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Abstract

The rotational transitions belonging to the pseudorotational bands n =0 — 1, n =2 — 3, and n = 0 — 3 have been experi-
mentally observed for 1,3-dioxolane in the spectral region of 153-364 GHz in a supersonic jet environment using the FASSST
absorption spectrometer. Based on these observations, the symmetry ordering and the energy spacings of the four lowest states,
n=0,1,2,3, have been established. The totality of the available data on this molecule, including those available from previously
reported microwave studies has been analyzed, and a set of molecular constants has been obtained. Using the newly determined
frequencies of the pseudorotational bands, along with the frequencies of the previously reported pseudorotational bands in the IR
spectrum region, an empirical potential surface of 1,3-dioxolane has been obtained. The results of this analysis are compared to the
potential surface and rotational constants obtained from quantum chemistry calculations.

© 2003 Elsevier Inc. All rights reserved.

1. Introduction

Small cyclic hydrocarbons (or substituted hydrocar-
bons) have idealized geometries corresponding to the
simplest, planar geometric figures, e.g., triangles,
squares, pentagons, hexagons, etc. Such idealized ge-
ometries are subject to distortion due to the necessity of
achieving the maximum chemical bonding in the ground
electronic state. For molecules satisfying the Jahn-Teller
theorem, in-plane distortion is expected [1] and has been
recently documented [2-4] in the aromatic (or nearly
aromatic) CsHs, C6H6+, and C;H; radicals. For non-
aromatic closed-shell cyclic hydrocarbons, out-of-plane
distortions are expected to be most important. These
distortions and the resulting potential energy surfaces
(PES) are well discussed by Laane [5]. For four-mem-
bered rings, or other molecules with one ring puckering
degree of freedom, the PES is well represented by a one-
dimensional function, similarly, five-membered rings
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require a two-dimensional PES, six-membered rings a
three-dimensional PES, and so on [6].

For the five-membered rings or the e x E Jahn-Teller
active molecule, the vibrational or vibronic problem can
be thought of in terms of a pseudorotational PES.
Hindered pseudorotation (PR) of a five-membered ring,
non-aromatic molecule results from the interaction of
two degenerate or nearly degenerate out-of-plane ring
puckering modes in the presence of a barrier to planarity
in the molecule [7]. The obvious prototype of this kind
of the molecular system is cyclopentane. However, as
Pickett and Strauss showed [8], even considering the
high symmetry of cyclopentane, some transitions be-
tween the PR levels are allowed in this molecule. Nev-
ertheless, an extensive search in the region where the
allowed PR bands have been predicted, produced no
results [9], presumably, due to a small value of the
transition moment. The first direct spectroscopic ob-
servation of the PR motion, was therefore made in tet-
rahydrofuran (THF) in low resolution IR experiments
[10,11]. Later, the rotational spectra of THF in different
PR states, as well as a few rotationally resolved tun-
neling bands, were obtained in microwave studies
[12,13]. Recently, we have directly observed a PR band
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in the submillimeter wave region [14], which allowed a
complete determination of the energy level pattern of the
four lowest PR states. A combination of empirical and
computational approaches in the study of THF allowed
us to relate the symmetry properties of the lowest PR
states with the shape of the potential surface for
pseudorotation, and qualitatively explain the variations
of the rotational constants in these states.

Although the study of THF enjoyed a certain success,
it also made clear the desirability of the study of similar
molecules to validate the proposed model and the ac-
companying mathematical formalism. Additional ex-
perimental data on other molecules would provide an
opportunity to test the developed analytical approach,
and it would further expand the knowledge of the
pseudorotation in non-aromatic five-membered rings.

Unfortunately, many molecules belonging to the
family of five-membered rings are not suitable for ex-
perimental studies in the submillimeter wave region. As
mentioned above, the nearly freely pseudorotating
molecule of cyclopentane [15,16] does not have a suffi-
cient transition moment to be studied with the present
apparatus. On the other hand, a number of heterocyclic
molecules, previously studied in microwave, FIR, and
Raman experiments, such as tetrahydrotiophene [17],
silacyclopentane [18-21], tetrahydroselenophene [22],
germacyclopentane [23], pyrrolidine [24-26], 2-cyclop-
enten-1-one [27], cyclopentanone [28], thiacyclopentane
[29], 1,3-oxathiolane [30], and selenacyclopentane [31]
have fairly large barriers to pseudorotation, and the
molecules adopt rather rigid configurations. In such
cases, the radial-angular coupling is fairly large, and
pseudorotation is no longer a valid model of the vibra-
tional motion [7].

1,3-Dioxolane (DOX), along with THF, appears to
be a convenient object of study. Early IR studies [11]
have shown that the DOX molecule (see Fig. 1) has
properties similar to those of THF. Reduction of the
molecular symmetry from Ds;, symmetry in cyclopentane
to Cy, (assuming planarity) in THF and DOX makes

CH, CH,

Out-of-plane bending mode  Out-of-plane twisting mode

(oY) <

Fig. 1. The two out-of-plane bending modes in DOX whose interaction
results in the pseudorotation. The Greek letters denote the carbon and
oxygen atoms of the molecular skeleton used for the definition of the
pseudorotational angle, see text for the details.

more PR transitions allowed, and heterocyclic sub
stitutions in the molecular skeleton should result in
appreciable transition moments.

Both molecules have a low barrier to pseudorotation
[32], and comparable values of the pseudorotational
constant B, = 3.19cm™!, for THF, and B, = 3.99cm™!
for DOX [11], but compared to THF, DOX has been
given much less experimental attention. Baron and
Harris [32] did study the rotational spectra of DOX in
the microwave region and reported the observation of
the purely rotational transitions in the lowest four
states, as well as three c-type transitions connecting the
n =0 and n = 1 pseudorotational states. From the ob-
served selection rules in the pseudorotational transitions
and the analysis of the relative intensities of the low-J
rotational transitions in the » = 0 and n = 1 states, they
determined that the twisted configuration C, has higher
energy than the bent one C;. From the analysis of the
transition frequencies, the 4, B, and C rotational con-
stants for the states n = 0-8, and the separation between
the two lowest pseudorotational states, AEj; were de-
termined. For a more detailed analysis, additional in-
formation concerning the positions of as many PR levels
as possible, is desirable. Such information can be ob-
tained from the study of the molecule in the submilli-
meter wave region where several pseudorotational
bands, or parts thereof, can be observed, and the energy
level structure of the appropriate PR states can be de-
termined.

