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We report the analytical expressions of the two-dimensional potential energy surfaces (PES) spanned by the

puckering and flapping vibrations in thg &nd S states of 1,3-benzodioxole (BDO). Both PES are obtained
from S and S energies computed on a grid of 2500 molecular geometries at the CASPT2 level. Both the S

and S PES are anharmonic, and the planar geometry corresponds to a barrier that separates two minima at
nonplanar geometries along the puckering/flapping deformations. Eigenvalues and eigenvectors of the mixed

puckering/flapping modes are calculated by the Meyer flexible model. Improved vibronic levels, in better

agreement with the observed spectra, are obtained by suitably optimized CASPT2 surfaces. To assign the

lower-energy (6-500 cnt?) portion of emission and absorption spectra, we evaluate the band intensities by
estimating the FranckCondon factors between the puckering/flapping eigenvectors ofthads states.

From these calculations, we obtain a satisfactory assignment of the ground state IR spectra and of the
fluorescence excitation spectrum. Both assignments are supported by the analysis of the vibrational structures
of several single vibronic level (SVL) fluorescence spectra. The successful interpretation of these spectra

shows that the &and S PES that we derive for BDO are substantially correct. The barrier heights in the two
states are similar: 125.7 and 190.4¢nm S and in S, respectively. In § the barrier is associated essentially
with the puckering motion. In Sit involves to a considerable extent also the flapping coordinate, whose
vibrational frequency is much lower inp&an in $. This fact introduces a substantial Duschinsky effect in
the $—S; transitions of BDO.

1. Introduction

The 1,3-benzodioxole (BDO) molecule has attracted consid-
erable attentioh 10 because it can serve as a model system for
conformational studies of larger molecules. The BDO molecule,
which is shown in Figure 1, has an out-of-plane ring puckering
vibration of the CH group that is highly anharmonic and
involves a large amplitude motion on a double-minimum y
potential, with a barrier to planarity of about 100 tiThe
transitions between the puckering vibrational levels dominate
the low-energy portion of IR or Raman spectra. Furthermore,
in BDO, there is a second low-frequency mode, of the same b
symmetry as the puckering mode, namely, the out-of-plane ring x
flapping (or butterfly motion) of the five-atom ring with respect  Figure 1. Geometry of the BDO molecule with the numbering of the
to the benzene ring. The two modes, which are displayed in atoms.
Figure 2 together with the,aing twisting, are coupled, and
the vibrational levels arising from their combination add
complexity to the IR and Raman vibrational spectra and to the
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vibronic structure of electronic spectra. i f i f i f .
Molecules such as BDO, which may have more than one
stable conformation, may serve as simple models of more + +
complicated systems having a distribution of conformations. A /|

Conformational studies are of particular relevance for large
molecules that may have different local minima of similar
energy on their potential energy surfaces (PES). Each minimum
is associated with a different conformer that may show different
chemical properties. Examples are proteins, which may exist molecular models of complicated systems having large ampli-
in many different conformations, and their efficiency in tude motions and a distribution of conformations.

performing their functions is strongly dependent on their  Determining the details of the PES of puckering and flapping
structure. In this perspective, molecules such as BDOsargple motions of BDO is equivalent to determining the vibrational
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Figure 2. Definition of the ring puckering, ring flapping, and twisting
coordinates.
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levels of these vibrations and vice versa. Therefore, the IR and Raman spectra in,She vibrational frequencies of this
measurements of IR and Raman spectra and of vibronic state are known only from theoretical calculations, which may
structures of absorption and emission spetbgether with their not be sufficiently accurate for a reliable assignment of the S
proper assignmentsare essential to get valuable information vibronic structure. Laane and coauttfoos the basis of their
on the PES of BDO large amplitude motions. For these reasons,vibronic assignments concluded that the BDO molecule is
BDO has been intensely studied by means of spectroscopic anchonplanar also in the;State, because of deformations along
theoretical methods:10 the puckering and flapping coordinates, with a barrier to
Duckett et aP measured the gas-phase far IR spectrum of planarity of 264 cm! in the § state. However, for the reason
BDO, in the region between 50 and 500 ¢inand interpreted stated above, we feel that the assignment of the vibronic
their results by attributing an anharmonic (quadratic plus quartic) structure of the Sstate is still an open problem and that the
potential with the minimum at the planar geometry to the estimate of the Sbarrier ought to be reconsidered.
puckering mode. Very recently, Pietraperzia and coauth8rsarried out a
Alves et al® performed the first investigation of the absorption detailed analysis of some vibronic bands of the <S S

spectrum of BDO vapor in a cell. The results of their study e€lectronic transition by resolving the rotational fine structure.
provided no definitive conclusion about the planarity of this The results of these measurements have evidenced some

molecule. Later, Hassan and HoHasvestigated the S5— Sy problems with the a;signment of the<S S vibronic spectrum
excitation spectrum of BDO using supersonic jet fluorescence that were proposed in ref 9. These problems concern specifically
spectroscopy and correctly assigned the<S S, origin by the identification of the puckering and flapping fundamentals

identifying it with the 34 780 cm! band. They also recorded in the excitation spectrum.

the single vibronic level (SVL) fluorescence spectra emitted A few theoretical studié$14have been devoted to elucidate
from three bands of the excitation spectrum, namely, the origin the conformations and the PES of BDO. The barrier to planarity
and the bands at 99 and 204 ¢mThey came to the conclusion  was found to be 171 cm 4in S by MP2/6-31G* calculations.
that the molecule is nonplanar in both thge®d S electronic In S;, values of 369 and 516 cth® were obtained by CIS/6-
states and attributed the nonplanarity to a distortion along the 311+G* and TD-DFT-B3LYP/6-33-G(d) calculations, respec-
lowest-frequency amode, namely, the twisting of the two tively.

oxygen atoms that is shown in Figure 1. From the summary of previous work, it appears to us that

Caminati et aP measured the rotational spectra of six the vibrational structure in the electronic ground state is
vibrational fundamentals and overtones of the isolated molecule qualitatively understood, although not yet firmly established.
in the electronic ground state. By analyzing far IR spectrum of On the contrary, the vibronic structure of anharmonic large
ref 2 by means of Meyer's two-dimensional flexible mddel  amplitude motions in the;State does not appear to be assigned
and using the highly detailed information obtained from in a satisfactory way. This implies that our knowledge of the
rotational spectroscopy, these authors concluded that the BDOconformations of BDO in §is rather poor.

equilibrium structure in &is nonplanar, with a barrier of 126 For this reason, we have performed accurate CASPT2
cm%, and that the molecule is subject to deformations along cajculations of the Sand S study with the purpose to provide
two coordinates, namely, the puckering and flapping motions. 3 reliable picture of the PES along the puckering and flapping

