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The vibronic ground state rotational spectra are reported for the 79Br- and 81Br-species of 2-
Bromofurane and 3-Bromofurane. Both fia and ^&-type spectra were observed. The small inertia 
defects confirm that the equilibrium configurations are planar. From the nuclear quadrupole 
coupling tensors it may be concluded that ^-contributions to the C-Br bonds are smaller than in 
the Halobenzenes. 

Introduction 

We started our investigation of the rotational 
spectra of the Bromofuranes because of our interest 
in substituent effects on the magnetic properties of 
small aromatic molecules. In the following we pre-
sent the analysis of the pure rotational spectra of 
the Bromofuranes in their vibronic ground states. 
Such an analysis is the prerequisite for a subsequent 
rotational Zeeman effect study. The rotational con-
stants and Bromine nuclear quadrupole coupling 
constants so obtained provide some information on 
the molecular structure and make it possible to 
judge the amount of double bond character present 
in the C-Br-bond. 

Experimental and Data Analysis 

2-Bromofurane and 3-Bromofurane were ob-
tained from EGA-Chemie, Steinheim, West Ger-
many. The pure compounds are colourless liquids 
with boiling points of 102 °C (p = 744 Torr) [1]) and 
102.5 °C (p = 745 Torr) [1]) respectively. If stored 
at room temperature they slowly turn brownish 
due to oxidation products. They were used after a 
vacuum distillation without further purification. 

The spectra were recorded with a standard 
Hughes-Wilson type [2]) microwave spectrometer 
with 33.3 kHz Stark-effect modulation and phase 
stabilized backward wave oscillators as radiation 
sources. With the two Bromine isotopes having 
natural abundancies of 50.5% (79Br) and 49.5% 
(81Br), a fairly strong Br-quadrupole hyperfine 
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coupling, and with several low frequency vibrations 
present in the molecules, the spectra are dense and 
population distribution over many low energy 
states leaves comparatively little absorption inten-
sity in the individual rotational transitions. In 
addition each spectrum actually consists of two, 
one arising from the interaction of the electric field 
vector of the incident microwave radiation with the 
a-component of the permanent molecular electric 
dipole moment and a second arising from its inter-
action with the 6-component (c-axis perpendicular 
to the molecular plane). 

From vector addition of the experimental electric 
dipole moments of Furane [3] and Bromobenzene 
[4] see Figure 1, the a-type spectra may be esti-
mated to be stronger by a factor on the order of 20 

H 

Fig. 1. Rotational transition selection rules depend on the 
nonzero components of the permanent electric dipole mo-
ment. In the case of the Bromofuranes [ic — 0 due to the 
planarity of the equilibrium structures. /u,a and /<(, may be 
estimated from the dipole moments of Furane [5] and Bro-
mobenzene [6] even though the resulting absolute values 
are slightly different from those reported for the liquid 
phase [2]. With absorption intensities proportional to the 
square of the dipole moment component which acts as the 
lever to change the specific rotational state, the fia-type 
transitions are stronger by a factor of approximately 
10(2-Bromofurane) to 20(3-Bromofurane) than the type 
transitions. 
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if compared to the 6-type transitions. Thus the 
assignment of the spectra was accomplished in a 
two step procedure. First the a-type spectra were 
predicted from rotational constants calculated 
under the assumption of an undistorted Furane 
ring [5] and a C-Br distance of 1.85 A taken from 
Bromobenzene [6]. Although this prediction proved 
rather crude, it was possible to assign the a-type 
transitions on the basis of their typical quadrupole 
hyperfine patterns (see Figs. 2 and 3) and from the 
selfconsistency of the corresponding least squares 
fit. We confirmed the assignment by microwave-
microwave double resonance experiments [7] using 
the setup shown in Figure 4. From the fit of the 
rotational constants and quadrupole coupling con-
stants to the observed a-type frequencies accurate 
B and C rotational constants and less accurate A 
rotational constants were obtained which could be 
used to reduce the uncertainties in the predicted 
frequencies of the weak 6-type transitions. In the 
second step the 6-type transitions were searched 
and assigned. Again we used the microwave-micro-
wave double resonance technique to filter the weak 
/if,-type transitions from the djungle of weak fia-

Fig. 2. Broad band scan (upper trace) and computer sim-
ulation (lower trace) covering the frequency range of the 
5i5-«-4i4 transition (^a-type) of 2-Bromofurane (79Br). 
The wavy baseline is caused by weaker still unassigned 
transitions and by Stark-lobes. (Absorption in the off-phase 
of the 1.2 kV/cm square wave modulation is written 
upwards, absorption in the on-phase is written downwards 
by the phase sensitive detection scheme). The individual 
hyperfine satellites are marked by the F quantum num-
bers of the upper and lower state respectively. 

Fig. 3. Broad band scan and computer simulation covering 
the frequency range of the 5i5<-4i4 transition of 3-Bromo-
furane (79Br) (compare Fig. 2 for the corresponding 
transition in 2-Bromofurane). Due to the smaller [n>-
component, the intensity of fib-type transitions would be 
weaker by a factor of about 20. Even though they could 
be identified and measured with high accuracy by use of 
the microwave-microwave double resonance spectrometer 
shown in Figure 4. 

type absorptions originating from molecules in 
high-J-states or from molecules in excited vibra-
tional states. In these experiments we typically set 
the signal frequency on top of a well known a-type 
transition in the Ku-frequency band while the 
strong X-band pump radiation was slowly swept 
over the region where the corresponding /^-type 
transition was suspected to reside (see insert on 
Figure 4). Five (Zb-type transitions were identified 
unambiguously this way for each isotope, sufficient 
to derive accurate values for all rotational con-
stants and molecular quadrupole coupling con-
stants. The complete listings of observed frequen-
cies are given in Tables 1 and 2 (2-Bromofuranes) 
and Tables 3 and 4 (3-Bromofuranes). The corre-
sponding rotational constants and the elements of 
the Br-quadrupole coupling tensors are listed in 
Tables 5 and 6. 

For the analysis of the data we used the standard 
rigid rotor Hamiltonian including the quadrupole 



8 8 8 M. Stolze, D. Hübner, and D. H. Sutter • Microwave Rotational Spectra of 2- and 3-Bromofurane 888 

PIN-switch 

syncriminator 
FDS 30 
SCHO MANDL 

frequency decade 
XUC,SMDH 
ROHDE» SCHWARZ 

10 MHz 

Phase lock 
loop 

"pump" 

Digital 
sweep 
control 

1 8 G H z ^ 
signal-osz. 