In the present work we report the experimental ob-
servation and the assignment of a total of 226 transi-
tions belonging to three pseudorotational bands. These
spectroscopic data, along with the previously reported
microwave data, has been used to obtain a new set of
molecular constants.

As in the case of THF, we have also carried out
quantum chemistry calculations to complement our
empirical determination of the PR surface from the
spectroscopic data. The results of both methods will be
discussed.

2. Experimental details

The spectra were obtained using the pulsed FASSST
spectrometer described elsewhere [33]. To prepare the
sample, compressed neon was run over the surface of
liquid DOX. The temperature of the liquid DOX sample
was varied in the range of 265-298 K, and the optimal
conditions were found at 278 K. The sample prepared
under these conditions was injected into the chamber
through a pulsed valve. We have used different valve
arrangements to adjust the experimental conditions to a
particular task. To observe low-J transitions in
n =0 — 3 band, a simple valve with a circular orifice
(General Valve adapter 0.45mm in diameter) has been
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used. The background pressure was varied in the range
of 35-100 psi, which resulted in rotational temperature
of the sample as low as 3K. To observe the high-J
transitions, a slit nozzle with slit width 25um, and
length 18 mm was used [14]. The latter arrangement
produced a sample with temperatures of about 10-15 K.
The microwave radiation was focused on the molecular
jet and then collected by an InSb detector operating
at liquid helium temperature. The signal output was
averaged over 200-1000 scans, which corresponds to
integration times of 100-500 us per data point.

3. Experimental results and analysis
3.1. Spectroscopic observations

Although pseudorotation in five-membered rings is a
two-dimensional problem, in the limit of free pseudo-
rotation, the radial and angular parts of the pseudoro-
tational Hamiltonian exactly separate, and are treated
independently [34]. If a barrier to pseudorotation is in-
troduced, it results in an interaction between the angular
and radial modes. However, if the barrier is small, and
the pseudorotation is lightly hindered, such interactions
can be treated as perturbations. Since the radial motion
is considerably higher in frequency than pseudorotation
[11], and in this study we deal only with the lowest
pseudorotational states that lie far below the excited
radial states, reducing the problem to a one-dimensional
provides a useful approximation [30]. The interaction
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with the radial mode can be treated, along with the in-
teractions with other vibrational modes, using second-
order perturbation theory [35].

It is therefore a common spectroscopic practice to
represent the measured PR levels as the eigenvalues of a
hindered PR Hamiltonian of the form

1
How = Byl 45 3 V3i(1 = c0s 2j¢), (1)
J

where / is the pseudorotational quantum number in the
limit of free pseudorotation, i.e., when all terms, V5;, of
the potential are zero. Baron and Harris [32] were able to
obtain the parameters B, /5, and ¥, from the analysis of
the perturbations in the frequencies of the rotational
transitions, relative intensities thereof, and the frequency
of the observed n = 0 — 1 PR band. We have used pre-
dictions of the energies of the PR levels from the pa-
rameters obtained by Baron and Harris as a starting
point for our spectroscopic studies of DOX. The c-type
n=0— 1 band, observed by these authors at about
68 GHz was expected to have transitions, with low J
values of the R-branch, accessible by our spectrometer.
The search in the lowest accessible part of the spectral
range, between 153 and 220 GHz, resulted in the obser-
vation of several groups of transitions very similar to
those corresponding to K-structure of the transitions
with the same J” in the P- or R-branch of the c-type band
in THF (see Fig. 3 in our previous work [14]). The stick
plot diagram of the observed spectrum is shown in Fig. 2.

Using the molecular constants reported by Baron and
Harris [32], some of the observed groups of lines were
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Fig. 2. The stick plot of the spectrum showing parts of the K-structure of the R-branch transitions belonging to the » =0 — 1 and n = 2 — 3 c-type
PR bands in DOX. The origins of these bands are located at 64840.46 and 119731.04 MHz, respectively, and are not accessible in the present

experiment.
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identified as belonging to the R-branch of then =0 — 1
PR band with J” = 5-9. From the predicted values of
the energies and symmetry properties of the few lowest
states [32], one would also expect a portion of another c-
type band, corresponding to a transition between n = 2
and n = 3, to be observable in the same spectral region.
By the comparison of the pattern of the calculated
spectrum of the latter band with the observed structure
of groups of transitions not assigned to n = 0 — 1 band,
we have identified most of the rest of the transitions in
the 153-220 GHz region as belonging to the R-branch of
the n = 2 — 3 band with J” = 2-5.

Additionally, a number of transitions were observed
in the range between 260 and 364 GHz. These transi-
tions are weaker than those belonging to the n =0 — 1
and n =2 — 3 bands. A set of transitions in the range
between 290 and 330 GHz were consistently observed
even using the expansion through a circular nozzle at
high (up to 7bar) backing pressures, resulting in ex-
pansion temperatures as low as 3 K. Therefore, it was
concluded that these transitions likely originate from the
lowest PR states. The observed transitions in this region
do not follow the pattern typical for the c-type band.
The results of the simulation of the spectra based on the
reported [32] values of the rotational constants of DOX
indicated that these transitions could belong to either an
a-type or b-type band. Such selection rules are consistent
with those derived by Greenhouse and Strauss [11] for
Al = £+2 PR transition. The stick plot diagram of the
observed spectrum in the discussed region is shown in
Fig. 3.
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3.2. Hamiltonian

For the rotational analysis of the spectra we have
used a rotational Hamiltonian similar to that used for
THF [12,14,36]. However, it should be noted that in case
of THF, the observed PR states were grouped in two
pairs of relatively closely spaced levels, with the pairs
separated by a relatively large energy gap. Therefore, the
interactions between levels in different “doublets” were
ignored. In DOX, the situation is different. According to
a prediction using the constants of Baron and Harris
[32], in DOX the lowest four eigenvalues of Hpg which
are labelled by n, are spaced fairly evenly, with separa-
tions between adjacent states varying between 2 and
4cm~!. In such a case it is not possible to select any
pairs of hindered n states and limit the analysis of the
interactions to within such pairs. On the other hand, the
next excited state, n =4, is predicted about 20cm™!
above n = 3. Therefore, in the rotational analysis of the
observed spectra we have included the interactions be-
tween all the hindered PR levels within the manifold
n = 0-3, and ignored all interactions with higher lying
vibrational and hindered PR states.