Laane and co-workefsnvestigated the vibrational levels of  coordinates. Then, we have computed the vibrational eigenvalues
S by measuring the far IR and Raman spectra and by recordingand eigenvectors in both the 8nd S states and the matrix of
SLV dispersed fluorescence spectra emitted from severalthe $—S; Franck-Condon (FC) factors, which are obviously
vibronic levels of $.7 Their assignment is fairly similar to that  quite important for the interpretation of the vibronic structure
proposed by Caminati et &lbut differs in the assignment of  of emission and absorption (or excitation) spectra.

the frequency of the flapping mode. They confirmed the notion  From these calculations, a coherent assignment of the
that the puckering and butterfly modes of BDO strongly interact yjiprational structures of the excitation spectrum and of several

and obtained a potential energy surface with minima at puckeredsy/|_ fluorescence spectra has emerged. Therefore, we believe
conformations and with a 164 crh barrier at the planar  that the presently computed 8nd S PES, which appear to be

geometry. Furthermore, to explain the bent equilibrium structure consistent with the available spectroscopic information, are fairly
of the molecule, they introduced the concept of the anomeric rgliable.

effect, which is based on the electron donation from a lone pair
on one oxygen atom to the adjacent carborygen bond. Since
the ring puckering increases the magnitude of the anomeric
effect, a nonplanar structure can be stabilized. The PES along the puckering and flapping coordinates were

The analysis of the Svibrational states in the range-@00 calculated using the complete active space self-consistent field
cm™! presented in ref 6 appears to be fairly satisfactory. (CASSCF) proceduté followed by the second-order perturba-
However, the valuable source of information on ground state tion theory (CASPT2) employing the MOLCAS-5.2 quantum
vibrational levels that is provided by the high-resolution chemistry prograf? and using contracted basis sets of atomic
vibrational structure of SVL fluorescence speétreemains to natural orbitals (ANO).
be analyzed and fully exploited. We calculated the CASPT2 energies gfé®d S on a two-

The knowledge of the vibrational levels of S far less solid dimensional grid of geometries, along the puckerimp and
than that of § The most accurate work so far available is the flapping () coordinates, for the intervals50° < 7 < 50° and
high-resolution excitation spectrum in a supersonic jet in the —50° < ¢ < 50°, with steps of 2. The puckering and flapping
region 0-550 cnt! and a room-temperature absorption spec- angles were constrained at the selected values, and every other
trum in the same spectral interval by Laane and co-work&?43 structural parameter was then optimized at the CASSCF level,
These authors proposed assignments for many of the observedor each couple oft and ¢ values. Subsequently, CASPT2
vibronic bands, although the information about the vibrational calculations were performed at the optimized geometry to
frequencies in Sis scarce. In fact, because of the absence of estimate the effects of dynamic electron correlation.

2. Computational Details
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The crucial step of the calculation is the selection of a proper
active space. In general, the active space should include all
orbitals with an occupation number different than 2 for occupied
orbitals and zero for virtual orbitals. For aromatic systems, the
CAS space typically includes the valenc®rbitals. In this study
on the $ and g states of BDO, the active space comprises 14
electrons distributed in 12 orbitals. In all of the geometries
considered, the molecule belongs to @gpoint group and the
symmetry plane coincides with thex plane. In the planar
configuration, the molecule belongs to ti&, point group,
whereby thez axis is theC, axis. In theCs point group, the
CAS space includes 7'Aand 5 A’ orbitals.

The CASPT2 energies calculated on the grid of 2500
geometries were fitted to analytical expressions of thargl
S, two-dimensional PES that comprised terms up to the quartic
powers of the puckering and flapping coordinates.

The vibrational energies and the eigenvectors for these S
and § PES were obtained by use of Meyer's two-dimensional
flexible model*!

The FC factors for these two modes were obtained by
numerical calculation of the overlaps between thei§envec-
tors and the Seigenvectors.

Calculations of the oscillator strength 0§-SS; transitions
have been made at the CIS/6-31G* level.

3. Results

A. Large Amplitude Modes: The Puckering and Flapping
Modes. Laane and co-workefs® studied intensively the
vibrational energy levels of the puckering @nd flapping ¢)
motions of BDO in both statesp@nd S. In particular, they

measured IR, absorption, and fluorescence excitation spectre-ea

and single vibronic level fluorescence.

The S and S states in the point grouf,, belong both to
the A representation, and thus, the<S Sy electronic transition
is polarized along the axis. The oscillator strength of this
transition is 0.074 according to a CIS/6-31G* level calculation.
Thus, the 3— S; transition is of appreciable intensity, and its
vibrational structure will be dominated by the FC factors. The
puckering and flapping modes belong to the dymmetry

species, which comprises the modes ranging from 33 to 39. The

puckering and flapping modes are denoted as 39 and 38,
respectively. Note that, in previous woti® for a different
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Figure 3. CASPT2 PES for the puckering and flapping coordinates
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Figure 4. CASPT2 PES for the puckering and flapping coordinates
in the state §

The E(z, ¢) potentials for gand S are shown in Figures 3
and 4. The CASPT2 energy gap between thar® $ minima
is 4.33 eV, which is very close to the experimental value 4.31
evAb

It is worth noting that the coupling ternmr¢ is important
because it affects significantly the mixing between the two
vibration modes and may produce a double-minimum shape

choice of Cartesian axes, these modes are assigned toe the beven if each individual mode has a single minimum. The

representation of the groupy,.

We have calculated the two-dimensional PES g&B8d §
at the CASPT2 level, on a grid of 2500 geometries spanning
the intervals—50° < t < 50° and —50° < ¢ < 50°. The two
S and S PES are represented by the following analytical
expression, comprising quadratic and quartic terms:

E(r, ¢) = ar® + bt* + c¢? + d¢* + erg + fr°¢° + grg®

presence of coordinates’ powers higher than 2 implies that the
PES of the puckering and flapping vibrations are anharmonic
and that the analysis of vibrational levels cannot be rigorously
made in terms of the number of quanta of the one or of the
other mode.

The CASPT2 gpotential shows a double-minimum structure,
associated mainly with the puckering mode. The two minima
located at €; ¢) = (+/—22.47; —/+1.4°) from the planar
structure and are separated by a barrier of 114.1'cah the

Expressing the energy by wavenumbers, the parameters repreplanar structure. By comparison, the barrier height that was

senting the $PES have the following valuesa = —0.4517
cmldeg? b=4.474x 104 cm 1 deg* c = 3.8623 cm?
deg? d=4.299x 104cmtdeg¥ e=0.7075 cm! deg?,
f=-1.764x 10*cm tdeg* andg= —0.182x 104cm!
deg™. For S, the corresponding parameters are the following:
a=—0.1909 cmldeg? b=4.298x 10*cmldeg?c=
0.9770 cm!deg? d = 3.459x 10 4cm 1 deg* e= 0.9902
cmldeg? f=—2.074x 104 cm 1 deg* andg = —2.140

x 104 cm™! deg™.

found by MP2/6-31G* calculatiod$is 171 cnt! and the two
minima are located atr{ ¢) = (—/+25°; +/—12°).