Phase lock piN-iogic 

loop 
"signal" 

frequency markers i i i i * 

P S D 
PAR-Modet 
HR 8 

Recorder 

variable attenuator Energy level scheme 

616 {F = 15/2) 

Recorded spectrum 

"signal" 
circulator 

pump' 

1 6 06 (F-15/2) 

• 5 15 (F =13/2) 

Fig. 4. Microwave-microwave double resonance set up used to confirm the assignment of the ^o-type spectra and for the 
localization of the weak fib-type transitions of the Bromofuranes. In the latter case the strong pump radiation was slowly 
swept over the frequency range of the fib-type transition (see insert), while the signal frequency was fixed at a well known 
//a-type transition. Only when the pump frequency coincides with the fib-type transition a change of signal intensity in 
phase with the periodically applied pump radiation is observed. For more information the reader is refered to Reference [7]. 

coupling of one nucleus as given in (1) [8] 

ße„lh = A JA
2 + BJb

2 + CJe
2 

(1) 

A, B, C rotational constants, 
JA, JB, JC operators corresponding to the com-

ponents of the rotational angular mo-
mentum in direction of the principal 
inertia axes measured in units of K, 

Qij components of the Br nuclear quadrupole 
moment tensor, 

— Vij components of the intra molecular elec-
tric field gradient tensor at the position 
of the Br-nucleus. 

Equation (1) represents an effective rotational 
Hamiltonian. It results from a second order per-

turbation treatment within the rovibronic states 
which aimes at the vibronic ground state. 

A computer program was written in which the 
corresponding Hamiltonian matrix is set up with 
respect to the coupled symmetric top basis 
| J, K, I, F, M f ) [9]. This matrix factorizes into F 
blocks (F = quantum number corresponding to the 
overall angular momentum including the spin of 
the Bromine nucleus (I) and the rotational angular 
momentum (J), but neglecting all other spins). In 
the case of the Br-nuclei with nuclear spin I = 3/2, 
each i^-block comprises four J blocks and is diag-
onalized numerically. The good fit of the observed 
spectra indicates that the effective Hamiltionian 
given in Eq. (1) provides an excellent approxima-
tion for the low J states of the Bromofuranes ob-
served here. 
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Table 1. Observed and calculated microwave transition frequencies of 2-Bromofurane (79). The calculated frequencies 
correspond to the molecular parameters listet in Table 5 and were obtained from a complete diagonalization of the effective 
Hamiltonian (Eq. (1) and Ref. [9]). For comparison we also list the frequencies calculated by the standard l-st order 
perturbation treatment i.e. neglecting all matrixelements which are off-diagonal in J. As is seen from the comparison 
these off-diagonal elements account for line shifts on the order of several hundred kHz and must be clearly included. All 
frequencies are given in MHz. 

Transition 1st order perturbation Complete 
treatment diagonalization 

J K- K+ <-J K- K+ F - F Freq. obs. freq. calc. obs.-calc. freq. calc. obs.-calc. 

4 2 2 3 2 1 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

10083.85 
10142.32 
10122.63 
10061.58 

10083.51 
10142.87 
10122.07 
10062.72 

0.34 
- 0 . 5 5 

0.56 
- 1.14 

10083.92 
10142.35 
10122.68 
10061.67 

- 0 . 0 7 
- 0 . 0 3 
- 0 . 0 5 
- 0 . 0 9 

4 0 4 3 0 3 1 1 / 2 - 9/2a 

9 / 2 - 7/2» 
7 / 2 - 5/2 
5 / 2 - 3/2 

10047.83 
10064.32 
10065.29 

10047.56 
10064.70 
10064.81 

0.27 
- 0 . 3 8 

0.48 

10047.83 
10064.28 
10065.26 

0.00 
0.04 
0.03 

4 1 3 3 1 2 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

10408.48 
10422.76 
10430.77 
10415.44 

10408.11 
10422.89 
10430.76 
10415.97 

0.37 
- 0 . 1 3 

0.01 
- 0 . 5 3 

10408.44 
10422.71 
10430.75 
10415.43 

0.04 
0.05 
0.02 
0.01 

4 1 4 3 1 3 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

9722.95 
9737.23 
9744.78 
9729.55 

9722.65 
9737.35 
9744.98 
9730.19 

0.30 
- 0 . 1 2 
- 0 . 2 0 
- 0 . 6 4 

9722.92 
9737.18 
9744.74 
9729.52 

0.03 
0.05 
0.04 
0.03 

4 1 3 4 0 4 11/2 — l l / 2 b 

9 / 2 - 9/2b 
8870.21 
8849.94 

8870.47 
8849.83 

- 0 . 2 6 
0.11 

8870.31 
8850.03 

- 0 . 1 0 
- 0 . 0 9 

5 2 3 4 2 2 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12636.01 
12665.15 
12661.50 
12630.88 

12635.81 
12665.56 
12661.25 
12631.50 

0.20 
- 0 . 4 1 

0.25 
- 0 . 6 2 

12636.03 
12665.15 
12661.50 
12630.89 

- 0 . 0 2 
0.00 

- 0 . 0 0 
- 0 . 0 1 

5 0 5 4 0 4 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12541.57 
12541.40 
12551.23 
12551.48 

12541.44 
12541.30 
12551.49 
12551.62 

0.13 
0.10 

- 0 . 2 6 
- 0 . 1 4 

12541.56 
12541.32 
12551.18 
12551.44 

0.01 
0.09 
0.05 
0.04 

5 1 4 4 1 3 13/2 - 11/2 
11/2 — 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

13010.45 
13017.60 
13024.62 
13016.36 

13010.24 
13017.61 
13024.26 
13016.89 

0.21 
- 0 . 0 1 

0.36 
- 0 . 5 3 

13010.43 
13017.55 
13024.67 
13016.29 

0.02 
0.05 

- 0 . 0 5 
0.07 

5 1 5 4 1 4 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12153.93 
12161.02 
12167.44 
12159.87 

