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Results of a microwave investigation of the molecules 2-Cyanothiophene and 2-Cyanofurane are
reported. The microwave spectrum of 2-Cyanothiophene was examined in the frequency range of
13—40 GHz mainly to get a more accurate rotational constant 4 from the assignment of -
transitions. From the resolved hyperfine structure due to nuclear quadrupole coupling of the 1*N-
nucleus the quadrupole coupling constant y. = y5p+ycc was determined for 2-Cyanothiophene.
No information for y - was available from the measured transitions.

From Stark effect studies the dipole moments were determined for both molecules. The nuclear
quadrupole coupling as a perturbation of the second order Stark effect was included in the Stark

effect analysis.

Since the two molecules 2-Cyanothiophene and
2-Cyanofurane differ only by the isoelectronic ring
atoms sulfur and oxygen they were investigated in
parallel. In a preceding paper! we reported the
rotational constants and the nuclear quadrupole
coupling constants of 2-Cyanofurane. When our
analysis of the spectrum of 2-Cyanothiophene was
finished we noticed a publication of Avirah et al.?
on the microwave spectrum of this compound. As
our data are more complete and partly different they
will be included in this publication.

Experimental

The spectra of both compounds were recorded in
the region between 10 and 40 GHz with conventional
microwave spectrometers using 30 and 100 kHz
Stark modulation® 4. For the assignment of the
rotational spectrum of 2-Cyanothiophene radio fre-
quency microwave double resonance (RFMWDR) 5
was of great help. The compounds were purchased
from EGA-Chemie and used after destillation.

2-Cyanothiophene

The rotational spectrum exhibits rather strong
1.~ and weak p-transitions. With the combined use
of Stark-modulated and RFMWDR-spectroscopy, the
initial assignment of the y,- and (,-transitions was
possible. The measured transitions are given in

Reprint requests to Prof. Dr. H. Dreizler, Institut fiir
Physikalische Chemie der Universitit Kiel, Olshausen-
strafle 40— 60, D-2300 Kiel.

Table 1. Rotational transitions of the most abundant species
of 2-Cyanothiophene in the vibrational ground state. Listed
frequencies are intensity weighted center frequencies of the
hyperfine multipletts. The transitions were used to calculate
the constants of Table 2, »calc calculated with rigid rotor.

JK-K+ —JK-K+ Vobs Veale Ay

[MHz] [MHz] [KHz]

202— 303 9362.60 * 9362.36 240
215—343 8813.58 * 8813.39 190
241—342 10184.15 * 10184.00 150
03— %04 12307.40 * 12307.14 260
13— 444 11708.57 * 11708.36 210
12— 443 13525.07 13525.12 50
4os— S5 15136.84 15136.79 50
4i5— 544 16813.37 16813.32 50
44— 545 14573.02 14572.91 110
493 — S04 15783.05 15782.91 140
S514— 645 20027.36 20027.25 110
S93— 654 20035.74 20035.57 170
53— 033 19340.40 19340.43 —30
S33— 034 19215.81 19215.63 180
S50— 651 19152.07 19151.94 130
S51— 652 19152.07 19151.98 90
69— 707 20561.19 20561.16 30
25— 726 21908.81 21908.72 90
640 — 743 22435.99 22436.06 —70
645— 744 22423.15 22423.34 —190
71— 848 22990.07 22989.79 280
T44— 845 25673.16 25673.19 —30
856— 957 30451.29 30451.30 —10
844— 945 29015.26 29015.51 —250
845— 946 28934.62 28934.85 —270
290— 331 28583.18 28583.30 —120
251 —339 28626.49 28626.67 —180
60— 717 21199.66 21200.10 —440
T07— 848 23628.45 23628.73 —280
836— 845 26594.39 26594.04 350
845— 854 34088.82 34088.90 —80

* Frequencies reported by Avirah 2,
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Table 2. Rotational and centrifugal distortion constants and correlation coefficients of 2-Cyanothiophene.
A [MHz] 5402.387 £ 0.024 1.0
B [MHz] 1816.253 +0.005 —0.03 1.0
C [MHz] 1358.614 £0.005 —0.10 0.83 1.0
Ay [kHz] —0.092 £0.044 —0.10 0.83 0.86 1.0
Ak [kHz] 2.889 +0.080 0.20 —0.51 —0.57 —0.84 1.0
Ak [kHz] —6.68310.740 0.90 —0.06 —0.12 —0.05 0.07 1.0
d5 [kHz] 0.098 £0.004 0.22 0.18 —0.26 —0.11 0.27 0.14 1.0
Ok [kHz] —4.852%0.172 —0.43 —0.09 —0.03 —0.05 —0.13 —0.35 —0.65 1.0

Fitted with 39 transitions up to /=17, standard deviation 115 kHz.

Rigid rotor rotational constants

A [MHz] 5402.469 £0.014 5401.35+0.13 *
B [MHz] 1816.231 £0.003 1816.26 £0.02 *
C [MHz] 1358.588 £0.003 1358.64 +0.02 *

* Reported by Avirah et al. 2.

Table 1. Those given by Avirah et al.? are marked
with an asterik. A search for u;-transitions prov-
ed to be rather tedious because of the low intensity
and overlapping of lines.