In the § state, the CASPT2 barrier along the puckering
coordinate is lower than that ingSnamely, it is 21.2 cm?,
and the two minima are located at/+14.9. However, the
barrier on the CASPT2 puckering/flapping PES is 111°tm
and the two minima are found at, () = (+/—22.8; —/+10.6)
along the puckering and flapping coordinates. Thus, the S
double-minimum structure is due to both coordinates and is
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TABLE 1: Equilibrium Geometry of BDO at the S Planar
Geometry (Cz, Symmetry)?

Emanuele and Orlandi

unmodified CASPT2 potential), and the two minima are found
at (r; ¢) = (+/—23°;, —/+1.4), almost at the same geometries

B3LYP CASSCF  CASSCF CIS as the minima of the unmodified CASPT2 potential. For

state S Coy S Co S Co, S Coy comparison, Laane and co-workededuced from their spectral
C,—C, 1.381 1.375 1.354 1.411 analysis that the Sbarrier height is 164 cmt and the two
Co—Cs 1.408 1.411 1.433 1.410 minima are at €; ¢) = (+/—24°; —/+3°). Interestingly, the
Cs—Cy 1.394 1.391 1.444 1.419 barrier estimate reported in ref 5 is 126 ¢hrthat is, very similar
C1—Cs 1.393 1.388 1.404 1392 o ours.
C1—0y 1.375 1.358 1.354 1.344 . . . . .
Oo—Cs 1.432 1.407 1.405 1.405 The vibrational levels found with these potentials, using
CiCCs 116.73 116.54 113.96 112.86 Mayer’s flexible model, are shown in Table 2. The frequency
CoCiCs 121.99 122.22 123.64 123.89 of the flapping mode is now 274.2 ¢y which is close to the
CoCsCa 121.28 121.25 122.40 123.25 frequency inferred from the fluorescence and IR spectra. Also,
gig:gz 182:8? 183:85 183:;2 igg:gg the frequencies of other levels !result in albetter agreement with
0sCaO5 108.35 107.79 108.04 107.33 the observed frequencies, as is shown in Table 2. It is worth
H10CaHa 110.99 109.46 109.53 110.69 noting that the eigenvectors of the lower vibrational levels are

aBond lengths in angstroms and angles in degrees.

caused to a large extent by thep term in the expression of
the potential. Surprisingly, this term is absent in the expression
of the § potential used in ref 9.

The barrier heights found by Laane efély using TD-DFT-
BLYP and CIS 6-31G* are 516 and 437 ch respectively.
We believe that our result obtained at the CASPT2 level is more
accurate than the previous theoretical results.

The puckering and flapping vibrational levels found for the
CASPT2 3 and S potentials, using Mayer’s flexible model,
are shown in Tables 2 and 3.

of definite puckering or flapping character, despite the coupling
terms of the potential. In particular, the eigenvector of the 8.7
cm~!level is predominantly based on the puckering, while the
eigenvector of the 274.2 crhlevel corresponds exactly to the
flapping coordinate. In other words, the two “normal modes”
obtained are well described as puckering and flapping, respec-
tively.

In Table 2, we show by comparison thg\&brational levels
given in ref 6. The levels below 500 crhare in substantial
agreement with our results. In Table 2, we include also the
frequencies4(a), v37(by), andvao(ap), which will be useful in
the interpretation of excitation and of SVL spectra.

The agreement of the calculated energies with the energies The vibrational energies calculated by the SASPT2

of the observed vibrational levels is good fay;, 8lthough the
frequency of the flap mode, 245.9 ci is lower than the

potential agree qualitatively with the energies observed in the
excitation spectrum, although their differences are larger than

frequency observed in the IR and fluorescence spectra (videin the case of §(see Table 3). The computed lower fundamental
infra). With slight changes in the CASPT2 parameters, we have is 21.5 cnT?, a value which does not correspond to a band in
improved the energies of the vibrational levels. The optimized the excitation spectrum. The computed higher fundamental is
parameters are the followinga = —0.473 cn1! deg?, b = 110.5 cntl, and the wavenumber of the3@vel is 119.5 cm.
4.45x 104 cmtdeg*4 c=4.797 cml deg? d = 4.299 x These two frequencies are to be associated with the energy levels
10*cmtdeg? e=0.707 cml deg? f = —1.764x 104 inferred from the hot band observed at 93<Znand the cold
cmldeg? g=—0.182x 104 cm ! deg? band observed at 104 ct respectively. Assigning the hot band
The S barrier height obtained with this optimized potential as 39°3&, the inferred energy for the flapping fundamental is
is 125.7 cnt? (increased from the 114.1 crhvalue of the 93 + 8.66~ 102 cnTl.

TABLE 2: Calculated and Observed Vibrational Levels of Puckering and Flapping Vibrations in &

numbering of observed inferred levels of levels of assignment assignment
v3glVag band8 frequencie% CASPTZ2 optimized of vag/vag of vag/vag
levels,n? (cm™) (cm™) PES PES levels levels (ref 6)
1 8.66 10.7u 8.7 39 9.0
2 99 G 99 98.8¢g 98.5 39 100
3 148 H 157 159.2u 156.8 39 154
4 236 G 236 230449 236.0 29 238
5 269 H 278 2459 u 274.2 38 267
6 299G 299 279449 296.2 3389, 299
7 317H 325 313.8u 324.5 39 317
8 380 H 388 374.7u 386.6 339, 380
9 403 G 403 386.5¢9 403.9 %9 416
10 472 G 472 466.2 g 472.2 389, 477
11 481 H 490 462.8u 489.7 8%, 563
12 552G 552 4915¢g 545.8 %8
13 522.1u 557.5 3IBP,
14 583 G 583 550.5¢9 581.7 389
214 20, 214
4119 37 405
534 14 536

aThe fundamentals of they4, v37, andwvy vibrations are included, since they are used in subsequent discugstoom refs 6 and 7; G and H
indicate cold and hot bands, respectivelfzrom observed bands, by adding the energy of level 1 to the hot band frequéidéssribed by the
parameters = —0.4517 cm! deg? b = 4.474 x 10™* cm! deg™, ¢ = 3.8623 cm* deg?, e = 0.7075 cmi* deg?; see text. g and u indicate
the gerade/ungerade character of eigenvect@sscribed by the parameteas= —0.473 cm?! deg? b = 4.45x 104 cm* deg? ¢ = 4.797
cmtdeg? e= 0.707 cm* deg % see text! From ref 12.9v3; = 409 cmt in IR, 419 cn! in Raman spectraand 408 cm* from CASSCF
calculations (to be published); we adopt the value 411'cfiwi4 = 534 cnttin IR.7
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TABLE 3: Calculated and Observed Vibrational Levels of Puckering and Flapping Vibrations in S