12153.74 
12161.12 
12167.58 
12160.20 

0.19 
- 0 . 1 0 
- 0 . 1 4 
- 0 . 3 3 

12153.91 
12161.03 
12167.41 
12159.89 

0.02 
- 0 . 0 1 

0.03 
- 0 . 0 2 

5 2 4 4 2 3 1 3 / 2 - 1 1 / 2 
1 1 / 2 - 9/2 
9/2— 7/2 

12581.09 
12610.11 
12606.37 

12580.79 
12610.40 
12606.11 

0.30 
- 0 . 2 8 

0.26 

12581.07 
12610.07 
12606.37 

0.02 
0.04 
0.00 

5 1 4 5 0 5 1 3 / 2 - 13/2 c 

11/2 - 11/20 
9 / 2 - 9/2c 

7 / 2 - 7/2c 

9339.20 
9326.40 
9329.96 
9342.76 

9339.27 
9326.14 
9329.84 
9342.97 

- 0 . 0 7 
0.26 
0.12 

- 0 . 2 1 

9339.17 
9326.26 
9329.99 
9342.67 

0.03 
0.14 

- 0 . 0 3 
0.09 

6 2 4 5 2 3 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

15194.98 
15211.78 
15212.02 
15194.46 

15194.80 
15211.87 
15211.91 
15194.85 

0.18 
- 0 . 0 9 

0.10 
- 0 . 3 9 

15195.05 
15211.77 
15212.03 
15194.52 

- 0 . 0 7 
0.01 

- 0 . 0 1 
- 0 . 0 6 
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Table 1. continued. 

Transition 

J K- K++-J K- K+ F — F Freq. obs. 

1 s t order perturbation 
treatment 

freq. calc. obs.-calc. 

Complete 
diagonal ization 

freq. calc. obs.-calc. 

6 0 6 5 0 5 15/2 - 13/2d 

13/2 - l l / 2 d 

1 1 / 2 - 9/2d 

9 / 2 - 7/21 

15021.40 
15021.25 
15027.83 
15028.00 

15021.29 
15021.13 
15027.92 
15028.08 

0.11 
0.12 

- 0.09 
- 0 . 0 8 

15021.38 
15021.17 
15027.74 
15027.99 

0.02 
0.08 
0.09 
0.01 

6 1 5 5 1 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

15607.25 
15611.29 
15616.02 
15612.43 

15607.11 
15611.30 
15616.46 
15612.27 

0.14 
- 0.01 
- 0 . 4 4 

0.16 

15607.23 
15611.28 
15615.93 
15612.49 

0.02 
0.01 
0.09 

- 0 . 0 6 

6 1 6 5 1 5 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

14580.29 
14584.33 
14589.29 
14585.02 

14580.14 
14584.34 
14589.45 
14585.17 

0.15 
- 0.01 
- 0.16 
- 0.15 

14580.25 
14584.31 
14589.29 
14585.03 

0.04 
0.02 
0.00 

- 0 . 0 1 

0 2 5 5 2 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

15099.05 
15115.72 
15115.91 
15098.71 

15098.91 
15115.81 
15115.88 
15098.97 

0.14 
- 0.09 

0.03 
- 0 . 2 6 

15099.09 
15115.64 
15115.99 
15098.65 

- 0 . 0 4 
0.08 

- 0 . 0 8 
0.06 

6 1 5 6 0 6 15/2 - 15/2 e 
13/2 - 13/2 B 
11/2 — 11/2« 

9 / 2 - 9 /2 e 

9925.04 
9916.34 
9918.18 
9927.20 

9925.08 
9916.30 
9918.38 
9927.16 

- 0 . 0 4 
0.04 

- 0 . 2 0 
0.04 

9925.02 
9916.38 
9918.18 
9927.18 

0.02 
- 0 . 0 4 

0.00 
0.02 

6 0 6 5 1 5 15/2 - 13/2' 
13/2 - 11/2» 
1 1 / 2 - 9/2» 
9 / 2 - 7/2' 

8251.77 
8267.18 
8269.61 
8253.56 

8251.60 
8267.32 
8269.63 
8253.91 

0.17 
— 0.14 
- 0 . 0 2 
- 0 . 3 5 

8251.76 
8267.19 
8269.60 
8253.62 

0.01 
- 0 . 0 1 

0.01 
- 0 . 0 6 

7 2 5 6 2 4 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

17764.84 
17775.33 
17776.80 
17765.75 

17764.71 
17775.44 
17776.73 
17766.00 

0.14 
- 0 . 1 1 

0.07 
- 0.25 

17764.91 
17775.36 
17776.85 
17765.81 

- 0 . 0 6 
- 0 . 0 3 
- 0 . 0 5 
- 0 . 0 5 

7 0 7 6 0 6 17/2 - 15/28 
15/2 - 13/28 
13/2 - 11/28 
1 1 / 2 - 9/28 

17485.28 
17485.06 
17489.89 
17490.13 

17485.22 
17485.04 
17489.91 
17490.09 

0.06 
0.02 

- 0 . 0 2 
0.04 

17485.29 
17485.07 
17489.86 
17490.11 

- 0 . 0 1 
- 0 . 0 1 

0.03 
0.02 

7 1 6 6 1 5 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

18198.71 
18201.21 
18205.15 
18202.52 

18198.62 
18201.21 
18205.23 
18202.64 

0.09 
0.00 

- 0 . 0 8 
- 0 . 1 2 

18198.71 
18201.21 
18205.17 
18202.54 

0.00 
0.00 

- 0 . 0 2 
- 0 . 0 2 

7 1 7 6 1 6 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

17002.24 
17004.79 
17008.59 
17005.97 

17002.16 
17004.76 
17008.38 
17706.09 

0.08 
0.03 
0.21 

- 0 . 1 2 

17002.24 
. 17004.76 

17008.59 
17005.97 

0.00 
0.03 
0.00 
0.00 

7 0 7 6 1 6 17/2 - 15/2* 
15/2 - 13/2h 

13/2 - 11/2* 
1 1 / 2 - 9/2* 

11156.80 
11168.01 
11170.18 
11158.71 

11156.68 
11168.03 
11170.17 
11158.83 

0.12 
- 0 . 0 2 

0.01 
- 0.12 

11156.80 
11167.96 
11170.17 
11158.70 

0.00 
0.05 
0.01 
0.01 

a Intensity weighted mean. 
Transitions measured using 
b Pump on 4 1 3 — 4 0 4, 
c Pump on 5 1 4 — 5 0 5, 
d Pump on 5 1 4 — 5 0 5, 

iw-mw double resonance: 
signal on 5 1 4 — 4 1 3. 
signal on 6 1 5 — 5 1 4. 
signal on 6 0 6 — 5 0 5. 

e Pump on 6 1 5 — 6 0 6, 
f Pump on 6 0 6 — 5 1 5, 
8 Pump on 7 0 7 — 6 1 6, 
h Pump on 7 0 7 - 6 1 6, 

signal on 6 1 5 — 5 1 4. 
signal on 6 1 6 — 5 i 5. 
signal on 7 0 7 - 6 0 6. 
signal on 7 1 7 - 6 1 6. 