The spectrum was analysed by the model of the
centrifugal distorted rotor according to Watson 6.
Table 2 gives the rotational and centrifugal distor-
tion constants and their correlation coefficients. For
comparison with the results of Avirah et al.? lines
with J < 9 were used to fit the rotational constants
of the rigid rotor. Our values differ by inclusion of
Up-transitions, which determine the rotational con-
stant 4 more reliably.

From the resolved quadrupole hyperfine structure
due to the *N-nucleus given in Table 3, the quadru-
pole coupling constant 7, = ypp + %o was determined
to 4.041£0.16 MHz. An extended search for lines
= Y% — Ycc Was unsuccessful.

A comparlson of 7. of 2-Cyanothiophene with
that of 2-Cyanofurane shows that both values are

sensitive to ¥

equal within the error limits. As further the orienta-
tion of the principal axis system of 2-Cyanothio-
phene (Fig. 1) is similar to that of 2-Cyanofurane
(Fig. 11) the z_=0.96 of 2-Cyanofurane may be
taken as a rough approximation also for 2-Cyano-
thiophene.

\/< ﬁ
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Fig. 1. Estimated structure of 2-Cyanothiophene.

Table 3. Hyperfine splittings (peak to peak frequency differences) used for the least squares fit of the quadrupole coupling
constant y . of 2-Cyanothiophene.
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Fig. 2.
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Stark-energy matrix of a J, v level after application of second order Stark effect perturbation with added elements of Hq

Est, Myt Energy of the Stark level J, 7, My,

a= $[JUJ+1)-=-31[I(UI+1)-3]-C{,7,1)),

b= :JU+1I(I+1)-C{,7]0),

c= 3 [JU+D) =311+ =3P-C{, 1),

a, b, c,z,y are the matrix elements of Hq with

e= $J(J+1)I(I+1)-CU,7,]),
y=—21[U+1II+])]:-CU, 7D,

ciJ,7v1 = (Zngg oo [T | Lo/ @I-DIQI-1) J+1) (2]+3)).
g=a,b,c

Dipole Moments

The dipole moment components x, and u; were
determined from second order Stark effect lines.
Those of 2-Cyanothiophene were calculated by
diagonalisation of the Stark energy matrix as the
used transitions have very sensitive Stark satellites.
Both dipole moment components were fitted together
to the Stark effect satellites :MJ’=O, 1,2, 3,4 of
the transition 53, — 645 at 19340.46 MHz and to the
satellites | M;|=1,2 of the transition 4y5— 5, at
15783.05 MHz. The electric field strength used for
the measurement of the dipole moment was deter-
mined by calibration with OCS /=0-17. The cal-
culated dipole moments are listed in Table 4. The

Table 4. Dipole moments.

N SN g N B
<:>\CN (S>\C\* (s o

N

4.5110.02
0.8610.04

4.47 +0.03
0.736 £0.008

4.51 *0.02
0.901£0.005

Ha[D]
4p[D]

quoted errors include both the single standard error
of the fit and the calibration uncertainty. The dis-
crepancy between the values of Avirah et al.? and
ours for 2-Cyanothiophene may indicate that the
quoted error limits have to be considered with
caution.

The dipole moment components of 2-Cyanofurane
were determined by a calculation, which applies
first the second order Stark effect perturbation and
second the perturbation by the ! N-quadrupole

coupling. If the strong field case is assumed with an
effective decoupling of overall rotation and nuclear
spin, all off-diagonal matrix elements with respect
to M; and M;, the projection quantum numbers of
the overall rotation and nuclear spin respectively,
for a given rotational level denoted by J, 7, M; and
the nuclear spin I are small compared to the diago-
nal matrix elements by the second order Stark effect
perturbation and the quadrupole coupling operator
Hq (compare Ref.8). However, it is not possible
to apply second order perturbation theory again
because the (M;, M;)-sublevels (—1, +1) and
(+1, —1) are degenerate and connected by an off-
diagonal element of Hy. The energy matrix for a
given rotational level has the form indicated in
Figure 2. Only the matrix elements involving the
degenerate sublevels and M;, M;=0,0 are given
completely. The degeneracy is removed by the ap-
plication of the orthogonal transformation of Fig. 3
to the energy matrix of Figure. 2. The transforma-

Fig. 3. Transformation matrix.
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Fig. 4. Transformed matrix of Figure 2.

MJs MI _-’s -1 JyI
-7, -1 Est, Myl =7+¢
Est, |my| -1 V2y 0
+a+z
V2y Est, ny] =0 0
+b
0 0 Est, [uy|-1
+a—=z
J, 1 Est, |my|=7+c

tion leads to the energy matrix of Figure 4. The
eigenvalues Eg; |y,/-1+aXx correspond to the
mixed eigenfunctions

%{if,z,MJ=—1,1,MI=1>
il],T,MJII,I,MI= —1)}

It should be mentioned that each rotational level
J, 7, I is split into (J+2) (21+1) sublevels, which
may be compared to the number of (/+1) sub-
levels in the case without quadrupole effects.

From the result of a second order perturbation
calculation applied to the matrix of Fig. 4 a better
understanding of the partly complicated pattern of
the Stark effect satellites is possible. One has to
observe only that second order perturbation cal-
culation is sufficient.
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