At this level of approximation, the rotational Ham-
iltonian is written as follows:

n= 0 1 2 3
Hygo + Ey Hoy Hoz Hos
Hoo Hy Hi+Ey Hyy Hyz ) (2)
fot Hyy Hiyo Hyy + Es Hos
Hos Hys Hy;  Hyz+ Es

where E, are the eigenvalues of Hpr and [36]
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Fig. 3. The stick plot of the spectrum of the n = 0 — 3 a-type PR band in DOX. The origin of the band is located at 306804.36 MHz and its position

is indicated by an arrow.
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H; = A())P; + B(i)P} + C(i)P? — A, (i) (P*)?
— A ()PP = Ac(i) (P 52—25<0Pﬁ%
— ¢ (i) (PIP2 + P’P2) + H,(i)P°
+ Hy (i)P*P? + Hy, (i)P*P} + H (i)P®
+ 20, ())P*P? + hy (i) P> (PP + P> P?)
+ h (i) (PIP* + P2PY),
P’ =P} - P, (3)
with
Hy = [Fo(i,)) + Fy 0. )P*| (PP + PP). i), (4

where x,y are dummy indexes for the inertial axes. The
appropriate axes in Eq. (4) are chosen such that the term
H,; is allowed by symmetry

L(Y(0) @ T(Hy) @ T(Y()) > 41, (5)

where (i) and W () represent the eigenfunctions of Hpg.
At this point we made an assumption (which we will
justify later) that the PR states labelled asn = 0,1,2,3 in
Eq. (2) are indeed the four lowest states and no other PR
states are present in the vicinity of the manifold in
question. Using this assumption as well as the symmetry
properties of the four lowest PR states derived from the
solution of the pseudorotational Schrodinger equation
with the Hamiltonian, Eq. (1), and the values of B, /5,
and Vj reported by Baron and Harris [32]

F(¥(n = 0) = 4,
F(¥(n=1) =B,
C(¥(n=2)) = As, ()
F(¥(n =3)) = B,,

we have determined the appropriate symmetry adopted
expression for the non-vanishing coupling terms H;; in

Eq. 4

[Foc(i,)) + F. (i, ))P*| (PP. + P.By),  (i,j) =0,1,

[Fo (i, j) + F (i, )P (PP, + PR, (i,)) = 1,2,

" [Foe(i, ) + Fy (i, ))P*| (PP + P.By), (i,)) =2,3,
Y (Fac(i, )) + F (i, j)P*] (P.P. + PoFy),  (i,)) = 0,2,
[Fuc(i,)) + Fl.(i, j)P*| (PP + P.P),  (i,j) =1,3,

[F (i, j) + Fy (i, /)P (PP + PP, (i.j) =0,3.

7)

3.3. Rotational assignment and analysis

For DOX, only the molecular constants 4, B, and C
are available from the previous studies [32], therefore it
was possible to make definitive assignments for only
a fraction of the observed lines by simple comparison
of the observed spectrum with one simulated using
the rotational Hamiltonian H.,, with the all constants

except 4, B, and C fixed at zero. Since only portions of
the R-branches were observed, it was not possible to
use combination differences to make the assignment of
other transitions.

To complete the analysis, the following approach was
used. A spectrum of the » = 0 — 1 band was generated
using the CALFIT package [37] and the set of rotational
constants for the states n = 0-3, reported by Baron and
Harris [32]. Comparing the simulated pattern with the
experimental data, a portion of the newly observed lines
were assigned. These newly assigned submillimeter wave
transitions, along with the raw data obtained by Baron
and Harris, were used in the subsequent fit, where terms
in Egs. (3) and (7), relevant to the PR states n =0, 1
were introduced and optimized. The resulting set of
molecular constants was used to produce the next gen-
eration of simulated spectrum, which was subsequently
compared to the experimental data. As a result, more of
the lines were assigned and added to the input data set.
A similar iterative approach was used to analyze the
transitions in the n = 2 — 3 band. At this point, the two
bands were analyzed separately, and the coupling terms,
H;;, connecting rotational levels in PR states n =0, 1
with levels in PR states n = 2,3 were not included. Such
an iterative approach allowed us to assign the majority
of the observed transitions and generate preliminary sets
of molecular constants in the states n = 0-3.

To analyze the spectral pattern observed around
306 GHz (Fig. 3), we noted that according to the selec-
tion rules of Greenhouse and Strauss [11] and predic-
tions of Baron and Harris [32], an a-type n =0 — 3
band, correlating with a A¢ = 42 transition is expected
to be observed at about 8.47cm~!. Using the sets of
constants obtained from the analysis of the n =0 — 1
and n = 2 — 3 bands as described above, we generated a
spectral pattern for such a band, and found that the
observed spectrum was similar to the predicted pattern.
Using the correlation between the predicted and ob-
served spectrum, as well as a combination differences
analysis for the low-J transitions, we were able to make
the assignments of a portion of the observed lines in this
band. These newly assigned transitions were added to
the data set and used in a global fit along with the
previously assigned submillimeter wave transitions in
n=0—1and n =2 — 3 bands, and those reported by
Baron and Harris, and the coupling terms between
states in the pairs n = 0,1 and n = 2,3 (Hy,, Hjs, etc.)
were introduced. An iterative process, similar to that
which has been described above, was used in the global
fit to assign more observed transitions and refine the
molecular constants. The frequencies of the assigned
transitions in the bands n=0—1, n=2—3,
n =0 — 3 are given in Tables 1-3, respectively. A total
of 48 microwave transitions available from Baron and
Harris work, and 226 submillimeterwave transitions
observed and assigned in this work, were fit to the
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Table 1

Experimentally observed rotational transitions in R-branch of the
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n =0 — 1 pseudorotational band in DOX

Table 2
Experimentally observed rotational transitions in R-branch of the
n =2 — 3 pseudorotational band in DOX