M. Stolze, D. Hübner, and D. H. Sutter • Microwave Rotational Spectra of 2- and 3-Bromofurane 891 

Table 2. Observed and calculated microwave transition frequencies of 2-Bromofurane (81) calculated from the molecular 
parameters listed in Table 5. 

Transition 1st order perturbation Complete 
treatment diagonalization 

J K- K+ J JT- K+ F-F Freq. obs. freq. calc. obs.-calc. freq. calc. obs.-calc. 

4 2 2 3 2 1 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

9992.48 
10041.51 
10024.86 
9974.06 

9992.30 
10041.89 
10024.51 
9974.92 

0.18 
- 0 . 3 8 

0.35 
- 0 . 8 6 

9992.57 
10041.55 
10024.95 
9974.15 

- 0 . 0 9 
- 0 . 0 4 
- 0 . 0 9 
- 0 . 0 9 

4 0 4 3 0 3 1 1 / 2 - 9/2» 
9 / 2 - 7/2a 

7 / 2 - 5/2 
5 / 2 - 3/2 

9955.72 
9969.59 
9970.20 

9955.53 
9969.86 
9969.95 

0.19 
- 0 . 2 7 

0.25 

9955.70 
9969.55 
9970.22 

0.02 
0.04 

- 0 . 0 2 

4 1 3 3 1 2 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

10309.86 
10321.89 
10328.53 
10315.79 

10309.65 
10322.00 
10328.58 
10316.22 

0.21 
- 0 . 1 2 
- 0 . 0 4 
- 0 . 4 3 

10309.87 
10321.88 
10328.57 
10315.83 

- 0 . 0 1 
0.01 

- 0 . 0 4 
- 0 . 0 5 

4 1 4 3 1 3 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

9636.99 
9648.99 
9655.33 
9642.67 

9636.79 
9649.15 
9655.45 
9643.09 

0.20 
- 0 . 1 6 
- 0 . 1 2 
- 0 . 4 2 

9636.97 
9648.97 
9655.29 
9642.62 

0.02 
0.02 
0.04 
0.05 

5 2 3 4 2 2 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12518.81 
12544.20 
12540.22 
12514.69 

12518.80 
12543.65 
12540.05 
12515.19 

0.01 
0.55 
0.17 

- 0 . 5 1 

12518.86 
12544.22 
12540.23 
12514.75 

- 0 . 0 5 
- 0 . 0 2 
- 0 . 0 1 
- 0 . 0 6 

5 0 r> 4 0 4 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12426.83 
12426.69 
12434.95 
12435.19 

12426.76 
12426.65 
12435.16 
12435.27 

0.07 
0.04 

- 0 . 2 2 
- 0 . 0 8 

12426.84 
12426.66 
12434.95 
12435.15 

- 0 . 0 1 
0.03 

- 0 . 0 0 
0.04 

5 1 4 4 1 3 1 3 / 2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12886.60 
12892.60 
12898.05 
12891.83 

12886.47 
12892.63 
12898.19 
12892.03 

0.13 
- 0 . 0 3 
- 0 . 1 4 
- 0 . 2 0 

12886.60 
12892.59 
12898.03 
12891.81 

0.01 
0.01 
0.01 
0.02 

5 1 5 4 1 4 1 3 / 2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12045.84 
12051.85 
12057.17 
12050.91 

12045.71 
12051.88 
12057.28 
12051.11 

0.13 
- 0 . 0 3 
- 0 . 1 1 
- 0 . 2 0 

12045.83 
12051.81 
12057.16 
12050.89 

0.02 
0.04 
0.01 
0.02 

5 2 4 4 2 3 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

12466.06 
12490.38 
12487.22 
12461.83 

12465.84 
12490.58 
12487.00 
12462.26 

0.21 
- 0 . 2 1 

0.22 
- 0 . 4 3 

12466.03 
12490.36 
12487.19 
12461.82 

0.03 
0.02 
0.03 
0.01 

5 1 4 5 0 5 13/2 - 13/2b 

11/2 - l l / 2 b 

9 / 2 - 9/2b 

7/2 — 7/2b 

9323.58 
9312.82 
9315.44 
9326.83 

9323.64 
9312.67 
9315.77 
9326.73 

- 0 . 0 6 
0.15 

- 0 . 3 3 
0.10 

9323.57 
9312.76 
9315.43 
9326.74 

0.01 
0.06 
0.01 
0.09 

6 2 4 5 2 3 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

15052.54 
15065.60 
15066.66 
15052.10 

15052.31 
15066.57 
15066.60 
15052.35 

0.23 
- 0 . 9 7 

0.05 
- 0 . 2 5 

15052.55 
15065.64 
15066.69 
15052.11 

- 0 . 0 1 
- 0 . 0 4 
- 0 . 0 3 
- 0 . 0 1 

6 0 6 5 0 5 15/2 - 13/2 c 

13/2 - 11/2° 
11/2— 9/2 c 

9/2— 7/2 c 

14884.61 
14884.49 
14890.05 
14890.19 

14884.56 
14884.43 
14890.10 
14890.23 

0.06 
0.07 

- 0 . 0 5 
- 0 . 0 4 

14884.61 
14884.45 
14889.97 
14890.16 

- 0 . 0 0 
0.05 
0.08 
0.03 

6 1 5 5 1 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

15458.48 
15461.94 
15466.30 
15462.70 

15458.43 
15461.93 
15466.24 
15462.74 

0.05 
0.01 
0.06 

- 0 . 0 4 

15458.51 
15461.92 
15466.31 
15462.69 

- 0 . 0 3 
0.02 

- 0 . 0 1 
0.02 
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Table 2. continued. 

Transition 1st order perturbation Complete 
treatment diagonalization 

J K~ K+ J K~ K+ F — F Freq. obs. freq. calc. obs.-calc. freq. calc. obs.-calc. 

