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The microwave spectrum of trans-2,3-dimethyloxirane (CH;CHOCHCH;) in the excited tor-
sional states v,, = 1 and v;; = 1 has been measured in the range from 8 to 26 GHz and assigned.
An analysis of internal rotation splittings of the observed rotational transitions was performed using
the internal axis method (or “combined axis method”) with a newly developed program accounting
for the top-top coupling. The threefold hindering potential ¥, and the direction cosines 4, ; of
the internal rotation axes i with respect to the principal inertia axes g are in a good agreement
with the ground state values. Additionally, the sixfold hindering parameter V, was found to be
—0.2600(12) kJ/mol. The value of the parameter V;, describing the top-top coupling in the potential
function (via V{, sin31, sin31,), was determined to —0.4240(6) kJ/mol.

Introduction

The vibrational ground state microwave spectrum
of trans-2,3-dimethyloxirane (trans-epoxy-butane,
“TEB”) was first assigned by Emptage in 1967 [1]. He
was able to determine the threefold barrier to internal
rotation V; of the two methyl groups, yielding a value
of 2444 (150) cal/mol (10.216(627) kJ/mol). Further in-
vestigations [2] utilized the high resolution of molecu-
lar beam Fourier transform microwave spectroscopy
[3, 4]. With these precise measurements the value for
V3 was improved, additionally the moment of inertia
I, ; of the methyl group i and the angles between the
torsion axis and the principal axes of inertia g were
determined by an analysis of the internal rotation
splittings. The angle 7, labels the internal rotation of
the top i, in the literature also often denoted as a.

As Emptage pointed out, TEB is a test molecule to
study the interaction between the two methyl groups,
because it can be easily compared with methyloxirane
(propenoxid, CH;CHOCH,) and cis-2,3-dimethyloxi-
rane. It turns out that the internal rotation barrier V;
of TEB is quite similar to the one of methyloxirane
(10.71(29) kJ/mol), but the barrier of cis-2,3-di-
methyloxirane (6.89(2) kJ/mol) is significantly lower.
The reason for this change is explained by a different
top-top interaction according to the different steric
positions of the methyl groups. The similar values of
the barrier V; in TEB and methyloxirane, were no
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top-top coupling appears, supports the expectation
that the top-top coupling in TEB is relatively small.

In order to obtain direct information about the
coupling between the two methyl groups, the ground
state measurements are not sufficient. Durig and co-
workers [5] recorded IR- and Raman spectra of TEB
and presented a vibrational analysis. They were able
to verify the value of the potential barrier V5 as ob-
tained from microwave spectroscopy, furthermore
they determined the potential parameters V and V{,.
In this paper we present the analysis of the rotational
spectrum of trans-2,3-dimethyloxirane in the symmet-
ric and antisymmetric torsional modes v,;, =1 and
vy3 = 1. The simultaneous fit of both states allows to
determine the potential parameters V|, [6]. This po-
tential parameter describes the energy difference be-
tween the v, and v5; states, together with a kinetic
term proportional to F;, in the Hamiltonian given
below.

Furthermore, we describe the theoretical back-
ground for the analysis of the internal rotation split-
tings by means of the so called “internal axis method”
as given by Woods [7, 8]. To avoid confusion with the
“internal axis method” of Nielsen [9] for molecules
with one internal rotor, we refer to the method used as
the “combined axis method” (CAM).

Hamiltonian

The Hamiltonian for a molecular model consisting
of a rigid asymmetric frame and two rigid symmetric
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internal rotors is given by several authors, e.g. [6, 10,
11]. We will use the form

A=H4,+H,+H,+H,,. (1)

The rigid rotor part H_, contains the structural mo-
ments of inertia

B =iPIP (2)

with the angular momentum operator P™ = (P,, P,, P,
and the tensor of inertia I. The T symbol denotes a
transposed matrix. The operators H, and H, result
from the internal rotation of one top and include all
crossterms between overall and internal rotation

(Coriolis-coupling):
A " Va5
A, =F,(p:— o] Py’ + == (1 — cos 37)

V. .
+%i(1—cos6ri). 3)

The angle t; describes the torsion of the top i (i = 1, 2)
relative to the frame, the operator p; is the angular
momentum operator p; = — id/0t; of the internal ro-
tation. The value of # is absorbed in the kinetic
parameters I~ ! and F;, where F; (i = 1, 2) is consid-
ered as a rotational constant of the torsional motion.
The last part H,, is responsible for the top-top
interaction of a molecule with C, symmetry:

I:Iu = F,[(p, —QIP)(IAJZ_Q;P)
+(p,—0s p)(ﬁl —QIP)]
+ V,,cos3t,cos3t, + V{,sin31,sin31,
+ V/5(sin3t,cos37, +cos3t,sin31,). (4)