J'(K,, K)-J" (K KT J/ (MHz) Je — f. (MHz) J' (K, K)-J" (K, KY) f (MHz) Je — f. (MHz)
6(5,1)-5(4,1) 156128.8 0.66 3(2,1)-2(1,1) 165389.5 0.20
6(4,2)-5(3,2) 156346.1 -0.29 3(1,2)-2(0,2) 165738.0 0.46
6(3,3)-5(2,3) 156792.0 -0.82 3(2,2)-2(1,2) 165808.7 1.10
6(4,3)-5(3,3) 156845.0 0.33 3(3,1)-2(2,1) 166275.0 -0.13
6(2,4)-5(1,4) 156851.1 -0.02 4(3,1)-3(2,1) 180612.5 -0.39
6(5,2)-5(4,2) 157058.6 0.12 4(2,2)-3(1,2) 181005.5 -0.45
6(6,0)-5(5,0) 157689.1 0.76 4(1,3)-3(0,3) 181108.9 -0.24
7(5,2)-6(4,2) 171410.6 -0.19 42,3)-3(1,3) 181113.1 -0.16
7(6,1)-6(5,1) 171429.2 0.32 4(3,2)-3(2,2) 181183.1 -0.27
7(4,3)-6(3,3) 172035.0 —-0.40 4(4,0)-3(3,0) 181365.8 0.01
7(5,3)-6(4,3) 172152.1 —0.24 4(4,1)-3(3,1) 181825.8 -0.21
7(1,6)-6(0,6) 172158.5 0.21 5(4,1)-4(3,1) 195850.0 —-0.02
7(2,6)-6(1,6) 172158.5 0.21 5(3,2)-4(2,2) 196217.1 0.04
7(3,4)-6(2,4) 172160.6 0.25 5(2,3)-4(1,3) 196436.0 -0.09
7(4,4)-6(3,4) 172164.2 0.05 5(1,4)-4(0,4) 196436.0 0.27
7(2,5)-6(1,5) 172175.0 0.07 5(2,4)-4(1,4) 196436.0 0.09
7(3,5)-6(2,5) 172175.0 0.05 5(3,3)-4(2,3) 196450.7 -0.01
7(6,2)-6(5.2) 172479.7 0.06 5(4,2)-4(3,2) 196570.9 0.10
7(7,0-6(6,0) 173396.8 0.10 5(5,0)-4(4,0) 196904.1 0.78
7(7,1)-6(6,1) 173818.2 -0.10 5(5,1)-4(4,1) 197401.1 0.13
8(6,2)-7(5,2) 186455.1 -0.19 6(5,1)-5(4,1) 211110.3 —0.42
8(7,1)-7(6,1) 186791.7 0.31 6(4,2)-5(3,2) 211369.6 0.11
8(5,3)-7(4,3) 187222.7 -0.14 6(3,3)-5(2,3) 211740.0 -0.27
8(4,4)-7(3,4) 187449.5 -0.26 6(1,5)-5(0,5) 211749.4 0.43
8(6,3)-7(5.3) 187454.3 -0.24 6(2,5)-5(1,5) 211749.4 0.42
8(5,4)-7(4,4) 1874359.8 -0.54 6(2,4)-5(1,4) 211769.9 -0.22
8(1,7)-7(0,7) 187466.3 -0.43 6(3,4)-5(2,4) 211770.8 -0.09
822,7)-7(1,7) 187466.3 -0.43 6(4,3)-5(3,3) 211779.6 -0.32
8(3,5-7(2,5) 187491.6 0.24 6(5,2)-5(4,2) 211973.1 -0.23
8(4,5)-7(3,5) 187491.6 0.16 6(6,0)-5(5,0) 212514.5 0.22
8(2,6)-7(1,6) 187494.0 0.63 6(6,1)-5(5,1) 213002.9 0.37
8(3,6)-7(2.6) 187494.1 0.63 7(6,1)-6(5,1) 226407.2 -0.28
8(7,2)-7(6,2) 187924.6 -0.75 7(5,2)-6(4,2) 226474.4 0.62
8(8,0)-7(7,0) 189151.1 -0.09 7(4,3)-6(3,3) 227012.1 -0.05
8(8,1)-7(7,1) 189488.7 -0.41 7(2,5)-6(1,5) 227084.1 0.67
9(7,2)-8(6,2) 201507.0 0.00 7(2,5)-6(1,5) 227084.1 0.67
9(8,1)-8(7,1) 202232.2 -0.01 7(3,4)-6(2,4) 227092.8 0.12
9(6,3)-8(5,3) 2023422 0.60 7(4,4)-6(3,4) 227095.6 0.09
9(5,4)-8(4,4) 202713.0 -0.13 7(5,3)-6(4,3) 227102.1 —0.00
9(6,4)-8(5,4) 202739.0 0.07 7(6,2)-6(5,2) 227394.5 -0.45
9(7,3)-8(6,3) 202755.6 0.12 7(7,0)-6(6,0) 228192.8 0.05
9(1,8)-8(0,8) 202778.0 0.56 7(7,1)-6(6,1) 228633.1 0.75
9(2,8)-8(1,8) 202778.0 0.56 8(8,0)-7(7,0) 243923.1 -0.42
9(4,5)-8(3,5) 202792.3 0.30 8(8,1)-7(7,1) 244291.1 0.39
9(2,7)-8(1,7) 202812.2 -0.89 9(7,2)-8(6,2) 256625.1 —-0.04
9(3,7)-8(2,7) 202812.3 -0.89 9(1,8)-8(0,8) 257626.1 -0.22
9(3,6)-8(2,6) 202816.0 —-0.06 9(2,8)-8(1,8) 257626.1 -0.22
9(4,6)-8(3,6) 202816.0 -0.07 11(1,10)-10(0,10) 288175.6 0.04
9(8,2)-8(7,2) 203398.4 -0.12 11(2,10)-10(1,10) 288175.6 0.04
9(9,0-8(8,0) 204932.4 0.56 The difference between the experimentally observed (f,) and cal-
9(9,1)-8(8,1) 205187.0 0.32 culated (f.) frequencies are given. The experimental uncertainty is
10(8,2)-9(7,2) 216587.8 -0.15 0.5 MHz.