6 1 6 5 1 5 15/2 - 13/2d 

13/2 - l l / 2 d 

1 1 / 2 - 9/2d 

9 / 2 - 7/2d 

14450.40 
14453.82 
14457.98 
14454.42 

14450.31 
14453.81 
14458.02 
14454.51 

0.09 
0.00 

- 0 . 0 4 
- 0 . 1 0 

14450.38 
14453.79 
14457.96 
14454.41 

0.02 
0.03 
0.02 
0.01 

6 2 5 5 2 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

14960.11 
14974.02 
14974.26 
14959.81 

14960.01 
14974.14 
14974.19 
14960.06 

0.10 
- 0 . 1 2 

0.07 
- 0.25 

14960.13 
14974.02 
14974.27 
14959.83 

- 0 . 0 2 
0.00 

- 0.01 
- 0 . 0 2 

6 1 5 6 0 6 15/2 - 15/2 e 
13/2 - 13/2 e 
11 /2-11 /2® 
9 / 2 - 9/2e 

9897.43 
9890.21 
9891.83 
9899.35 

9897.51 
9890.18 
9891.91 
9899.24 

- 0 . 0 8 
0.03 

- 0 . 0 8 
0.10 

9897.47 
9890.23 
9891.77 
9899.26 

- 0.03 
- 0 . 0 3 

0.06 
0.09 

6 0 6 5 1 5 15/2 - 13/21 
13/2 - l l / 2 d 

1 1 / 2 - 9/21 
9 / 2 - 7/2i 

8083.55 
8096.49 
8098.44 
8085.07 

8083.36 
8096.52 
8098.44 
8085.28 

0.20 
- 0.03 

0.00 
- 0.22 

8083.47 
8096.43 
8098.42 
8085.07 

0.09 
0.06 
0.02 

- 0.00 

7 2 5 6 2 4 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

17596.68 
17605.45 
17606.63 
17597.47 

17596.60 
17605.57 
17606.65 
17597.68 

0.08 
- 0.12 
- 0.02 
- 0 . 2 1 

17596.72 
17605.51 
17606.72 
17597.54 

- 0.04 
- 0 . 0 6 
- 0.08 
- 0 . 0 7 

7 0 7 6 0 6 17/2 - 15/2' 
15/2 - 13/2' 
13/2 - 11/2' 
1 1 / 2 - 9/2' 

17327.09 
17326.91 
17331.01 
17330.25 

17327.03 
17326.88 
17330.95 
17331.10 

0.06 
0.03 
0.06 

- 0 . 8 5 

17327.07 
17326.90 
17330.99 
17330.25 

0.01 
0.01 
0.02 

- 0 . 0 0 

7 1 7 6 1 6 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

16850.83 
16852.89 
16856.16 
16853.98 

16850.77 
16852.94 
16856.22 
16854.05 

0.07 
- 0 . 0 5 
- 0.07 
- 0 . 0 7 

16850.82 
16852.94 
16856.15 
16853.96 

0.01 
- 0 . 0 5 

0.00 
0.02 

7 0 7 6 1 6 17/2 - 15/28 
15/2 - 13/28 
1 3 / 2 - 1 1 / 2 8 
1 1 / 2 - 9/28 

10960.10 
10969.47 
10971.50 
10960.93 

10960.08 
10969.58 
10971.37 
10960.87 

0.02 
- 0.11 

0.13 
0.06 

10960.16 
10969.54 
10971.45 
10960.92 

- 0 . 0 6 
- 0 . 0 7 

0.05 
0.02 

8 1 8 7 1 7 19/2 - 17/2 
17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 

19247.00 
19248.39 
19250.94 
19249.48 

19246.97 
19248.40 
19251.01 
19249.57 

0.03 
- 0 . 0 1 
- 0 . 0 7 
- 0 . 0 9 

19247.01 
19248.41 
19250.96 
19249.52 

- 0 . 0 1 
- 0 . 0 2 
- 0 . 0 2 
- 0 . 0 4 

a Intensity weighted mean. 
Transitions measured using 
b Pump on 5 1 4 — 5 0 5, 
c Pump on 5 1 4 — 5 0 5, 

iw-mw-double resonance: 
signal on 5 1 4 — 4 1 3. 
signal on 6 0 6 — 5 0 5. 

d Pump on 6 0 6 — 5 1 
e Pump on 6 1 5 — 6 0 
' Pump on 7 0 7 — 6 1 
8 Pump on 7 0 7 — 6 1 

5, signal on 6 1 6 — 5 1 5. 
6, signal on 6 1 5 — 5 1 4. 
6, signal on 7 0 7 — 6 0 6. 
6, signal on 7 1 7 — 6 1 6. 

Discussion 

From the small value of the inertia defects A I = 
ICc— (Iaa~\- Ibb) there is no doubt that the equilib-
rium configurations are indeed planar as expected. 
(For a rigid planar point mass model the inertia 
defect would be exact ly zero. The small deviations 
arise from zero point vibrations and, to a lesser 
extent , from electronic contributions. For a detailled 

discussion of inertia defects in planar molecules 
see Ref. [10]). Due to the planarity condition the 
rotational constants of each isotopic species corre-
spond to only t w o equations of condition for the 
structural parameters. Wi th 15 structural param-
eters to be determined it is clearly impossible to pre-
sent a conclusive structure at the present stage of 
our knowledge. Exemplari ly however for 3-Bromo-
furane we tried to optimize four structural param-
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eters with respect to the measured rotational con-
stants. Quite arbitrarily we chose the three CC-
distances and the C-C-Br-bond angle as variables. 
All other parameters of the Carbon/Hydrogen frame 
were fixed to their values in Furane. The C-Br-bond 
distance was fixed to 1.85 Ä, its value in Bromo-
benzene, and the Oxygen was assumed to sit at the 
apex of an isosceles triangle with the CO bond 
distances fixed to their values in Furane. The re-
sult of this optimization is shown in Figure 5. The 
fit is obviously good. However it i ndicates only that 
the frame of the Furane ring is probably slightly 
widened upon Bromine substitution. The detailed 
numbers of the bond distances should by no means 
taken too seriously because of the restrictions im-
posed on the optimization procedure. 