numbering of excitation inferred levels of levels of assignment vag/Vag
V3e/V3g spectrum frequencie$ CASPTZ2 optimized of vag/vag levels
levels,n? band$ (cm™) (cm™) PES PES levels ofref9
1 1'H 10 215u 9.0 39 10.9
3 93 H 102 110.4u 103.0 38 189.5
4 102G 102 119.6 g 98.7 39 101.8
5 138.6 g 150.0 3938 204
7 180 H 188 214.1u 185.1 39 162.5
8 189 H 197 235.2u 213.2 238% 297.5
9 204 G 204 220.69 204.4 38 383.1
10 257H 266 252.7u 270.8 338% 402.6
11 271G 271 32149 272.6 %9 273.5
12 290 G 290 340.1¢g 297.6 %98%; 39%,38Y 400.1
13 301H 310 331.1u 305.3 38
14 354G 354 353.2¢ 346.8 398 504
15 372H 381 443.8u 364.7 39 383.4
16 400 G 400 365.09 408.9 $839,38%
200 20°, 200
269 37 345
464 14% 472

aThe fundamentals of they4, v37, andvy vibrations are included, since they are used in subsequent discudsioom ref 9; G and H indicate
cold and hot bands, respectivefy=rom observed bands, by adding an energy of 8.68'dmthe frequencies of hot bands originating from the
level 39; of the ground state! Described by the parameteas= —0.1909 cm* deg?, b = 4.298 x 10* cm t deg™®, ¢ = 0.977 cm! deg?, e
= 0.9902 cm* deg?; see text. g and u indicate the gerade/ungerade character of eigenvebissribed by the parametesis= —0.2975 cnit
deg? b=5.82x 10*cmdeg? c= 0.505 25 cm' deg? e= 0.931 cn! deg % see text! We assume that the band'g8les within the 6-0
band; see tex€ v3; = 315 cnt! from CIS 6-31G* calculations (to be published); we adopt the value 269.ctwi4 = 514 cnt? from CIS 6-31G*
calculations (to be published); we adopt the value 464'chiFrom CIS 6-33-G* calculations of ref 9.

By slight changes in the CASPT2 potential parameters, we modes, that is, of the puckering and flapping coordinates. The
could improve the agreement with the energies of the observedcoordinate of the 9.0 cmt fundamental follows the direction
vibrational levels. The parameters have been optimized for the of the two PES minima, while the coordinate of the 103.0&m

following purposes: level is along the orthogonal direction. Surprisingly, it appears
(a) to lower the puckering fundamental from 21.5%rto a that the latter coordinate is similar to puckering. This situation

value close to 10 cr, that is, close to the frequency value in  will be reflected in the FC matrix and in the intensity distribution

the § state such that the g9hot band falls within the €0 among the vibronic bands of emission and absorption spectrum.

band of the excitation spectrum, In the following, we shall denote 39 and 38 as the modes of
(b) to lower the flapping fundamental from 110.5 chio a lower and higher frequency, respectively, both ynadd S.

value close to 102 crd, and In Table 3, we report also the Sibrational energies proposed

(c) to decrease the FC intensity of the 138.6 ¢rg-type in ref 9. While the energies of the %devels are in qualitative
band, since in this region of the excitation spectrum no cold agreement with ours, the energies related to mode 38 are quite

band was observed by Laane efal. different. For example, the energies of thé388&, and 38¢-

The optimized parameters obtained by the optimization 3% levels are 189.5, 383.1, and 297.5¢nrespectively, while
procedure are the followinga = —0.2975 cm! deg?, b = the corresponding energies derived from our model are 103.0,
5.82x 10*cmtdeg* c=0.50525cm!deg? d=3.5x 204.4, and 213.2 cm, respectively. Furthermore, at variance
104 cm?t deg? e = 0.931 cntl deg? f = —2.1 x 104 with our results, the geometries of the minima in the two-
cm1deg* andg = —2.1 x 104 cm! deg2. dimensional, ¢ PES found in ref 9 for theg@and S states are

The barrier height obtained with the optimized parameters is roughly the same.

190.4 cn?! (higher than the 111 cmt barrier obtained from We have used the vibrational eigenfunctions obtained for the

the unmodified CASPT2 potential), and the two minima are optimized potentials of Sand S to compute the FC factors for
found at ¢; ¢) = (+/—25.3; —/+16.C°). For comparison, in the two large amplitude modes. These FC factors, which are
ref 9, it is estimated that the, ®arrier is 264 cm?! and the two reported in Tables 4 and 5, for theand h states, respectively,
minima are at€; ¢) = (+/—24°; —/+0°). govern the intensity distributions among the flapping and
The vibrational levels found with these potentials, using puckering vibrational bands observed in absorption and emission
Mayer’s flexible model, are shown in Table 3. The frequency spectra. Therefore, they will be very helpful in analyzing the
of the lower fundamental is 9.0 crh a value that is rather ~ SVL fluorescence speciraoriginating from a number of
close to the corresponding value ig. She frequency of the  vibrational levels (vide infra). It can be seen that, as required
second fundamental is 103.0 th which matches well the by symmetry, a transition from & Ifa;) level of S will end at
frequency inferred from the excitation spectrum. Also, the a by (a) level of S.
frequencies of higher levels result in a better agreement with It is worth noting that for any vibronic level ofg%ind S the
the observed frequencies. sum of the FC factors for the first seven levels does not sum
The differences between thg &d S PES, in particular the up to 1. This is a consequence of the remarkable distortion of
different positions of the minima, render the eigenvectors of the S PES with respect to they®ES. Furthermore, FC factors
the fundamentals in;ignificantly different from those in&S between 38and 3%, levels are often larger than those between
This effect is usually referred to as the Duschinsky effé&y 39" and 3%, or between 38and 38§, levels. An example is the
inspection of the eigenvectors of the fundamentals, it appearslarge FC factor between the 8igenvector assigned as?38at
that the $ normal modes are linear combinations gfrf®rmal 204 cnt?, and the $eigenvector assigned as’%t 99 cnt?,
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TABLE 4: Franck —Condon Factors for a Puckering/
Flapping Vibrational Eigenstates of § and S

9872 150.0 204.&4 272.8 297.6 346.8 408.9
S\S. 0.0 (102) (—)P (204) (271) (290) (354) (400)

0.0 0.264 0.437<0.005 0.213 0.014 0.005 0.0460.005

98.3 0.074 0.057 0.234 0.314 0.1340.005 0.096 0.039
(291’396)0'1 0.010 <0.005 0.168<0.005 <0.005 0.123 0.007 0.422
(229366)2‘ 0.068 <0.005 0.123 0.102 0.005 0.2560.005 0.225
sz()%gz}‘ 0.024 <0.005 0.015 0.016 0.006:0.005 0.044 0.109
E147023)21 0.025 <0.005 <0.005 0.020 0.012<0.005 0.037<0.005
ES;L;S}? 0.139 <0.005 <0.005 <0.005 0.211 0.020 0.120 0.008

581.7 0.030 <0.005 0.020 0.022 0.036:0.005 0.036 0.023
(583)

a Computed wavenumbers (ct of vibrational levels. In parentheses
are the inferred wavenumbers (Tables 2 and® Bjot observed in the
excitation spectrum.