10(9,1)-9(8,1) 217762.8 -0.12

10(6,4)-9(5,4) 217942.6 -0.24

10(7,4)-9(6,4) 217998.1 -0.16 Hamiltonian equation (2). The standard deviation of the
10(8,3)-9(7,3) 218060.7 0.52 fit was 307 kHz. Unlike the case of THF, the microwave
10(6,5)-9(5.5) 218072.3 —0.27 and submillimeterwave transitions were equally weigh-
10(5,5)-9(4,5) 218073.0 0.38 . 3

10(10,0)-9(9.0) 2207250 ~0.03 ted since the 1nstrumeptal accuracy of the Baron and
10(10,1)-9(9,1) 220908.0 —0.27 Harris measurements is not reported. The molecular

The difference between the experimentally observed (f,) and calculated

(fc) frequencies are given. The experimental uncertainty is 0.5 MHz.

parameters resulting from the fit are summarized in
Table 4.



Table 3

Experimentally observed rotational transitions in the n=0—3

pseudorotational band in DOX
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J' (K, K" (K, KY) J/ (MHz) Je — Je (MHz)
P-branch

5(1,4)-6(1,5) 245196.8 -0.05
4(2,2)-5(2,3) 246860.5 -0.13
4(3,2)-5(3,3) 247092.0 -0.20
2(1,2)-3(3,1) 249682.4 -0.27
3(3,0)-4(3,1) 250264.5 0.45
5(0,5)-6(0,6) 251946.3 -0.17
5(1,5)-6(1,6) 251946.3 -0.17
4(1,3)-5(1.,4) 253755.8 0.41
4(2,3)-5(2,4) 253760.2 0.41
3(3,1)-4(3.2) 256371.9 0.35
2(1,1)-3(3,0) 256834.3 0.34
4(0,4)-5(0,5) 260515.6 -0.02
4(1,4)-5(1,5) 260515.6 —-0.04
3(1,2)-4(1,3) 262282.2 -0.33
3(2,2)-4(2,3) 262362.2 -0.27
2(2,0)-3(2,1) 264999.5 -0.72
3(0,3)-4(0,4) 269088.7 0.36
3(1,3)-4(1,4) 269089.4 0.40
2(1,1)-3(1,2) 270568.8 0.73
2(2,1)-3(2,2) 271307.8 0.29
1(0,1)-2(2,0) 272540.8 0.38
2(0,2)-3(0,3) 277657.3 -0.02
2(1,2)-3(1,3) 277673.7 0.04
1(1,0)-2(1,1) 279909.8 -0.18
1(0,1)-2(0,2) 286123.7 0.01
1(0,1)-2(0,2) 286123.7 0.01
1(1,1)-2(1,2) 286382.5 -0.07
0(0,0)-1(0,1) 294974.6 -0.57
Q-branch

9(0,9)-9(2,8) 249556.6 0.10
9(1,9)-9(1,8) 249556.7 0.10
7(0,7)-7(2,6) 262959.6 -0.39
7(1,7)-7(1,6) 262959.6 -0.39
8(1,7)-8(3,6) 263046.0 -0.62
8(2,7)-8(2,6) 263046.0 -0.62
6(1,6)-6(1,5) 269689.6 0.55
7(1,6)-7(3,5) 269758.3 0.90
7(2,6)-7(2,5) 269758.3 0.85
8(2,6)-8(4,5) 269845.2 0.42
8(3,6)-8(3,5) 269845.3 0.21
5(1,5)-5(1,4) 276427.3 -0.25
6(1,5)-6(3,4) 276483.9 -0.10
6(2,5)-6(2,4) 276485.1 -0.04
7(2,5)-7(4.,4) 276559.8 -0.02
7(3,5)-7(3.4) 276563.9 -0.06
4(0,4)-4(2,3) 283171.4 -0.03
4(1,4)-4(1,3) 283176.7 -0.07
5(1,4)-5(3,3) 283216.0 -0.09
5(2,4)-5(2,3) 283237.4 -0.05
6(2,4)-6(4,3) 283273.6 0.05
6(3,4)-6(3,3) 283337.6 0.13
7(3,4)-7(5.3) 283339.7 0.01
8(4,4)-8(6,3) 283404.9 -0.24
7(4,4)-7(4,3) 283498.2 -0.11
5(2,3)-5(4,2) 289766.3 -0.10
4(1,3)-4(3.,2) 289850.5 0.02
3(1,3)-3(1,2) 289977.8 —-0.08
4(2,3)-4(2,2) 290133.3 0.01
5(3,3)-5(3,2) 290418.7 -0.10
6(4,3)-6(4,2) 290875.0 -0.29
8(6,3)-8(6,2) 292385.2 0.03
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Table 3 (continued)

J'(K;, K)-J" (K, KY) J/ (MHz) Je — Je (MHz)
6(4,2)-6(6,1) 292424.0 -0.22
5(3,2)-5(5,1) 293865.8 -0.38
4(2,2)-4(4,1) 294935.8 —-0.50
3(1,2)-3(3,1) 295693.7 -0.21
2(0,2)-2(2,1) 296200.0 0.04
2(1,2)-2(1,1) 297094.4 —-0.17
3(2,2)-3(2,1) 297533.2 —-0.26
4(3,2)-4(3,1) 298108.4 -0.45
5(4,2)-5(4,1) 298809.4 -0.42
6(5,2)-6(5,1) 299619.6 -0.23
7(6,2)-17(6,1) 300515.0 0.00
8(7,2)-8(7,1) 301463.6 0.12
1(1,1)-1(1,0) 303560.5 0.20
2(2,1)-2(2,0) 303827.1 0.27
3(3,1)-3(3,0) 304190.0 -0.35
4(4,1)-4(4,0) 304609.5 —-0.09
5(5,1)-5(5,0) 305036.5 0.02
6(6,1)-6(6,0) 305426.1 -0.36
6(6,0)-6(6,1) 308066.3 0.27
5(5,0)-5(5,1) 308511.2 0.48
4(4,0)-4(4,1) 308972.5 0.06
3(3,0)-3(3,1) 309410.3 0.50
2(2,0)-2(2,1) 309780.1 -0.21
1(1,0)-1(1,1) 310047.8 -0.21
4(3,1)-4(3,2) 315648.8 0.29
2(1,1)-2(1,2) 316557.8 0.00
2(2,1)-2(0,2) 317410.1 0.06
3(3,1)-3(1,2) 317924.3 -0.13
4(4,1)-4(2,2) 318698.7 —-0.06
6(4,2)-6(4,3) 323035.0 0.17
5(3,2)-5(3,3) 323381.5 0.35
4(2,2)-4(2,3) 323585.3 0.01
3(1,2)-3(1,3) 323685.0 0.11
3(2,2)-3(0,3) 323771.1 0.14
4(3,2)-4(1,3) 323843.3 0.03
R-branch