We now turn to the discussion of the Bromine 
quadrupole coupling tensors. In all cases the diag-
onal elements as well as the absolute value of the 
only nonvanishing off-diagonal element, '/ab, could 
be determined from the experiment. In the case of 
2-Bromofurane however wre are rather confident to 
know also the sign of yab (negative). The argument 
is as follows. From the initial structure (see also 
Fig. 6) the C-Br bond intersects the a-axis at an 
angle of roughly — 4°. (The C-Br bond points into 
the quadrant characterized by positive a-values and 
negative 6-values). Essentially the same angle 
(—3.9° for the ™Br-species and — 3.4° for the 81Br-
species) is obtained from the diagonalization of the 
^-tensor if %ab is assumed to be negative. This could 
fit nicely into the picture of a coupling tensor with 

Table 3. Observed and calculated microwave transition frequencies of 3-Bromofurane (79) calculated from the molecular 
parameters listed in column 1 of Table 6. 

Transition 

J K- K++- J' K'~ K'+ F — F Freq. obs. 

1st order perturbation 
treatment 

freq. calc. obs.-calc. 

Complete 
diagonal ization 

freq. calc. obs.-calc. 

4 2 2 3 2 1 11/2 - 9/2 9533.65 9533.28 0.37 9533.69 - 0.05 
9/2 — 7/2 9591.73 9592.25 - 0 . 5 2 9591.73 0.01 

i. 7/2 — 5/2 9572.14 9571.58 0.56 9572.23 - 0 . 0 9 
4 0 4 3 0 3 11/2 - 9/2 9509.22 9509.01 0.21 9509.19 0.03 

9/2 — 7/2 9509.04 9508.94 0.10 9509.05 - 0 . 0 1 
7/2 - 5/2 9525.52 9526.04 - 0 . 5 2 9525.50 0.02 
5 / 2 - 3/2 9526.12 9526.12 0.00 9526.16 - 0.04 

4 1 3 3 1 2 11/2 — 9/2 9827.08 9826.74 0.34 9827.04 0.04 
9/2 — 7/2 9841.28 9841.44 - 0 . 1 6 9841.24 0.04 
7/2 - 5/2 9849.13 9849.21 - 0 . 0 8 9849.13 - 0.00 
5/2 - 3/2 9833.94 9834.50 — 0.56 9833.92 0.02 

4 1 4 3 1 3 11/2 — 9/2 9217.33 9217.12 0.22 9217.39 - 0 . 0 5 
9/2 — 7/2 9231.62 9231.83 - 0.21 9231.56 0.06 
7/2 - 5/2 9239.15 9239.38 - 0 . 2 2 9239.15 - 0 . 0 0 
5 / 2 - 3/2 9223.95 9224.66 - 0.71 9223.97 - 0 . 0 2 

4 2 3 3 2 2 11/2 - 9/2 9512.32 9511.83 0.49 9512.26 0.06 
9 / 2 - 7/2 9570.33 9570.74 - 0 . 4 1 9570.24 0.09 
7/2 — 5/2 9550.77 9550.08 0.69 9550.72 0.05 

5 2 3 4 2 2 13/2 - 11/2 11944.40 11944.15 0.24 11944.45 - 0 . 0 5 
11/2 - 9/2 11973.35 11973.69 - 0 . 3 4 11973.39 - 0.04 

9/2 7/2 11969.69 11969.41 0.28 11969.68 0.01 
7.2 - 5/2 11939.24 11939.88 - 0 . 6 4 11939.22 0.02 

5 0 5 4 0 4 13/2 — 11/2 11872.88 11872.73 0.15 11872.85 0.03 
11/2 — 9/2 11872.72 11872.64 0.08 11872.68 0.03 
9/2 - 7/2 11882.48 11882.76 - 0 . 2 8 11882.46 0.02 
7/2 — 5/2 11882.78 11882.85 - 0 . 0 6 11882.74 0.05 

5 1 5 4 1 4 13/2 - 11/2 11523.07 11522.89 0.18 11523.06 0.01 
11/2 - 9/2 11530.18 11530.24 - 0 . 0 5 11530.14 0.04 
9/2 - 7/2 11536.52 11536.69 - 0 . 1 6 11536.53 - 0 . 0 1 
7/2 - 5/2 11529.06 11529.34 - 0 . 2 8 11529.03 0.03 
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Table 2. continued. 

Transition 1 s t order perturbation 
treatment 

Complete 
diagonal ization 

J K- K+<-J' K'+ F-F Freq. obs. freq. calc. obs.-calc. freq. calc. obs.-calc. 