TABLE 5: Franck —Condon Factors for by Puckering/
Flapping Vibrational Eigenstates of § and S;

9.0* 103.0¢ 185.F 213.2 270.8 3053 364.7
S\S,  (-)°  (102) (188) (197) (266) (310) (381)
877 0124 0516 0064 0.185 0.07  0.046:0.005
(1%22 0.051 0.040 0.017 0.002 0.116 0570 0.011
(21754722 0.151 <0.005 0.286 0.016 0.246<0.005 0.109
g2274§.})5 0.035 <0.005 0.084 0.018 0.108<0.005 0.053
%26% 0.013 0021 0.074 0.048 0.065 0.093 0.078
fé%?%& 0.010 0.019 0.010 0.049 0.010  0.0080.005
%979)5 0.066 0.026 0.006 0.055 0.014 0.008 0.000

(=)
a Computed wavenumbers (cf) of vibrational states. In parentheses

are the inferred wavenumbers (see Tables 2 an8lI8dt observed in
the excitation spectrum.

while the FC factor between the 8igenvector assigned as?38

at 204 cn1l, and the $ eigenvector assigned as®8at 552
cmL, is negligible. A second interesting example is the large
FC factor between the;®igenvector assigned as'ggat 103
cm™1, and the § eigenvector assigned as%9at 8.7 cnr?,
while the FC factor between the B&igenvector of $and the
38°; eigenvector of § at 278 cnt?, is quite small. These
observations reflect the rotation of the two large amplitude 38
and 39 coordinates upon excitation froma&hd S.

A transition from a hto an a level could be observed only
for a p mode that borrows intensity from a highey(&—*)
state of the bsymmetry type. Following the HerzberJeller
(HT) theory819the borrowing is mediated predominantly by
the §—S, vibronic coupling, which is typically of the order of
0.1 eV. In the case of BDO, the lowest electronic excited state
Sy(o—x*) of the by symmetry type is 2.73 eV above 8nd the
Sh(o—m*) — S oscillator strength is 0.002 according to our
CIS calculations. Thus, the borrowing of intensity frop{ds-

T*) — S to § — S by by vibrations is highly inefficient.

4. Analysis of IR and Fluorescence Excitation Spectra of
BDO

A. Assignment of Far IR Spectrum. The far IR spectrum
of BDO has been measured by Duckett etahd more recently

Emanuele and Orlandi

Intensity (arbitrary units)
58.2

T T
50 100 150 200

v(cm™)
Figure 5. Far IR spectrum of BDO (adapted from ref 6).

by Sakurai et af. The bands appearing in the-Q00 cnt?
interval are due to transitions between vibrational levels of
puckering and flapping motions. In this section, we analyze the
IR spectrum of BDO vapor reported in ref 6 and qualitatively
represented in Figure 5. We make use of the energies ofgthe S
vibrational levels calculated in this work and displayed in Table
2, and we take into account also the comparison between the
measured and calculated intensities.

We have modeled the IR band intensities by expressing the
dependence of the and x components of the dipole moment
on the puckering#) and flapping ¢) motions by the relations

M7, $) = M, cost + ¢)
Mz, ¢) = M, sin( + ¢)

Transitions with the change of an even (odd) number of b
guanta are polarized along tk€x) axis. We have reported in
Table 6 the calculated energy gaps between the puckering and
flapping vibrational levels reported in Table 2 and the intensity
calculated for each transition. We correlate these data with the
frequencies and intensities taken from Table 1 or from Figure
1 of ref 6. Finally, we present our assignments together with
the attributions given in recent wofk?2

The calculated energy gaps and intensities appear to be in
good agreement with the data of the IR spectrum. Our
interpretation is mostly in agreement with the assignments of
ref 6. The most notable difference pertains/tg to which we
assign the value 278 crh because this value is the only one
compatible with the fluorescence spectrum. Laane and co-
worker$ prefer the 267 cmt! value, which corresponds to an
IR band which we assign to the 38- 39; band. There are
other less significant differences in the assignments involving
higher energy levels. This is not surprising, since a univocal
assignment of the puckering and flapping quanta in a given level
is not always possible because of the anharmonicity of these
oscillators.

We have tried to assign most of the bands observed in the
0—160 cn! section of the far IR spectrum and a few prominent
bands between 160 and 300 cinlt is worth noting that the
bands above 300 crh are subject to interactions with levels
due to other pvibrations (for exampleys7) and this complicates
further the assignment.

In conclusion, the data presented in Table 6 indicate that the
energies of the puckering/flapping vibrational levels that we have
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TABLE 6: Assignment of the BDO IR Transitions of Lower Frequencies (cnt?) Involving Puckering/Flapping Levels

assignmerit assignmerit
n<—n"a vp of — v ur” AE calcd (cm™) I rel2 AE inferredt (cm™?) IRP vy — vy’ assignmerft
3—2 3,0—2,0 58.3 0.58 57 58.2s 32 3,0—2,0
6—4 1,1—4,0 60.2 <0.01 63 60.1w 1,+-4,0
4—3 4,0—3,0 79.2 0.81 80 795s 21 4,0—3,0
9—7 6,0—5,0 79.4 0.39 78 80.0* mw -
10—8 3,1—2]1 85.5 0.28 84 85.9m 54 21—11
11—9 4,1—6,0 85.9 0.34 87 88.9 ms 3121
7—4 5,0—4,0 88.5 0.65 89 88.4s 43 5,0—4,0
2—1 2,0—1,0 89.9 0.82 90 89.5s - 2:61,0
8—6 2,1—11 90.4 0.31 89 90.0 ms 6:6 5,0
2—0 2,0—0,0 98.5 0.05 99 98.8 vw 2:6-0,0
9—6 6,0—1,1 107.7 <0.01 104 105.7* w -
8—5 2,1—0,1 112.4 0.01 109 109.9 w 02 3,0
5—3 0,1—3,0 117.4 <0.01 121 117.9 mw 6,6-1,1
15—10 - 120.4 0.23 122.0* ms -
9—5 2,1—-0,1 129.7 0.10 125 125.6* m -
4—2 4,0—2,0 137.5 0.07 137 137.2 mw 4062,0
6—3 1,1—3,0 139.4 0.20 143 140.7 s 15313,0
10—7 3,1—5,0 147.7 0.20 147 149.1* mw -
3—1 3,0—1,0 148.1 0.11 147 148.2 s 30 3,0—1,0
8—4 2,1—4,0 150.6 0.10 152 151.3* mw -
3—0 3,0—0,0 156.8 0.44 156 157.3 vs 3:60,0
7—3 5,0—3,0 167.7 0.10 168 167.6 ms 5,03,0
5—2 0,1—2,0 177.7 0.03 179 178.7w 676 4,0
6—2 1,1—2,0 197.7 0.02 200 198.7 w 1+ 2,0
4—1 4,0—1,0 227.3 0.10 227 227.8s 41 4,0—1,0
7—2 5,0—2,0 226.0 0.12 226
4—0 4,0—0,0 236.0 0.04 236 236.4m 52 4,0—0,0
5—1 0,1—1,0 265.7 0.00 269 267.2 mw 02 0,0
6—0 1,1—0,0 296.2 0.01 299 297.8 m 13 0,0

aThis work, frequencies and assignment from Tableé R.om ref 6, frequencies with asterisk were read on the specfrénom ref 12.