1(0,1)-0(0,0) 318644.2 0.14
2(1,2)-1(1,1) 327232.6 0.03
2(0,2)-1(0,1) 327507.8 —-0.11
2(1,1)-1(1,0) 333735.3 -0.14
3(1,3)-2(1,2) 335967.6 -0.03
3(0,3)-2(0,2) 335985.9 0.04
2(2,0)-1(0,1) 341088.1 -0.20
3(2,2)-2(2,1) 342313.8 0.23
3(1,2)-2(1,1) 343105.8 0.04
4(1,4)-3(1,3) 344578.6 —-0.50
4(0,4)-3(0,3) 344580.0 0.13
3(2,1)-2(2,0) 348684.8 0.59
4(2,3)-3(2,2) 351314.0 -0.02
4(1,3)-3(1,2) 351403.3 —-0.04
5(0,5)-4(0,4) 353186.5 -0.15
5(1,5)-4(1,4) 353186.5 —-0.13
4(3,2)-3(3,1) 357254.4 -0.23
4(2,2)-3(2,1) 358756.3 0.05
5(2,4)-4(2,3) 359962.2 0.13
5(1,4)-4(1,3) 359967.3 0.10
6(1,6)-5(1,5) 361798.5 0.14
6(0,6)-5(0,5) 361798.5 0.14
4(3,1)-3(3,0) 363467.0 -0.34
4(3,1)-3(3,0) 363467.0 —-0.34

The difference between the experimentally observed (f.) and cal-
culated (f.) frequencies are given. The experimental uncertainty is

0.5MHz.
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Table 4

Molecular constants of 1,3-dioxolane
Constant 0 1 2 3
A (MHz) 7827.170(34) 7834.8288(252) 7812.74214(209) 7821.24843(148)
B (MHz) 7534.4595(241) 7525.3222(155) 7553.53408(184) 7544.09177(128)
C (MHz) 4294.4890(153) 4290.5931(185) 4301.2353(34) 4296.1140(34)
A, (kHz) 3.684(224) 4.112(175) 1.8191(185) 2.1644(104)
Ay (kHz) 12.13(164) 10.96(154) 52.892(86) 7.531(65)
Ax (kHz) —-12.77(196) -9.99(197) 51.458(312) 9.459(309)
d; (kHz) 0.929(271) 0.769(134) —-2.195(134) —2.436(62)
ox (kHz) —-56.8(147) —-153.9(107) 196.4(42) 171.33(194)
H; (Hz) - - —4.41(44) 3.454(186)
Hy (Hz) —45.9(214) —267(56) —15.73(206) —18.59(116)
Hy; (Hz) - 660(182) —121.9(94) —100.0(69)
Hy (Hz) 107.4(283) —273(133) 170.3(130) 166.0(101)
h; (Hz) - - —99.96(280) —64.46(103)
hx (Hz) 502(261) 637(130) 210(137) 1078(43)
hx (kHz) - —2.28(81) 1.743(98) 0.264(33)
Hy;(i, ) coupling terms
F..(0,1) (MHz) —13.93(58) F,.(0,2) (MHz) —33.297(161)

7.(0,1) - F1,(0,2) (kHz) 8.4(38)

F,(1,2) (MHz) —20.448(208) F..(1,3) (MHz) —6.56 (55)
F!,(1,2) (kHz) 138.0(47) F!.(1,3) (kHz) 271.1(93)
F(2,3) (MHz) 36.946(39) F(0,3) (MHz) 13.99(258)
F].(2,3) (kHz) —49.96(79) F!,(0,3) (kHz) —225(41)
PR level energies
E, (MHz) 64840.437(98)
E, (MHz) 187071.3348(310)
E; (MHz) 306804.2108(301)

3.4. Potential surface and rotational constant analysis

The preceding assignment and the resulting fit of the
observed transitions allows a more definite conclusion to
be drawn about the symmetries of the observed PR
levels, tentatively labelled n = 0-3, than was possible
previously. The DOX molecule is a near-oblate asym-
metric top exhibiting large amplitude out-of-plane vi-
brations, and is appropriately described by a PI
symmetry group isomorphous with the C,, point group.
The components of its dipole moment transform as
I'(1,) = B2, T'(w,) =41, and T'(p.) =B; (note that
compared to THF, the a and b axes are “switched,” and
the b axis coincides with the C, axis of the DOX mole-
cule). The observed c-type transitions between n = 0 and
n =1, as well as between n = 2 and n = 3, require that
I'Yrn=0)eI'(¥Y(r=1) DB and T'Yr=2))®
I'(W(n = 3)) D B;. Since the ground n = 0 PR state is
totally symmetric (4;), it immediately follows that the
I'(P(n=1)) = B;, and correlates with the |[¢| =1 free
pseudorotor level [11]. On the other hand, the a-type
transition between n=0 and »n =3 requires that
I'(W(n = 3)) = B, and correlates with the [¢| =2 free
pseudorotor level. Hence, to be connected with the n = 3
level by a c-type transition, the state n = 2, lying below
the one labelled n = 3, should transform as A4,, and
correlate with the |¢| = 1. The observed selection rules
are illustrated in Fig. 4, and are consistent with the