The vector g; of the i-th top is defined by

Qi:l-lxh x;=1 4, (5)

where 4, is a vector of unit length parallel to the inter-
nal rotation axis. The components 4., 4, and /. are
direction cosines, they are often (especially in the
PAM) important parameters in the fit. I_; is the mo-
ment of inertia of the top i. The elements F; ;. of the
matrix F are given as

2F=(Y-XTI"'X)"!,

Y,=1.; and Y, =0, i#i'. (6

The matrix X is a 3 x 2 matrix built from the column
vectors x,; and x, in the following way: X = (x,, x,).
It should be noted that the formulas in this chapter are
not related to a specific coordinate system.
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Coordinate System

The Hamiltonian (1) is known for a long time and
several methods for the numerical treatment are pro-
posed in the literature [12]. Closely correlated is the
choice of coordinate systems; the principal axis and
the internal axis methods (PAM and IAM) are often
discussed in this context. In the case of one internal
rotor, Hougen et al. [13] pointed out three useful ways
of defining a molecule oriented coordinate system: (i)
the principal inertial axis system. Its position refered
to the rigid frame and rigid top molecular model is
invariant to internal rotation as the top is assumed to
be symmetric. (ii) The internal axis system, initially
described by Nielsen [9], rotates with respect to the
frame as well as to the top in a way, that no coupling
between the torsional motion and the overall rotation
occurs explicitly. On the other hand the elements of
the tensor of inertia become dependent on the tor-
sional angle 7, the boundary conditions for the eigen-
values are modified. (iii) The “rho axis system” is fixed
in the molecular frame but is orientated with respect
to the internal rotation axis of the top. Choosing the
z" axis of a new coordinate system collinear with the
vector g, only coupling between the internal rotation
angular momentum p; and P.., the component of the
overall angular momentum, remains. We call the
method based on this coordinate choice “rho axis
method” (RAM).

For two internal rotors the situation is different. In
a general case it not possible to find a coordinate
system where the angular momenta of both internal
motions vanish simultaneously. If the two tops and
the internal rotation barriers were different, one could
think of appling these techniques for one top (IAM or
RAM) to the top with the strongest coupling, but the
other top has to be treated without any simplifica-
tions.

Because in TEB and other molecules both tops are
equivalent, it is desirable to use a theoretical treatment
which respects this equality. Here the principal axis
system is the convenient choice for an initial coordi-
nate system. Consequently the moments of inertia can
be obtained most easily. It should be noted that sev-
eral authors used the idiom IAM for a special tech-
nique first introduced by Woods [8] to calculate the
spectrum of molecules with two or more symmetric
internal rotors. In spite of the name IAM, this method
also uses the principal axis system in the last step of
the calculation. To avoid this ambiguity of the idiom
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IAM, we will refer to the method of Woods as the
Combined Axes Method (CAM) because its utilizes a
combination of several different coordinate systems
during the calculation. For each top a separate rho
axis system is defined and eigenvalues of an adapted
part of the Hamiltonian connected with the internal
rotation of this top are calculated. Finally the eigen-
values in the initial principal axis system are deter-
mined. Details are given below.

Numerical Solutions

To obtain eigenvalues of the Hamiltonian (1), sev-
eral methods are discussed in literature. The oldest
technique utilizes a van Vleck transformation, as de-
scribed in [11] and [14]. This method has also been
applied to analyze torsional excited states of two-top
molecules [15].

Another approach which became suitable with in-
creasing computer capability was based on the numer-
ical diagonalization of a truncated Hamiltonian ma-
trix [16]. The applied basisfunctions are products of
suitable rotational and torsional functions. The exten-
sion of the method to excited states was presented by
Meyer [17], he also used a K dependent prediagonal-
ization scheme to reduce the size of the matrices.

A third method was introduced by Woods [7, 8] and
later extended by Vacherand et al. [18]. This method is
traditionally called IAM, but we will use the notation
“CAM?” to distinguish it from the coordinate system
introduced by Nielsen [9]. Even though Woods gave
theoretical formulas to include the two-top interac-
tion operators which are necessary to calculate the
torsional excited states, only ground state transition
have been analyzed with this technique so far. We
have implemented these operators in a program
XIAM [19]. As a result we were able to fit the torsional
excited states of TEB using the CAM technique.

In the CAM the main coordinate system is the prin-
cipal axis system of the rigid frame rigid top molecule.
Therefore, the Hamiltonian H, is straightforward:

A.=B,P?+B,P?+B.P?, B,=h*21,. ()

The Hamiltonian I-AI,» for one internal rotor (i = 1, 2)
is given in a different way. Because each internal rotor
is treated independently, we will omit the index i in the
next section. The following procedure must be carried
out for each top successively.
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Fig. 1. Schematic po-

sition of the vector ¢

in the principal inertia
s axis system x, y, z.