g summarized in Table 7 where we quote also the assignments
proposed earliet.

Before analyzing the excitation spectrum in detail, we recall
that the $ — S transition is of appreciable intensity and the
ability of by vibrations to induce §— & intensity by the HT
mechanism is negligible. Therefore, the vibronic bands with
appreciable intensity in the allowed S S transition are the
ones associated with considerable FC factors.

Besides the 60 band, the lowest-energy bands of appreciable
intensity in the excitation spectrum of BDO are the hot band at
93 cnt! and the cold band at 104 crh From the calculated
levels shown in Table 3 and from the FC factors reported in
Tables 4 and 5, the obvious assignments for the two bands are
39,38 and 39, respectively. In ref 9, it is proposed that the

M J A 93 cm! band is assigned to the Z%ransition. In our view,

: , : , : i . . . : o ;
5 100 200 200 200 00 this assignment is very unlikely because it is confronted with a

204

Intensity (arbitrary units)
290
354

271

163
257
301
372

. zero FC factor. Moreover, recently, Pietraperzia et?dby
v(cm') studying rotational contours have shown that this band cannot
Figure 6. Excitation spectrum of BDO in supersonic beam (adapted be associated with a transition having the same final vibronic
from ref 9). level as the 104 cn¥ band.

) ) ) Surprisingly, no band in the excitation spectrum can be
obtained by means of the CASPTZ calculations are reliable. All agsjgned with confidence as39n fact, no band of appreciable

together, this provides strong support for thePES obtained  jntensity is observed in the spectral region frem0 to +50
by us and for the 125.7 crh estimate for barrier height, a value -1 with respect to the origin. Since they fundamental in
which is slightly lower than the value suggested by Laane and g js 8.67 cnt? 12 and according to the present CASPT2 PES
co-worker$ but almost identical to the value found earlier by  of 5 the 14 fundamental is 21.5 cr (see Tables 3 and 7),
Caminati and co-workersA further check to these assignments e expect that the 39 band should be found approximately
will be provided by the analysis of SVL spectra (vide infra). petween the origin and 20 cthabove the origin. The calculated
B. Assignment of the Fluorescence Excitation Spectrum  FC factors (see Table 5) indicate that the intensity of thle 39
in Supersonic BeamsThe vibrational levels reported in Table  band is about 25% of the intensity of the’g®8', band observed
3 allow us to provide the assignment of a number of bands at 93 cnt’. Since in the excitation spectrdrthe intensity of
observed in the BDO excitation spectrum measured in super-the latter is about 10% of the intensity of the origin band, the
sonic beam8,which is qualitatively represented in Figure 6. intensity of the 3% band should be roughly 2.5% of the
The assignments of the vibronic bands of this spectrum are intensity of the origin band. Therefore, thelg®and could be



6478 J. Phys. Chem. A, Vol. 109, No. 29, 2005 Emanuele and Orlandi

TABLE 7: Assignment of Vibrational Bands in the S;—S, Excitation Spectrum

excitation spectrum inferred frequenciés excitation bands from assignment of observed assignment of observed
bands (cm™) (cm™) optimized PES bands (present work) bands (from ref 9)
—14 H —14d 2011, 20113911 2011
0 0 0-0 0-0

<1lH 10 <1 3911 3911

54 H 51.5;61.6 3938%; 3%438%

93 H 102 94 39,38 394,
102 G 102 99 3R 3%,

150 390384

153 H 149 39:38% 3%,
180 H 188 176 39 39%,38%
189 H 197 204 3938 38%
204 G 204 204 3B 39438
257 H 266 262 3938 37%3%,
271G 271 273 3% 3%,
290G 290 298 3938% 3%,38Y
301H 310 296 3839, 39%,38%
354G 354 347 3938 37%3%
372H 381 356 33 3%,
383G 37% 37%38% 3&
400 G 400 409 38; 394:38% 3%:38%
457 G 457 4738 3%6384%.37%
464 G 464 464 14%

aFrom ref 9; G and H indicate cold and hot bands, respectiVefyom observed bands, by adding an energy of 8.66'dmthe frequencies
of hot bands originating from the level 3%f the ground state’. See text and Table 3.From the data of Tables 2 and @rromvs; = 269 and
3%138Y = 204 cnr.

1078

536

Intensity (arbitrary units)
1061

Intensity (arbitrary units)
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0 200 400 600 800 1000 0 200 400 600 800 1000 1200
iy (Cm-ﬂ) v (cm'1)
Figure 7. SVL spectrum following the excitation of the origin band  Figure 8. SVL spectrum following the excitation of the 102 cin
(adapted from ref 7). band (adapted from ref 7). Frequencies on the top of the bands were

s L . read on the spectrum.
observed if it were distinct from the origin band but could go

easily unnoticed if it were buried under it. The suggestion that 290, and 354 cm. According to our calculations, these bands
the 39, transition should correspond to the hot band observed can be assigned as 388%, with m + n = 4.
1.4 cnt! above the origihh was recently showi to not be The hot and rather weak bands observed at 189, 257, 301,
compatible with the rotational contour of the band. Therefore, and 372 cm? are all assigned to transitions originating from
we propose that the 3ptransition falls within the origin band  the 39 vibronic level of $. In particular, we assign them as
and that it was so far unnoticed because of its comparatively 39,38, 39',38%, 39138%, and 39;, respectively.
weak intensity. A strong support for this proposal is provided  The cold band detected at 400 chis assigned as 38 The
by the vibronic structure of the SVL fluorescence emitted from other cold bands in this region, namely, the 383, 457, and 464
the origin band (vide infra). cm! bands, are assigned to other modes, either to combination
Above 104 cmi?, the next bands with appreciable intensity bands withvsg or to the a modewvy4, as indicated in Table 7.
are the hot band at 180 cthand the very strong and cold band We shall discuss the assignments of these bands below when
at 204 cntl. Following Table 7, we assign these two bands as we consider the corresponding SVL spectra.
39, and 38, respectively. These assignments suggest that in  Some of the hot bands identified in the excitation spectrum
state $ mode 38 behaves roughly as a harmonic mode with a are due to transitions originating from vibrational levels gf S
frequency of~100 cnt! and that mode 39 behaves in a similar  different than the 3Pvibronic level. We assign the hot band
way as in g, although with a slightly higher frequency. observed at-14 cnt! to the overlapping 20 and 26,39%;
At higher energies, we find in the BDO excitation spectrum transitions because of the vibronic structure of the corresponding
three cold bands of mediunstrong or strong intensities at 271, SVL spectrum. In previous work, this band was attributed to
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flapping modes, we are concerned with the bands in the30D
cm~1 section of the fluorescence spectrum.