symmetries of the observed states, given by Eq. (6).
These presently derived symmetries are identical, for the
four lowest states, as those derived from the model po-
tential of Baron and Harris. This is unlike our work [14]
on THF where our symmetry assignments were dis-
tinctly different from those previously reported [12].
Similarly to THF, in DOX both states correlating
with |[¢| =1 have been observed, but only one with
|¢] = 2. To derive the shape of the barrier to pseudoro-
tation, it is necessary to establish the symmetry ordering
of the four lowest PR states. Therefore, it is necessary to
verify that the four observed PR levels are the four
lowest levels, and we have not observed a transition to a
PR level with the n > 3. The above argument based on
selection rules establishes that the PR states n = 0,1, 2,
correlating with non-degenerate |¢| = 0 and doubly de-
generate |¢| = 1, respectively, are indeed the three lowest
states. To estimate the energy of the other state (n = 4),
correlating with the |¢| =2, we follow an argument
similar to that which has been invoked in case of THF
[14]. The sum of the energy gaps AE»3 and AE»4 can be
estimated as 6B, — |}5]/2 = 18.84cm™!. Given the ex-
perimental value of AE»; = 3.99cm™!, we conclude that
the n = 4 state lies approximately 15cm~! above the
n = 2 state, and therefore, has higher energy than the
assigned n =3 (E3; =10.23cm™!), therefore the four
observed PR states are indeed the four lowest, and their
symmetry ordering is given by Eq. (6), Table 5.
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Fig. 4. The pseudorotational energy level diagram of DOX and its
correlation to the free pseudorotor level (¢) structure. The empirical
potential function for pseudorotation is derived from the experimental
data, and constructed using the values of ¥, and ¥V in Table 8. The
energy levels are drawn approximately to scale. The observed selection
rules are shown by arrows as indicated.

Table 5
The instantaneous values of the rotational constants (in MHz) of
DOX, derived by different methods

G Model
&, G, G B3LYP/ MP2/
6-31 + G** 6-31 + G**

A° 7819.97(24) 7801.34(22) 7768.45(24)
A? 39.73(105) 53.18(30) 44.57(36)
A4 2.90(65) -12.88(27) -11.04(32)
A° - -0.7(2) 6.66(30)
B° 7541.35(36) 7510.37(21) 7510.29(24)
B —47.54(157) -65.17(31) —57.74(36)
B —11.99(98) 9.11(28) 8.36(32)
BS - -3.88(31) 1.13(34)
c° 4293.53(80) 4286.96(22) 4254.25(24)
c? —12.82(340) -12.98(32) -11.05(36)
ct -10.49(213) -0.7(27) -0.66(32)
C® - 2.42(31) 1.18(32)

The second column is the result of the fit of the experimentally
obtained data to Eq. (10), truncated at G* term (see text for details).
The last two columns are the Fourier expansions of the calculated
functions G(¢), obtained at the different levels of theory.

We have shown previously [14,35], that if the mag-
nitude of the terms V5 and ¥, satisfy the condition [35]

32B, Vs + 2V} > V7, (8)

Table 6
The correlation between the signs of the leading terms in expansion
equation (1) and the symmetry ordering of the lowest five PR states

PR state V>0 V>0 7, <0 7, <0
n V, >0 V<0 Vi >0 v, <0
0 Ay A Ay Ay
1 B] Bl A2 Az
2 Az AZ B[ B[
3 A] B2 Al Bz
4 B, Ay B, A

ie, /5 <91 cm™' given the values of B, =3.99cm™',

and V3 =40cm™' [32], the signs of these terms can be
uniquely related to the symmetry ordering of the lowest
PR states. This correlation is summarized in Table 6.
Using these results and the symmetry properties of the
lowest hindered PR states (Eq. (6)), we find that in case
of DOX, 7, > 0 and V; < 0.

The signs of the leading terms in the expansion of the
potential barrier Eq. (1) and the symmetry ordering of
the lowest states are consistent with the results obtained
by Baron and Harris. The corresponding shape of the
potential barrier is shown in Fig. 4. The profile of the
PES exhibits two pairs of unequal maxima at symmetric
configurations C, and Cj, the latter being higher in en-
ergy, and four equal minima in non-symmetric config-
urations.

The quantitative details of the empirical PES depend
upon the measured hindered PR vibrational origins,
which in turn determine numerical values for the 75 and
Vi in Hpr. The energies of the lowest PR states and,
therefore, the origin frequencies of the transitions within
these states, are most sensitive to the details of the PES
for pseudorotation. As it is shown in Table 7, the fre-
quencies of bands n=0—1 and n =2 — 3 are pre-
dicted by Baron and Harris with reasonable accuracy,
whereas the predicted energy of the level n = 3 is sig-
nificantly lower than that measured in the present study.
To refine the parameters of the barrier to pseudorota-
tion, we have fit the totality of the experimentally ob-
served frequencies of PR bands, as it has been done in
the case of THF [14]. We have used the data obtained in
the FIR studies by Greenhouse and Strauss [11], along
with the data obtained in the present work. The results
of the fit are given in Table 7.

Inspection of the residuals of the fit shows certain
similarities with the case of THF. For the submillimeter
wave data, the difference between the experimentally
observed and predicted values of PR band origins are of
the order of 0.2-0.4cm™!, as in the case of THF. For the
FIR data, the fit produces residuals of the order of the
experimental accuracy, with the exception of the origin
of n=7— 10 band, where the difference is about
1.2cm™!. Such a singular discrepancy may result from a
local perturbation, or a measurement or assignment
error.
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Table 7
The experimental and predicted values of the origins of observed
pseudorotational transitions in 1,3-dioxolane

n —n" Fop (cm™Y) Baron and This work

Harris [32]

F:exp - Ralc F;xp - E:alc

(cm™Y) (cm™)
1-0* 2.16 0.001 0.369
3-0° 10.23 1.76 0.14
3-2¢ 3.99 -0.05 -0.23
7-6° 24.80 0.91 0.48
9-8° 34.40 0.57 0.01
10-7° 38.00 0.82 1.2
11-10° 42.80 -0.69 -0.78
12-9° 43.60 -0.24 -0.27
13-12° 52.00 0.32 0.26
15-14° 60.10 0.33 0.31
17-16° 67.80 0.02 0.01
20-18° 74.80 -0.97 -0.98

The vibrational frequencies that were used to generate residuals in
columns 3 and 4, were calculated from pseudorotational Hamiltonian
Hpgr, and the parameters of Baron and Harris (B, =3.99 cm !,
V5 =102cm™!, V3 = —40.0cm™!), and the parameters obtained in the
present work (B, =3.99cm™!, J5=153cm™!, 7 =-319cm™),
respectively.

#This work.

® Greenhouse and Strauss [11].

Compared to THF, DOX has a larger value of the
pseudorotational constant B, which results in a lower
density of states and a smaller number of levels being
populated and experimentally observed. Lack of data
for higher lying states in the present experiment does not
permit more detailed modeling.