\Z

v —>

Starting in the principal axis system, a contact
transformation using the rotation operator D is per-
formed to eliminate the o, P, p and ¢, P,p Coriolis
coupling terms. This contact transformation has its
geometrical equivalent in a rotation of the coordinate
system. In the rotated system the z' axis is aligned
parallel to the vector g, where g is a vector fixed in the
frame of the molecule (Figure 1). This rho axis system
is described in [13]. The rotation is accomplished with
the Euler angles § and 7y,

cosy =0,(02+02) %%, cosp=0.(07" (8

with the components g, in the principal axis system.
The scalar o = /o2 + ¢} + o? gives the length of .
=D e. e=(..0,.0)", ¢=(000". (9

Eys ¥z
Primed variables (e.g. @) designate the rotated coordi-
nate system. The rotation matrix D (f, y) is given by

cosf 0 —sinf cosy siny O
DB, yp=| 0 1 0 —siny cosy O].
sinf 0 cosp 0 0 1

(10)

Here, the third Euler angle « is not used, we fix it to
zero. Thereby, the Euler coordinates degenerate to
polar coordinates or, in terms of operators, the rota-
tion is performed by the operator

D=exp(—iBP)exp(—iyP).

In a second step, the opposite transformation D ™!

must be accomplished to retain H in the principal axis

system. This leads to
A,=D'DA,D'D

with D™'D=1 (11)
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H/=DHD'=F;(p;+ Py +V(x). (12)
The Hamiltonian H, in the principal axis system can
be now written by means of the polar coordinates g,
p and 7:

Hi=(D @) H (D@B.y. (13)
The eigenvalues of (12) can be calculated conveniently,
because all matrix elements are diagonal in the
rotational quantum number K. Using the free rotor
functions for the torsional part and the symmetric
rotor functions |J M K, one obtains the eigenvalues
Ex.,.iand the eigenfunctions | J M K vga, i), where vg
is the torsional quantum number of a state depending
on the value of K, and ¢ labels the torsional symmetry
of one top (A4 or E). Because K is still a good quantum
number, the 7; dependent basis functions can be fac-
tored in the following way: (14)

POyt | IMKuvgo,iy=<{$p0y|JMK)t;|vga,i).

The angles ¢, 6, and y are the Euler angles describing
the rotation of the whole molecule in space. The tor-
sional part of the eigenfunctions is sometimes written
as |Kwva, iy [7], but we prefer to write K as an index
here. Because external electric or magnetic fields will
not be considered here, the M quantum number will
be omitted now.

The basis functions for the total Hamiltonian H
Eq.(1) are the product of the symmetric rotor func-
tions |J K) and the K dependent torsional functions
|vg o, 1) |vgo, 2) of each top. The matrix elements of
H, in the principal axis system are calculated by trans-
forming the eigenvalue matrix of H, obtained in the
rho axis system, where it is diagonal, back to the
principal axis system. This is shown here for the first
top (i=1):

<JK|<L‘KO',1l<L‘KO',2|I'AII|JK/>|U’Kr0',1>|U’K'O',2>
= {vg0,2| vk 06,2) >

LK 0K
“(JKvgo,1|D | JK vy o, 1)
“(JK"vg.0,1|H{| JK" Vg0, 1)
(JK" vy 6,1| D | JK vy 0,1

= (vg o, 2| vk 0,2) ,,z,:(,,<v“ o,1|vg-0,1)

“(JK|DMJK") - Egor gy <V 0, 1|0k 0, 1)
“(JK"|D,|JK"). (15)
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The matrix elements (JK |D,|JK") of the rotation
operator (rotating z into z') are

KIDJIK" = (TK|dz)d(B)dG) JK"
—exp(— iz K)dgk (B)exp(— iy, K'). (16)

As noted above, the angle « is set to zero, but « would
cancel out in (15) anyway. The values of d{}.(B) are
tabulated for some low J values [20], they can be
calculated in a recursive way starting from the d'¥ ()
matrix using Clebsch-Gordan coefficients [7].

