlation of inversion barrier with the CCC angle at the t'on SpeCtra_c_)f the Je_‘t'_comed mOIGCU|e_S cIe_arIy help to identify
carbonyl carbon atom. The dashed line indicates the “strain-free” angle. Which transitions originate from the vibrational ground states

in the § states. Because of FraneKondon factors these

symmetry, transitions to each of the Carbony| Waggmg quantum generally show transitions to onIy a few of the vibronic levels
states are allowed, and the molecules show rich fluorescenceln the S(r,7*) states. The ultraviolet absorption spectra recorded
excitation spectt@ from which the carbonyl wagging quantum  at ambient temperatures, however, show transitions originating
states in the §n*) state were determined. These were then from many upper ring-puckering or flapping levels is 8nd,
used to find the potential energy functions for each molecule hence, show transitions to many of the higher vibronic levels
using either eq 1 or eq 20. Either type of potential function Which must be considered for meaningful interpretations of the
gives an excellent fit with the experimental data. THFO was excited electronic state potential energy surfaces. Thus, all four

2000 -

1500 -

1000 -

BARRIER (cm 1)

500 -

0 . .
90° 100°
C-C(0)-C Angle

found to have a barrier to inversion of 1152 chand energy
minima at wagging angles of26° while the corresponding
values for THTP are 659 cm and4-20°.

Comparison of Molecules.Table 4 summarizes the vibra-

types of spectra shown in Figure 4 must be utilized to complete
studies of this type. The far-infrared and Raman data make it
possible to analyze the electronic ground state, without which
the interpretation of the electronic absorption spectra is nearly

tional frequencies for several of the vibrations of each of these impossible. This is demonstrated by the fact that the previously
ketones in their ground and excited states. Also shown are therecorded electronic spectra of the molecules discussed in this
inversion barriers for the excited state and the electronic band article were generally incorrectly analyzed. Just the identification
origins. Figure 51 correlates the inversion barriers to the interior Of the electronic band origin has often been a problem.

CCC angle at the carbonyl group of each molecule, as calculated The results obtained for phthalan were somewhat unexpected.
from the MM3 molecular mechanics program. As can be seen, It is not clear why this molecule should have a tiny barrier to
when the interior angle gets smaller and has increased angleplanarity in the electronic ground state and why this should
strain, the inversion barrier, and hence the degree of bendingdisappear as the five-membered ring becomes more rigid in its
of the G=0 group, increases. Thus, cyclobutanone has the S;(7r,7*) state. However, ab initio calculations also predict this
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tiny barrier. In fact, for all the molecules in the indan family, interacting with one another, will also be the focus of future
ab initio calculations do a remarkable job in predicting the investigations.
barriers for the ground electronic states. The results for 1,3-
benzodioxole are perhaps the most interesting. The barrier in  Acknowledgment. The research described here was carried
the electronic ground state is clearly due to a suppressedout by many able graduate students and research associates, most
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