5 2 4 4 2 3 13/2 - 11/2 
1 1 / 2 - 9/2 

9 / 2 - 7/2 
7 / 2 - 5/2 

11901.59 
11930.45 
11926.78 
11896.42 

11901.31 
11930.76 
11926.49 
11897.65 

0.28 
- 0 . 3 1 

0.28 
- 1.24 

11901.59 
11930.42 
11926.77 
11896.40 

0.01 
0.03 
0.01 
0.01 

5 1 4 5 0 5 13/2 — 11/2» 
1 1 / 2 - 9 /2 a 

9 / 2 - 7 /2 a 

7 / 2 - 5 /2 a 

9314.30 
9300.70 
9304.00 
9318.10 

9314.31 
9300.73 
9304.56 
9318.14 

- 0.01 
- 0 . 0 3 
- 0.56 
- 0 . 0 4 

9314.23 
9300.89 
9304.25 
9318.27 

0.07 
- 0 . 1 9 
- 0 . 2 5 
- 0 . 1 7 

6 2 4 5 2 3 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

14359.48 
14376.08 
14376.41 
14359.04 

14359.36 
14376.28 
14376.33 
14359.41 

0.13 
- 0 . 2 0 

0.08 
- 0 . 3 7 

14359.51 
14376.08 
14376.44 
14359.05 

- 0 . 0 2 
- 0 . 0 1 
- 0 . 0 4 
- 0 . 0 2 

6 0 6 5 0 5 15/2 - 13/2* 
13/2 - 11/2* 
1 1 / 2 - 9/2* 
9 / 2 - 7/2* 

14225.50 
14225.29 
14231.79 
14232.02 

14225.38 
14225.27 
14232.01 
14232.12 

0.12 
0.02 

- 0 . 2 2 
- 0 . 1 1 

14225.47 
14225.31 
14231.83 
14232.05 

0.04 
- 0 . 0 3 
- 0 . 0 4 
- 0 . 0 3 

6 1 5 5 1 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

9 / 2 - 7/2 

14738.39 
14742.44 
14747.49 
14743.23 

14738.27 
14742.44 
14747.55 
14743.37 

0.13 
- 0.00 
- 0 . 0 6 
- 0 . 1 4 

14738.38 
14742.43 
14747.48 
14743.23 

0.01 
0.01 
0.01 

- 0 . 0 0 

6 1 6 5 1 5 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

13824.79 
13828.82 
13833.76 
13829.52 

13824.67 
13828.85 
13833.87 
13829.69 

0.12 
- 0 . 0 3 
- 0.11 
- 0.17 

13824.78 
13828.82 
13833.78 
13829.55 

0.01 
0.01 

- 0 . 0 2 
- 0 . 0 2 

6 2 5 5 2 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

14284.79 
14301.26 
14301.60 
14284.31 

14284.62 
14301.44 
14301.50 
14284.69 

0.16 
- 0 . 1 8 

0.10 
- 0 . 3 8 

14284.80 
14301.26 
14301.62 
14284.33 

- 0 . 0 2 
- 0 . 0 0 
- 0 . 0 2 
- 0 . 0 3 

6 1 5 6 0 6 15/2 - 13/2 c 

13/2 - 11/2 c 
1 1 / 2 - 9 /2 c 

9 / 2 - 7 /2 c 

9827.20 
9818.18 
9820.08 
9829.54 

9827.20 
9817.90 
9820.10 
9829.39 

0.00 
0.28 

- 0 . 0 2 
0.15 

9827.14 
9818.01 
9819.91 
9829.46 

0.06 
0.18 
0.17 
0.08 

7 2 5 6 2 4 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

16782.86 
16793.29 
16794.68 
16783.80 

16782.79 
16793.42 
16794.71 
16784.08 

0.07 
- 0.13 
- 0.03 
- 0 . 2 8 

16782.92 
16793.32 
16794.75 
16783.88 

- 0 . 0 6 
- 0 . 0 4 
- 0 . 0 7 
- 0 . 0 7 

7 0 7 6 0 6 17/2 - 15/2d 

15/2 - 13/2d 

13/2 - l l / 2 d 

1 1 / 2 - 9/21 

16565.51 
16565.34 
16570.01 
16570.20 

16565.41 
16565.29 
16570.12 
16570.25 

0.10 
0.06 

- 0 . 1 2 
- 0 . 0 4 

16565.48 
16565.32 
16569.99 
16570.18 

0.03 
0.02 
0.02 
0.03 

7 1 7 6 1 6 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

16122.90 
16125.42 
16129.26 
16126.65 

16122.84 
16125.44 
16129.35 
16126.75 

0.07 
- 0.02 
- 0 . 0 9 
- 0 . 1 0 

16122.92 
16125.43 
16129.25 
16126.61 

- 0 . 0 1 
- 0 . 0 2 

0.01 
0.04 

7 0 7 6 1 6 17/2 - 15/2e 

15/2 - 13/2 e 
13/2 - 11/2® 
1 1 / 2 - 9/2® 

9937.32 
9948.22 
9950.45 
9939.18 

9937.27 
9948.31 
9950.51 
9939.47 

0.05 
- 0.09 
- 0.06 
- 0 . 2 9 

9937.39 
9948.22 
9950.44 
9939.20 

- 0 . 0 7 
- 0 . 0 0 

0.01 
- 0 . 0 2 

Transitions measured using mw-mw double resonance: 
a Pump on 5 1 4 — 5 0 5, signal on 6 1 5 — 5 1 4. 
* Pump on 5 1 4 — 5 0 5, signal on 6 0 6 — 5 0 5. 
c Pump on 6 1 5 — 6 0 6, signal on 6 1 5 — 5 1 4. 

d Pump on 7 0 7 - 6 1 6, signal on 7 0 7 - 6 0 6. 
e Pump on 7 0 7 - 6 1 6, signal on 7 1 7 - 6 1 6. 
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Table 4. Observed and calculated microwave transition frequencies of 3-Bromofurane (81) calculated according to Eq. (1) 
from the molecular parameters listed in column 2 of Table 6. 

Transition 

J K- K++-J K- K+ F - F Freq. obs. 

1 s t order perturbation 
treatment 

freq. calc. obs.-calc. 

Complete 
diagonalization 

freq. calc. obs.-calc. 

4 2 2 3 2 1 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

9446.45 
9495.09 
9478.65 

9446.21 
9495.51 
9478.23 

0.24 
- 0 . 4 2 

0.42 

9446.46 
9495.18 
9478.68 

- 0 . 0 1 
- 0 . 0 9 
- 0 . 0 3 

4 0 4 3 0 3 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

9420.90 
9420.75 
9434.62 
9435.02 

9420.74 
9420.67 
9434.97 
9435.03 

0.16 
0.08 

- 0 . 3 5 
- 0.01 

9420.86 
9420.74 
9434.59 
9435.05 

0.04 
0.01 
0.03 

- 0 . 0 3 

4 1 3 3 1 2 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

9733.05 
9745.03 
9751.53 
9738.92 

9732.81 
9745.11 
9751.60 
9739.30 

0.24 
- 0 . 0 8 
- 0 . 0 7 
- 0 . 3 8 

9733.02 
9744.96 
9751.54 
9738.90 

0.03 
0.07 

- 0 . 0 1 
0.02 

4 1 4 3 1 3 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 
5 / 2 - 3/2 

9134.78 
9146.69 
9152.99 
9140.40 

9134.57 
9146.87 
9153.17 
9140.87 

0.21 
- 0 . 1 8 
- 0 . 1 8 
- 0 . 4 7 

9134.76 
9146.68 
9153.00 
9140.39 

0.02 
0.01 

- 0 . 0 1 
0.01 

4 2 3 3 2 2 1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

9425.93 
9474.53 
9458.06 

9425.59 
9474.82 
9457.56 

0.34 
- 0 . 2 9 

0.51 

9425.89 
9474.47 
9458.01 

0.04 
0.06 
0.06 

5 2 3 4 2 2 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

11832.66 
11856.90 
11853.77 
11828.44 

11832.48 
11857.17 
11853.59 
11828.91 

0.18 
- 0 . 2 7 

0.17 
- 0 . 4 7 

11832.73 
11856.91 
11853.78 
11828.45 

- 0 . 0 7 
- 0 . 0 1 
- 0 . 0 1 
- 0 . 0 1 

5 0 5 4 0 4 1 3 / 2 - 1 1 / 2 
1 1 / 2 - 9/2 

9 / 2 - 7/2 
7 / 2 - 5/2 

11762.71 
11762.57 
11770.79 
11771.01 

11762.59 
11762.51 
11770.96 
11771.04 

0.13 
0.06 

- 0 . 1 8 
- 0 . 0 3 

11762.67 
11762.54 
11770.75 
11770.97 

0.04 
0.03 
0.03 
0.04 

5 1 5 4 1 4 13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7 /2 a 

7 / 2 - 5/2 

11419.10 
11425.06 
11430.45 
11424.20 

11418.97 
11425.11 
11430.50 
11424.36 

0.13 
- 0.06 
- 0 . 0 5 
- 0 . 1 6 

11419.09 
11425.05 
11430.39 
11424.14 

0.01 
0.01 
0.06 
0.06 

5 2 4 4 2 3 1 3 / 2 - 1 1 / 2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 
7 / 2 - 5/2 