The matrix elements of the top-top interaction op-
erator H,, can be derived in a similar manner. First,
it is necessary to calculate the matrix elements of

(p; — 0; P.), sin(37,), and cos(3t;) numerically in their
own rho axis system. They are diagnonal in K, but
have off-diagonal elements in v. Then, they are trans-
formed into the principal axis system analogous to the
above procedure (15):
Oskkrvve,i = bl
v, K", v"" K

S A F A R g T A -
(v, il o, iy (K" | D JK"y. (17)

{vgo,i|vg. 0,0y

In (17), O kk o6, : TEPIESents a matrix element of one
top (e.g. p,) in the principal axis system, whereas
Ok, Stands for an element in the rho axis system.
The matrix elements of a product of two operators
0, 0, of different tops are

(JK|<{vga,1|<vg0,210,0,|JK">| v} 0,1) | v} 6,2
=Y (JK|{vga,1|0,|v}-0,1>|JK")
=

“(JK"|vg 0,210, | vk 6,2 | JK'D
(18)

= 1(2 OJKK”w'o, 10k kvea, 2
Finally, the matrix elements of the rigid rotor part
H, are (19)

K I[<vgo,1<vg 0, 2| H | J K'Y | vi 0,1 | v 0,2)
={vg 6,1 |0y 0,1 {04 6,2 |V 6, 2> (JK | A | JK").

The energy matrix of the complete Hamiltonian (1)
is the sum of matrix elements of the rigid rotor part,
of the transformed eigenvalues of each top (15) and of
the matrix elements of the two-top operator H,, as
shown in (18).

The numerical advantage of this CAM treatment is
the fact, that the off-diagonal matrix elements in v
generated by the operators H, and H, can be ne-
glected. This results from properties of the torsional
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integrals {vg o,i| vk 0,i) in the high barrier limit [21].
The quantity s; indicates the reduced barrier height of
the top i, it is defined as s, =4V, ;/9F;;.

(20

lim {vgo,i|vg0,i) =20, , .
si— %
We use this approximation in the transformation of
the operators from the rho system into the principal
axis system in (15). Hence, the resulting matrix is
blockdiagonal in v. In the rigid rotor part (19) we also
neglect the off-diagonal matrix elements by setting

v#EY
arbitrary,

{vgo,i|vg o,iy=0 for
K K

and K.K’ (21)

but for the diagonal terms in v we use the torsional
integrals analogous to the formulas given in [18]. If
only the truncated Hamiltonian H,, + H, + H, is re-
garded, like it is mostly done for ground state calcula-
tions, no matrix elements off-diagonal in v occur. In
this case the dimension of the energy matrix is 2J + 1.

If top-top coupling terms are introduced, more tor-
sional basis functions have to be used, because the
operators (p; — o, P.) and sin (3 t,) introduce large off-
diagonal elements in v. The ground state torsional
basis function |vg =00,1) |vgx =00,2) (abbreviated
|06,1>|00,2)) is connected with the excited state
log=10,1>|vx=10,2) (or |10,1>|10,2)). Fur-
thermore, a strong coupling between the first excited
states |10,1)|00,2) and |00,1)|10,2) occurs.
Therefore, to calculate the first torsional excited states
it is necessary to use the torsional basis functions
[06,1>|16,2) and |10,1)|00,2). This increases the
size of the matrix to 2(2J + 1).

In (17) we do not use the fact that p;, sin 7; and cos t;
commute with D;. Instead we perform the multiplica-
tion (18) using the D, operators for all matrix elements
obtained in the rho axis systems. Test calculations
showed that omission of this transformation for the t;
dependent operators p;, cos 3 t; and sin 3 7; gave worse
results compared with the program written by Meyer
[17]. Using the transformation, similar results are ob-
tained.

Symmetry and Spin Statistics

The molecular symmetry of trans-2,3-dimethyloxi-
rane is C,. The operations leaving the Hamiltonian
invariant are elements of the direct product group
C;,® C5 [22]. The spin exchange group of the eight
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hydrogen atoms is also isomorph to C;, ® C5 . The
nuclear spin of hydrogen (I = 1/2) leads to spin statis-
tical weights as given in [23]. Because the torsional
state vyy = 1 is an antisymmetric state, the correlation
between the symmetry elements of the Four group
(labelled by the odd or even K_ and K, quantum
numbers) with the species of C;,~ ® C5 is exchanged,
as shown in Table 1. The effect of this reversed spin
statistics can be seen in Figure 2. It shows the same
transition in different torsional states, leading to dif-
ferent intensities for A and E , transitions. The G and
E _ transitions are not affected.

Measurements and Assignment

The sample of TEB was purchased from Aldrich,
Steinheim RFG, and was used without further purifi-
cation. The spectrum was recorded using our wave-
guide Fourier transform microwave spectrometers in
the range from 8 to 26.4 GHz [24, 25]. The tempera-
ture in the cell was kept at about 233 K, the pressure
at about 0.05-0.1 Pa. It should be noted that these
spectrometers do not utilize a molecular beam. The
very low temperature in the beam permits the obser-
vation of rotational transitions in the torsional and
vibrational ground state only.