We begin by discussing the three SVL spectra emitted from
the origin, the 102 cm' band, and the 204 cm band of the
excitation spectrum, which are shown in Figures 7, 8, and 9,
respectively. The assignments of these spectra are presented in
Table 8. A group of frequencies, namely, 100, 236, 299, 403,
474,536, 552, and 583 crH appear in all three spectra of both
authors. With the exception of the band at 536 ¢nwhich is
associated with/14, the lowest a frequency, all of the other
bands result from transition toySibronic levels with an even
number ofvsg and v39 quanta. This fluorescence structure is
the one we expect for the emission from theo8gin. The fact
that also the fluorescence spectra from theFS102 cntt and
MJLW S, + 204 cnt! bands show a vibrational structure based on

T T T T T T bands of the same, dotal symmetry indicates that also these
0 200 400 600 800 1000 1200 two bands are of type;aThis is compatible with the assign-

v(cm’) ments proposed in Table 3 where the45102 cntland § +
Figure 9. SVL spectrum following the excitation of the 204 ctin 204 cnt! bands are assigned asg3and 38?2, respectively.
band (adapted from ref 7). Frequencies on the top of the bands were | ot ;s consider the intensities of the even-quanta bands in
read on the spectrum. the three spectra. The observed fluorescence intensities parallel
the 20, transition? while, more recently, 23%, was consid- qL_JaIitativer the tr_epds of the calculated FC fa_ctors associated
ered to be a preferable choice on the basis of the rotational With the three emitting levels, namely, the origih102 cnt™,
contour of this band? Furthermore, as indicated in Table 7, and-+204 cn1! (see Table 4). In particular, the fluorescence
we assign the weak hot bands at 54 and 153cm 3%438% band at 236 cm' is weak, is absent, and has a meditstrong
and as 3%38%, respectively. intensity in the SVL emission from the origin, the 102 ©m

Interestingly, the transition 3§88, calculated with an energy ~ band, and the 204 cr band, respectively. The bands at 99
of 150 cnr and with practically zero intensity is not observed and 299 cm* are absent in the SVL spectrum from the 102
in the excitation spectrum. cm! band but are strong in the other two SVL spectra.

Comparing our interpretation with the assignments of the By considering the SVL fluorescence from the origin reported
excitation spectrum proposed in ref 9, it appears that the in refs 6 and 7 and shown in Figure 7, we notice with surprise
analogies are fewer than the discrepancies. This is the expectedhat also levels due to an odd numberigg and v39 quanta
consequence of the differences in thePES noted above. appear in the spectrum. Among these, we notice bands at 147

C. SVL Fluorescence Spectra in Supersonic Beam$he cm™t (39%), 270 cn1?t (394,38%), 317 cmi! (39%), and 381
SVL fluorescence spectra are a powerful means to test thecm* (39,38%). The presence of these bands indicates that, by
assignment of the bands in the excitation spectrum. exciting the molecule with the laser light aimed at the(00

Hassan and Hollas,who were the first to record SVL  transition, one excites both the cold-0 and the hot 39
fluorescence spectra of BDO seeded in supersonic beamstransitions. The level 3%an be easily populated also in a cold
reported the spectra emitted from three bands, namely, the S beam of 5-10 K because of its low energy (8.66 ch It is
origin and the $+ 102 cnttand S + 204 cnT! bands. More worth noting that in the SVL spectrum emitted by the origin
recently, Sakurai has measufébe SVL fluorescence spectra  band reported by Hassan and Hotlése bands corresponding
emitted from about 10 vibronic levels of Sncluding the ones  to odd numbers ofvzg and vz quanta are absent. This
reported in ref 4. The spectra of the latter author cover the observation implies that the puckering frequency has similar
interval 0-1100 cn?, while the spectra of the former authors  values, close to 9 cm, in both electronic states and that the
extend from O to about 2000 crh Since we are interested in  39%; band lies within the 80 band but spans only a fraction of
the assignment of the bands associated with the puckering andt. In this way, one may account for the fact that, in different

103

299

634
715
798
831
896

21

Intensity (arbitrary units)
237

869

TABLE 8: SVL Fluorescence Spectra (cn?) of BDO Emitted from the 0—0, 3%, and 39 Vibronic Levels of S; (the Energy of
the Origin Is 34 788 cnT?l)

(0o?);2¢ 394 assignment (eoy 3% (102 cn1?) assignment 38 (204 cnTY) assignment

Ovs 0-0 Ovs Ovs 3% Ovs 380

100s 39, 99s 102 vs 33 103 vs 39,38%

147 s 394

236 vw 39, 233 vw 237 ms 3938%

270s 39103801

299 s 39,38 299 ms 299 vs 3938

317m 39

381 mw 39123801

406 m 39:38, 403 m 406 w 39,384

3@13701 420 ms 3913701 420 ms 39138203701

475 m 39 472 m 473w 3% 474 ms 39:38%

536 vs 14, 535 vs 534 vs 3145 536 ms 3814°%

552 mw 38, 550 mw 552 vs 3338, 554 m 38,

572 39:37%;

583 m 39:38%, 580 m 582 m 3838 583 m 39:38%

aFrom refs 6 and 72 From ref 4.¢ Energies of btype levels are in italics.
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Figure 10. SVL spectrum following the excitation of the 93 cin Figure 12. SVL spectrum following the excitation of the14 cnt?
band (adapted from ref 7). Frequencies on the top of the bands wereband (adapted from ref 7). Frequencies on the top of the bands were
read on the spectrum. read on the spectrum.

The assignments of SVL spectra originating from the excita-
tion bands at-14, 290, 383, and 464 cm, reported in ref 7,
are given in Table 10. The assignment of the hot band observed
at —14 cnt?! as 20, is compatible with the values of theg
frequencies in §and S.° The SVL fluorescence spectrum
emitted from this band, shown in Figure 12, is dominated by
bands of @nature and of even numbers afduanta. However,
we notice also weak bands at 147, 267, and 317'dnvolving
odd numbers of pquanta. This observation suggests that the
hot band at-14 cnt! comprises both the 20and 26,39%;
bands. This fact provides further support to the idea that the
394 band coincides with the origin band.