4. Quantum chemistry calculations

Considering the rapid improvement in quantum
chemistry calculations it is useful to compare compu-
tations of the PES of a molecule with empirically derived
one. For this purpose we have applied both the direct
(i.e., computation of the energy values on the PES), and
indirect (i.e., rotational constant analysis) methods [14]
for DOX.

The pseudorotational angle is defined in terms of the
two dihedral angles, t and 7. The dihedral angle 7 is
defined as the angle between the plane containing the o,
v, and ¢’ carbons (Fig. 1) and the plane containing the o
and y carbons and 8 oxygen. Similarly, 7’ is the angle
between the plane containing the «, y, and 7’ carbons
and the plane containing the « and 7' carbons and f’
oxygen. To obtain the energies on the PES and instan-
taneous values of the rotational constants at different
values of the pseudorotational angle ¢, a number of
calculations were run, where t was fixed, each time at a
different value, and 7" was optimized such that the
molecule assumed its minimal energy configuration. The

profiles of the PES along the pseudorotation path, ob-
tained from the direct calculations of values of the en-
ergy as the function of the pseudorotational angle are
shown in Fig. 6, along with the corresponding curves
resulting from the empirical fit. The computational re-
sults were also fit to the potential function in the
Hamiltonian Hpg, and the corresponding values of the
V»; terms are given in Table 8.

The calculations show that both the empirical and
quantum chemistry methods give an energy profile along
the pseudorotational path with 4 equivalent global
minima ¢, at non-symmetric configurations and two
non-equivalent maxima at symmetric configurations.
Similarly to the case of THF, the amplitude of the
barrier calculated using the MP2 method is much larger
than that calculated using B3LYP, and the latter
method produces results rather similar to those derived
empirically. However, the empirically calculated barrier
has a higher energy at the twisted C, (¢ = 90°) config-
uration, whereas both computational methods predict
the bent C; (¢ = 0°) configuration to have higher en-
ergy, although the difference is very slight in the B3LYP
calculations. In terms of the expansion coefficients in
Eq. (1) the relative energies of the maxima at non-
equivalent symmetric configurations are determined by
the sign of V5 term, that is if 75 > 0, then E(Cy) > E(Cs),
and vise versa. As Table 8 shows, the expansion of the
PES into a series Eq. (1) yields a negative V; value for
both computational methods.

To gauge the reliability of the computational meth-
ods, it is instructive to also compare the rotational con-
stants obtained computationally and experimentally.
For this purpose, the values for G(¢) produced by
quantum chemistry calculations, and experimentally
observed values for the rotational constants G, in the PR
state n, are fit respectively to the following equations [14]:

G(¢) = G* + G*cos(2¢) + G* cos(4¢p) + - - -, (9)

G, = G° + G*(¥,| cos(2¢)|¥,)
+ GH¥,|cos(4¢)|¥,) + - - -, (10)

where G = 4, B, C, and P, is the eigenfunction of the
pseudorotational state n. The experimentally obtained
rotational constants for states n = 0-3 obtained in this
work, and for state n =4, as reported by Baron and
Harris, were used to obtain G°, G?, and G* terms in Eqs.
(9) and (10). The results of the calculations are given in
Fig. 5, and the terms of the expansion, G, are given in
Table 5. The comparison of the calculated values (curves
2 and 3) of the rotational constants as functions of the
pseudorotational angle using different methods shows
reasonable agreement with the results obtained from the
analysis of the experimental data (bold curve, 1). Simi-
larly to the case of THF, the dependencies obtained
from the MP2 and B3LYP computational methods are
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Fig. 5. The dependence of the instantaneous values of the rotational constants on the pseudorotational angle. 1 (bold curve): A fit of the experi-
mentally observed values of the rotational constants in the lowest five states (n = 0—4) to the expansion equation (10) truncated at the G* term; curves
2 and 3: results of the ab initio calculations at the levels of B3LYP/6-31 + G** and MP2/6-31 + G**, respectively.
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Fig. 6. A fragment of a PES function between the bent (Cy, ¢ = 0°) and
twisted (C3, ¢ = 90°) conformations of DOX. The bold curve corre-
sponds to the empirically derived potential function (see full profile in
Fig. 4); the circles and corresponding fit curve represents the potential
function derived from density functional calculations B3LYP/6-
31 + G**, the squares and the corresponding curve represent the results
obtained from ab initio calculations at the MP2/6-31 + G** level. The
values of the parameters V5; required to represent each of the curves
are given in Table 8.

Table 8
Parameters of the potential along the pseudorotational path according
to different models and methods

Parameter Empirical Computational
(this work)
Baron and This B3LYP MP2
Harris work
B, (cm™) 3.99 3.99 — —
V5 (cm™!) 10.2 153 -10.2 —85.55
Vi (cm™) -40 -31.9 -23.78 -24.59
Vg (cm™) — — 7.16 11.83
Vg (cm™) — — -3.46 -4.14
¢, () 43 41 56 66

very similar in shape and differ only in the vertical offset
(G°). The agreement with the experimentally observed
dependence is not as good as in case of THF, which may
result from the closer spacing between the lowest four
PR levels and the more complex pattern of interaction
between PR states.

5. Conclusion

In the present work, we have observed and analyzed
the rotational structure of the three hindered PR bands
in 1,3-dioxolane, two of which, n=2—3 and
n =0 — 3 were not observed previously, and thereby
established the energies of the four lowest pseudorota-
tional states. The analysis of the totality of the avail-
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able data from FIR [11] and microwave [32] experi-
ments allowed us to refine the parameters of the PES
for hindered pseudorotation in DOX. The empirical
surface shows 4 equivalent minima at asymmetric
configurations and two pairs of equivalent maxima at
symmetric C, and C; configurations, with the former
configuration being higher in energy. Quantum chem-
istry calculations, particularly the B3LYP method,
produced a similar, but not identical PES, and results
qualitatively corresponding to the observed rotational
constants. The study of the DOX molecule using the
previously developed analytical and computational
formalism [14], showed that the variation of the rota-
tional constants in different PR states is fairly sensitive
to the details of the PES and therefore, such an analysis
is useful for the study of the details of PES in similar
systems. The accuracy of the modeling and the pre-
diction of the submillimeter wave and FIR frequencies
of the PR bands could be increased by additional ex-
perimental data.
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