Due to its C, symmetry TEB has one permanent
dipole moment component along the b axis, the mag-
nitude of y, was determined by Emptage to 2.04 D [1].
The rotational transitions of TEB in the excited tor-
sional states are generally shifted to lower frequencies
compared to the well known ground state lines. The
assignment started by identifing the Jy_ x, =
Ji.w-1)— Jo.y transitions by their characteristic tor-

Table 1. Symmetry labels and spin statistical weight factors.
g, and g, labels the symmetry of the torsional basis function
of top1land 2(0 =4, +1 =E). e and o designate the even
or odd K _ K, quantum numbers in the rigid rotor limit.

Abbr. ¢, o, C; ®Cy Weight ee—o0 eo-oe
A A 9 vy9=1 vy,=1

4 0 0 44 7 vyy=1 vy=1
[A,E,+ A,E] 5 vig=1 vy3=1

Eo #1210 QB L E] 3 oy=1 ppy=1

_ +1 F1 EA 4 all states

+1 0
G 0 +1 [EE,+ EE,) 16 all states
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51| G | 514-505
[l =
1.8 t vir=1 4
1.6 | “‘ theor. intensity ratio
] y 7:16:3:4
i li
!
1.2 [ A I
| I
1.0 I -
|
0.8 i E+ E 1
0.6 w‘
v“ \
0.4 \ ‘
0.2 H / X\ /" \. M\
P ——" N\~ e A,
0
11.869 Frequency /GHz 11.873
- | |
20 F G | 514-505 J
) —1
18 T 0 Vag® 8
1.6 - H theor. intensity ratio <
14 F A I 9:16:5:4 il
I
12 il 1
| [
10 F i
I
08 Il
0.6t | B = -
[ N + E-
04 F Dy P ‘ ]
0.2 /“ it A \\\ J\\
\_ J\|
0 _..\,\‘/ s N N K;‘—‘:—:s—
11.8645 Frequency /GHz 11.8685
Fig. 2. Rotational transition J'K_ K’ -JK _K_, =514-505
in the v,, = 1 and v;; = 1 state. The different spin statistical

weights in both states can be seen easily at the E_ and E .
components. Recording temperature 230 K, pressure 0.1 Pa,
sampling interval 10 ns, 4 k data points with an additional
4 k zero points prior to the FFT, 6.5 mio. averaging cycles,
microwave power 22 dBm, pulse length 300 ns.

M |
Vag A V17 |
A G |
Vgg V7 |
E_
Vigg Vq7
|
15.280 GHz 15.282

Fig. 3. Rotational transition /'K’ K -JK_K,=111-000
in the v,- =1 and v;; =1 state. Recording temperature
230 K. pressure 0.1 Pa, sampling interval 10 ns, 4 k data
points with an additional 4 k zero points prior to the FFT,
6.5 mio. averaging cycles, microwave power 22 dBm, pulse
length 300 ns.
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sional fine structure pattern influenced by spin statis-
tics. The magnitude of the splitting is about a factor of
30 larger than in the ground state. Because the differ-
rences A-C of the rotational constants 4 and C
in both excited states are very similar, the respective
b-type transitions with low J appear at almost the
same frequency (see Figure 3). Using the known angles
between the internal rotation axes i and the principal
axes ¢ for the ground state it was possible to do an
initial fit of the V; and V{, values. With the resulting
predictions the other transitions were assigned easily.
The list of observed transitions is given in Table 2. The
symmetry species are abbreviated 4, G, E, and E _.
The correlation of these species to the species of the
invariance group C;,® C; of the Hamiltonian is
given in Table 1.

We used the A species of each transition to calculate
the rotational constants and centrifugal distortion
constants of each state (Table 3). To keep correlations
small, the fitted parameters are linear combinations of
the rotational constants:

B, =(B+C)2.
B_=(B-0)2.

By=A—(B+0)2,
(22)

Since correlation coefficients are unreliable in the case
of more than two parameters [26], the dependencies of
the parameters in the fit are represented by the free-
dom values given in Tables 3 and 4. Additionally, two
correlation matrices are shown. A small freedom value
indicates a highly correlated parameter, a freedom
value of unity means no correlation. The rotational
constants in Table 3 were calculated taking the inter-
nal rotation into account, they are not the rotational
constants of a rigid rotor applied to the A4 lines. So
they can be regarded as the structural rotational con-
stants for this torsional state.

To distinguish between the v,, and the v torsional
state the spin statistics gave us very helpful hints. The
spin statistical intensities allowed to distinguish both
states clearly. It turned out, that the symmetric v,
torsional state is below the antisymmetric v, state,
because the v,, =1 transitions show a little higher
intensities in the spectrum.