The excitation of the bands at 290 and 383 érfeads to

268

316

1068

Intensity (arbitrary units)
378
792

539

707

I SVL fluorescence spectra that include bands corresponding to
) WJ even numbers ofjoguanta in &. It follows that the two bands
-———— are all of g total symmetry. This conclusion agrees and supports
0 200 400 600 \ 800 1000 1200 their assignment as 388%, 374,38, respectively, proposed
v(cm’) in Table 3 by considering the;Sibronic levels. The large

Figure 11. SVL spectrum following the excitation of the 180 cin intensity of the 297 cm! band and the weakness of the 98¢ém
band (adapted from ref 7). Frequencies on the top of the bands wereband in the SVL spectrum emitted from the excited 290 tm
read on the spectrum. band is in agreement with the FC factors shown in Table 4. At
the same time, the large intensities observed for the bands at
experiments, the excitation of the origin band may or may not 401 and 419 cm in the SVL spectrum emitted from the excited

produce also the excitation of the'g®and. 383 cnt! band agrees with the involvement of; in this
We discuss next the structure of SVL spectra originating from excitation band.
the hot excitation bands at 93 and 180¢énwhich are reported The 464 cm! band in the excitation spectrum is attributed

in ref 7. The assignments of these spectra, which are shown into the 14 transition (vide supra). This assignment is supported
Figures 10 and 11, are given in Table 9. The SVL fluorescence by considering the relevant SVL fluorescence spectrum, in
spectra emitted from these two bands contain only odd numbersparticular by the observation that the intensity of the 1058%m

of by quanta. This observation, which implies that the emitting band observed in and attributed te;2is even larger than the
levels are of the btype, is in agreement with the assignment intensity of thev;4 band. This intensity trend reflects the usual
of these two excitation bands as °g88'% and 39,38, features of the FC factors pertinent to transitions from a vibronic
respectively, proposed in the previous section. The intensity state withy = 1.2°

distribution among the puckering and flapping vibronic levels ~ We consider next the structures of SVL spectra originating
in the two fluorescence spectra correlates well with the FC from the bands at 271, 354, 400, and 301 &wf the excitation
factors reported in Table 5. This applies in particular to the spectrum. These SVL spectra to our knowledge have not been
strong band observed at 148 chin the SVL fluorescence  measured and reported yet. We show in Table 11 the qualitative
emitted from the 3938% band and to the strong emissions at structure of these spectra predicted on the basis of the calculated
271, 316, and 378 cm in the SVL spectrum from the 39 FC factors reported in Tables 4 and 5. The fluorescence
38 band. The previous assignméof the excitation band at ~ spectrum emitted from the 271, 354 chexcitation bands are

93 cnm to the 39, transition is incompatible with the vibronic  both expected to be dominated by the 100 érband. The
structure of the fluorescence spectrum and was critiéfzado excitation band at 400 cmis predicted to emit a SVL spectrum

on the basis of the rotational structure of this band. with intense bands at 236, 299, and 403 énThe hot band
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TABLE 9: Assignments of the SVL Fluorescence Spectra (crmt) of BDO Emitted from the 39,38% and 39,38, Vibronic Levels
of S, (for Comparison, the Fluorescence from the Origin and the 39 Level Is Reported)

(00%);2¢ 394 assignment 39384° (93 cnT?) assignment 3938 (180 cnt?) assignment
Ovs 0-0; 394 0 vs 39,38% 0 vs 39%,38%
100 s 39,
147 s 3913 148 s 3933810
236 vw 39,
270s 39538 271vs 39,384
299 s 3913801
317 m 395 316 vs 39538
381mw 39,38 377 vw 39,384 378s 39,384
406 m 39;38,
404 ms 38,37, 403 w 3%,38%%,37%;
39,37
475 m 39
481 w 3943811 482 w 3943811
536 vs l&j_ 534 s 39138101401 536 m 9138101401
552 mw 38,

aFrom refs 6 and 72 From ref 7.¢ Energies of ptype levels are in italics.

TABLE 10: Assignment of the SVL Fluorescence Spectra (crt) of BDO Emitted from the 201, 3%,38%, 37438, and 144,
Vibronic Levels of S;2

20%; 20439% (—14 cntl)  assignment  3938% (290 cntl) assignment  3%38% (383 cnl) assignment 1% (464 cntl) assignment

Os ZG;L 0s 3g03820 Ovs 37‘03810 Os 14‘0
99 ms 201 3gJ2 98 mw 3923820 98 w 3?’038103932 98 ms 1403ng
147w 2011 3913
237 m 3@43820
267w 2011 39103801
299 mw 291 39)13801 297 vs 3913821 298 ms 37038113@1
317w 2011 3915
380w 2011 39123801
406 w 39)33801 401 m 3933821 401 vs 37038113@3
417 m 39138203701 419 vs 37138103@1
470 w 2613936 468 w 3?038103936
535s 20,14% 532s 39,38%14% 530 mw 3738414 532s 14,
551 ms 3%38% 549s 14,38,
568 ms 393837, 564 s 31384%,3%;
582w 20,3938, 580 m 37,3843%s
1058 vs 14,
aFrom ref 7.

TABLE 11: Predicted Vibronic Structure of Some SVL Fluorescence Spectra Not Measured Yet
3% (271 cmt)  assignment  3938% (354 cntl)  assignment 38 (400 cmtl)  assignment  3938% (301 cm?) assignment

0ms 3% 0ms 39:38% 0 mw 38 Om 39,38%
100 vs 39, 100 s 39,38% 100 ms 39,38%
148 vs 39:38%
236 w 3943830 236 vs 3943840
271w 3903831
299 mw 3913801 299 s 3913&1'1
316 vs 3953830
377 vw 39238‘1 381 m 3923831
403 mw 39338 403 ms 3%38% 403 s 39:38%
403 w 39038303701
474 ms 3%38%
482 w 3@43831
554 vs 3903802
583 ms 3938, 583 ms 39384

observed at 301 cnt is expected to lead to a fluorescence corresponding vibrational levels in both electronic states of
spectrum with intense bands at 148 and 316 triwe hope BDO. The two potential energy surfaces show a planar barrier
that the corresponding SVL spectra will soon be available to in both states, which we have determined to be 125.7'dm

test our results. Soand 190.4 cmt in S;. While in § the two minima are found
) along ther coordinate, in $they require distortions of both
5. Conclusions coordinates. As a consequence of this effect as well as of the
By accurate CASPT2 calculations of thg &1d S two- lowering of the flapping frequency ipSthe two § vibrational
dimensional PES along the puckering) @nd flapping ¢) modes in ther, ¢ space are a linear combination of the two

coordinates, we have obtained a detailed description of the corresponding modes inpSThat is, BDO offers a remarkable
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