Internal Rotation Analysis

The internal rotation of the two equivalent methyl-
groups leads to a splitting of the rotational transitions
into four components labeled 4, G, E, and E_. Be-
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Table 2. Observed transitions (in MHz) of trans-2,3-di-
methyloxirane. Heading (a) corresponds to the A transi-
tions, heading (b) to the G, E. , and E _ transitions. I': sym-
metry species of Table 1. Av =vg,,. —v,. 0 shows the (ob-
served - calculated) values for fit 1.

J')K_.K_JK_K_(ay I v ov v v
(b) '  Av dAv Av OAv
vy,=1 vy =1

110-101 A 9139.390 —0.001 9140.880  0.003
- G 1.366  0.002 1.565 —0.009
- By 2273  0.001 2.548 —0.021
- E_ 3.176 —0.005 3.731  0.005
111-000 A 15281.112  0.004 15280.968 —0.004
- G 0.938  0.008 1.009 —0.009
- ' 2.309 —0.006 2621 0.004
- E. 1.416  0.009 1.451 —0.009
211-202 A 9499.588 —0.002  9500.326  0.004
- G 1.206  0.003 1.360 —0.011
- 2269 0.015 2.541 —0.007
E_ 2.565 0.007 2927 —0.008
212-101 A 21422821  0.000 21421.059 —0.003
G 1.106  0.002 1.234 —0.002
- E. 2.350 —0.007 2,666  0.001
- E_ 2066 0.010 2276 —0.004
312-303 A 10058934 —0.002 10058.451 —0.002
- G 1.153  0.004 1.300 —0.004
- E. 2222 0.002 2.502 —0.009
- E._ 2289 0.015 2.705  0.000
303-212 A 10984309 —0.002 10974.618 0.004
- G —1.031 —0.007 —1.148 —0.002
- & —2211 —0.013 —2.487 —0.002
- .. —-1910 —0.012 —2.107 —0.006
321-312 A 25900.714 —0.005 25908.150 0.002
- G 8.875  0.004 10.650  0.006
- E, 6.818 0.010 7.674 —0.023
- E_ 24,668 —0.008 29.311  0.021
413-404 A 10839.682 0.003 10837.427 —0.001
- G 1.103 —0.003 1.248 —0.005
- E, 2.160 —0.004 2458 0.011
E_ 2267  0.009 2571 0.005
422-413 A 25315864 0.004 25324223 0.003
- G 5.380  0.000 6.349 —0.004
- o 6.797  0.003 7.662 —0.020

- E_ 14.443  0.010
432-523 A 12063912 0.001 12086.109  0.000
- G —20.648  0.008 —23.539 —0.005
431-524 A 12420489 0.000 12441.173  0.000
- G 31.701 —0.002 35990 —0.025
514-505 A 11869.967 —0.001 11865285 0.000
- G 1.085  0.002 1.191 —0.004
- E., 2.076 —0.002 2.337 -0.012
- E. 2156 0.012 2438 0.005
505-414 A 24914307 0.000 24898.633 —0.002
- G —1.033 —0.003 —1.165 —0.005
E. —2.120 —0.022 —2.380 —0.008
- E. —2.019 0.000 —2.274 —0.004
514-423 A 8123.308  0.001 8101.054  0.001
- G —1.355 —-0.011 —1.226 0.013
- E, —6.740 —0.017 —7.596  0.006
- E. 1.030 —0.031 2239 0.039
523-514 A 24667338 —0.001 24676.515 —0.002
- G 4233 0.004 4.898 —0.001
- E. 6.761  0.010 7.619 —0.014
- E_ 10.137  0.002 11.933  0.003
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cause TEB has a high barrier to internal rotation, the
resulting pattern is split several megahertz only, and
the internal rotation is clearly separable from the rigid
rotor Hamiltonian describing the absolut position of
the pattern itself. Because TEB is an only slightly
asymmetric top, the energy levels of the high K _
quantum numbers are almost equal. The internal ro-
tation perturbation on these nearly degenerate levels
leads to strong effects, consequently, relatively wide
splittings of the high K _ transitions can be observed.
To determine the internal rotation parameters we
used the differences Av of the frequencies v between the
A and the other three components only. This proce-
dure has two advantages: (i) the splittings Av are
strongly dependent from the internal rotation
parameters but less dependent from the rotational
constants, (ii) the standard deviation of this fit shows
directly the accuracy of the internal rotation model
used here. A global fit instead, mixes the internal rota-
tion model and the centrifugal distorted rotor model
(Watson A reduction), and the differences between the
observed and calculated values for each frequency
contain the errors of both. No distinction between
both models can be made in this case. It should be
mentioned that a separation between the internal ro-
tation splittings and the absolut frequencies described
by a rigid rotor is only true in the case of a high barrier
V5. For low barriers, only a global fit is possible.

At first we fitted the splittings of the first excited
torsional states v,, =1 and v;; = 1 (see Table 1). We
used the torsional basis functions |0, 1)|10,2) and
|[10,1>]00,2)>, where 0 or 1 is the torsional quantum
number v of the first or second top. No symmetry
adaptation according to the equivalent tops was used.
We fitted the moments of inertia I, , =1, of the
two methyl groups, the potential parameters V3 and

», and the angles between the internal rotor axes
and the principal axes. Because the three angles of one
top are not independent, since A2 + A7 + A7 =1, we
choose the polar coordinates ¢ and ¢ to describe the
position of the internal rotor axis in the principal axes
system. This is analogous to the definition of 8 and y
for the position of the vector g in the principal axes
system.

cosd; =cos L (z,i)=/4.; and
Sign (4, ;) /y ;i
Gy el (23)
sl A+ i

For each iteration the parameters f3; and y;, which are
essential in the CAM, are calculated from the varied 9,
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Table 3. Rotational and centrifugal distortion constants of trans-2,3-dimethyloxirane (Watson A reduction), I").

B,=(B+C)2,By=A—(B+C)2, B_

= (B — C)/2. n: number of observations. ¢ standard deviation of the fit. F: Freedom

parameters (see [26]). The revised ground state constants are obtained from the measurements of [2].

Ground state F v, =1 F V33 =1 F
B, GHz 3.24766082(20) 0.09 3.2458469 (6) 0.25 3.2446802(7) 0.25
By GHz 8.98978028(53) 0.10 8.9659539(15) 0.23 8.9679948(17) 0.23
B_ GHz 0.17534682(10) 0.30 0.1752891(12) 0.10 0.1747290(13) 0.10
A, kHz 0.6021(17) 0.01 0.619(16) 0.22 0.588(17) 0.22
Ay kHz —1.5185(174) 0.01 —1.630(90) 0.39 —1.475(100) 0.39
Ay kHz 34.0985(58) 0.05 33.782(94) 0.25 33.136(105) 0.25
A; kHz 0.0825(4) 0.11 0.083(8) 0.26 0.091(9) 0.26
A, kHz 0.9758(257) 0.04 1.470(560) 0.11 1.670(624) 0.11
a kHz 4.6 35 39
n 59 15 15

Derived parameters
A GHz 12.2374411(4) 12.2118006(18) 12.2126750(20)
B GHz 3.4230076(2) 3.4211360(14) 3.4194093(15)
Cc GHz 3.0723140(3) 3.0705578(14) 3.0699512(15)
K —0.92347 —0.92089 —0.92356

Correlation matrix of the parameters from the v,, = 1 fit. The corresponding matrix of the vy = 1 state is almost identical.

B, 1.000

By —0.123 1.000

B_ —0.003 —0.155 1.000

A 0.908 —0.221 0.208 1.000
A, —0014 0.594 0.223 0.135
Ay —0.067 0.744 —0613 —0.244
5 0.032 0.151 0.259 0.016
5, —0.022 —0.215 0.926 0.190

1.000

0.099 1.000

0.107 0.159 1.000

0.173 —0.681 —0.108 1.000

and y;, values. The derivatives of the frequencies to the
fitted parameters were obtained numerically by a dif-
ference quotient.

Since only the splittings are used as input data, the
absolute frequencies and therefore the rotational con-
stants are of inferior importance for the fit. We fixed
the rotational constants to the value of the ground
state. Furthermore, we assumed that the angles ¢, and
¢; are equal for both torsional states. The C, symmetry
of the molecule leads to the following relation for the
/.4.; values of both tops (see Fig. 5 of [2]):

a1 = —Ag s Ap1=Ay a2y A g=—4.o. (24)

ta. ta.

Using the I" representation, the following relations for
the 0, and ¢; parameters are obtained.

5, =180°—4,. (25)

&= —¢,,

The standard deviation of the fit, including 81 ob-
served splittings, is about 12 kHz, at a root mean
square splitting of about 5 MHz. All input data have
similar experimental errors, because they are mea-
sured with the same type of spectrometer. Hence, all
frequencies have the same weight in the fit.

In a second fit, we additionally included the ground
state transitions from [2] and were able to determine
the potential parameter V, together with the above
mentioned constants. Another additional fit was made
with the same input data as fit 1, but we fixed the value
of V, to the one obtained by fit 2. The results of all
three fits are compiled in Table 4.

Discussion

In the present paper we report on an analysis of the
torsional excited states in the microwave spectrum of
trans-2,3-dimethyloxirane. We successfully utilized
the combined axis method (CAM) to fit the internal
rotation parameters to the observed splittings and to
obtain the potential parameters V5, V, and V{,. In
former publications on two top molecules the CAM
was used only for the ground state transitions; we now
proved that it is also a powerful technique to analyze
the microwave spectrum of molecules in torsional ex-
cited states. The advantage of the CAM over the prin-
cipal axes methods diagonalizing a truncated energy
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Table 4. Internal rotation constants of trans-2,3-dimethyloxirane. [...]: assumed values. n: number of observations. ¢ stan-
dard deviation of the fit. For freedom parameter F see [26]. *: experimental results [5].

Fit 1 F Fit 2 F Fit 3 F
Vs kJ/mol 10.3650(47) 0.03 10.3956(42) 0.03 10.4086(77) 0.03
Vs cm™! 866.446(398) 869.006(353) 870.092(640)
Ve kJ/mol [0.0] —0.2600(12) 0.37 [—2.600]
Ve cm™! [0.0] —21.730(99) [—21.730]
Vi, kJ/mol —0.39835(66) 0.97 —0.42398(63) 0.95 —0.42441(76) 0.89
Vs cm ! —33.300(55) —35.442(53) —35.478(63)
I uA? 3.1975(16) 0.14 3.2117(13) 0.05 3.2077(17) 0.03
0, deg. 23.988(53) 0.12 24.396(50) 0.12 24.332(81) 0.08
£ deg. 62.65(32) 0.89 61.90(29) 0.90 62.29(35) 0.85
14 kHz 11.7 104 12.6
n 81 235 81
Derived parameters

L (a,1) deg. 23.988(53) 24.396(39) 24.332(81)
L (b, 1) deg. 79.236(139) 78.781(128) 78.956(165)
L (c,1) deg. 68.831(109) 68.633(103) 68.606(142)

" deg. 6.533 6.666 6.642
71 deg. 60.049 59.248 59.669
F; GHz 170.438 169.678 169.883
Fis GHz —12.143 —12.064 —12.086
s 67.73 68.24 68.42
Dy cm™! 175.8(181.5%)
Vi3 cm ™! 203.7(200.0%)
Correlation matrix of fit 2
Vi, 1.000
Vs —0.288 1.000
Ve 0.018 —0.203 1.000
I —0.284 0.986 —0.137 1.000
& —0.047 —0.072 —0.038 —0.050 1.000
0; 0.258 —0.895 0.049 —0.829 0.185 1.000

matrix [17] are the reduced computational times, be-
cause the size of the matrices on the latter technique
is in the range of 36(2J + 1), in contrast to 2(2J + 1)
for the CAM.

Our value for the potential barrier V; = 869.0 cm ™~
is in agreement with the value of Emptage [1]
(V3 = 854(52) cm ™). The difference in V; is influenced
by the inclusion of the excited states in our analysis.
Our value of Vj approaches the value given be Durig
et al. (905.4(36) cm ~ ') [5]. The parameter V, obtained
from the presented analysis (—21.7(1) cm~!) agrees
in order of magnitude with Durig’s result
(—35.1(19) cm™'). As in the analysis of the low resolu-
tion IR- and Raman spectra higher states were in-
cluded, the difference is not astonishing.

The potential top-top coupling parameter (V;, =
— 354 cm™!) of TEB is smaller compared to 2,2-di-
methyloxirane (V;, = —90.6(15) cm™') [27] because
almost no steric interaction between the methyl group

1

should occur in TEB. The value of V}, of TEB exceeds
the value obtained by Durig (V/, = — 108 cm ™ ') by a
factor of 3. The parameter V7, is mainly determined by
the energy difference between the torsional modes
v;5 =1and vy; = 1. A calculation of the V}, parame-
ter using only the frequencies of the fundamentals
as reported in [5] (see Table 4) yields a value of
V{, = —13.2 cm™"'. Using our microwave parameters
of Table 4, we find that the energy difference of the v, ,
and vy, fundamentals should be 29 cm ™. The contri-
bution of the kinetic parameter F,, to this splitting is
about 13 cm ™!, whereas in our data the potential pa-
rameter V/, adds about 15c¢m™!, but only about
6 cm ™! if the IR- and Raman data are used. Ab-initio
calculations [28] result in an energy difference of the
v,5 =1 and vy, = 1 states in the order of 18, 19, and
21 cm ™! depending on the choosen basis sets.

In our analysis the magnitude of the contribution of
the potential parameter V|, is relatively high, contrary
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to our expectation. This may be an indication that the
model of a rigid frame and rigid internal rotors is not
sufficient here because it is also possible that the shift
of 15 cm ™!, introduced by the V/, term, includes con-
tributions from interactions with other molecular mo-
tions and is not only a consequence of a steric top-top
coupling itself.

It would be useful to compare potential parameters
of TEB with its isomer cis-2,3-dimethyloxirane, where
a stronger top-top coupling should be expected, but
unfortunately the microwave data are not presently
available. The partial disagreement of the microwave
and IR- and Raman data suggests further studies.
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