11791.50 
11815.68 
11812.55 
11787.26 

11791.28 
11815.88 
11812.32 
11787.71 

0.22 
- 0 . 2 0 

0.22 
- 0.45 

11791.47 
11815.65 
11812.51 
11787.26 

0.03 
0.03 
0.04 
0.01 

5 1 4 5 0 5 13/2 - 13/2b 

11/2 - l l / 2 b 

9 / 2 - 9/2b 

7 / 2 - 7/2b 

9300.80 
9289.68 
9292.50 
9304.07 

9300.99 
9289.70 
9292.89 
9304.17 

- 0 . 1 9 
- 0 . 0 2 
- 0 . 3 9 
- 0 . 1 0 

9300.93 
9289.82 
9292.68 
9304.27 

- 0.13 
- 0 . 1 4 
- 0 . 1 8 
- 0 . 2 0 

6 0 6 5 0 5 15/2 - 13/2 e 
1 3 / 2 - 11/2o 
1 1 / 2 - 9 /2 c 

9 / 2 - 7 /2 c 

14093.89 
14093.77 
14099.21 
14099.40 

14093.85 
14093.76 
14099.40 
14099.49 

0.04 
0.01 

- 0 . 1 8 
- 0 . 1 0 

14093.92 
14093.79 
14099.27 
14099.44 

- 0 . 0 3 
- 0 . 0 2 
- 0 . 0 6 
- 0 . 0 4 

6 1 5 5 1 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

14596.38 
14599.80 
14604.00 
14600.47 

14596.28 
14599.78 
14604.05 
14600.56 

0.10 
0.03 

- 0.05 
- 0 . 0 8 

14596.36 
15599.76 
14603.99 
14600.46 

0.02 
0.04 
0.01 
0.02 

6 1 6 5 1 5 15/2 - 13/2a 

1 3 / 2 - l l / 2 a 

1 1 / 2 - 9 /2 a 

9 / 2 - 7 /2 a 

13699.81 
13703.20 
13707.32 
13703.79 

13699.71 
13703.21 
13707.40 
13703.91 

0.10 
- 0 . 0 1 
- 0 . 0 8 
- 0 . 1 2 

13699.79 
13703.19 
13707.38 
13703.76 

0.02 
0.01 

- 0.06 
0.02 
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Table 2. continued. 

Transition 1st order perturbation Complete 
treatment diagonal ization 

J K~ K+ J K~ K+ F — F Freq. obs. freq. calc. obs.-calc. freq. calc. obs.-calc. 

6 2 5 5 2 4 15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 
9 / 2 - 7/2 

14151.72 
14165.52 
14165.73 
14151.44 

14151.58 
14165.64 
14165.69 
14151.64 

0.14 
- 0.12 

0.04 
- 0 . 2 0 

14151.71 
14165.51 
14165.77 
14151.39 

0.01 
0.01 

- 0 . 0 4 
0.05 

6 1 5 6 0 6 15/2 - 15/2d 

13/2 - 13/2d 

11/2 - l l / 2 d 

9 / 2 - 9/2d 

9803.55 
9795.92 
9797.52 
9805.40 

9803.42 
9795.71 
9797.53 
9805.23 

0.14 
0.21 

- 0 . 0 1 
0.17 

9803.38 
9795.79 
9797.40 
9805.28 

0.17 
0.13 
0.12 
0.12 

7 2 5 6 2 4 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
11/2 — 9/2 

16622.69 
16631.42 
16632.59 
16623.54 

16622.65 
16631.53 
16632.61 
16623.73 

0.05 
- 0.11 
- 0 . 0 2 
- 0.18 

16622.74 
16631.47 
16632.64 
16623.58 

- 0 . 0 4 
- 0 . 0 5 
- 0 . 0 5 
- 0 . 0 4 

7 0 7 6 0 6 17/2 - 15/2 e 

15/2 - 13/2® 
13/2 - 11/2® 
11/2 — 9/2® 

16413.08 
16412.95 
16416.84 
16417.01 

16413.00 
16412.90 
16416.94 
16417.05 

0.08 
0.05 

- 0.10 
- 0 . 0 4 

16413.05 
16412.92 
16416.85 
16417.00 

0.03 
0.02 

- 0 . 0 0 
0.01 

7 1 7 6 1 6 17/2 - 15/2 
15/2 - 13/2 
13/2 - 11/2 
1 1 / 2 - 9/2 

15977.14 
15979.21 
15982.42 
15980.23 

15977.06 
15979.24 
15982.51 
15980.33 

0.07 
- 0.03 
- 0 . 0 9 
- 0 . 1 0 

15977.12 
15979.23 
15982.39 
15980.27 

0.02 
- 0.02 

0.03 
- 0 . 0 4 

7 0 7 6 1 6 17/2 - 15/2f 

15/2 - 13/2' 
13/2 - 11/2' 
1 1 / 2 - 9/2' 

9749.07 
9758.17 
9760.04 
9750.60 

9748.99 
9758.29 
9760.11 
9750.81 

0.08 
- 0.12 
- 0 . 0 7 
- 0.21 

9749.07 
9758.22 
9760.02 
9750.67 

- 0 . 0 0 
- 0 . 0 5 

0.03 
- 0 . 0 7 

Transitions measured using 
a Pump on 5 1 5 — 4 1 4, 
b Pump on 5 1 4 — 5 0 5, 
c Pump on 5 1 4 — 5 0 5, 

iw-mw double resonance: 
signal on 6 1 6 — 5 1 5. 
signal on 6 1 5 — 5 1 4 . 
signal on 6 0 6 — 5 0 5. 

Pump on 6 1 5 — 6 0 6, 
Pump on 7 0 7 — 6 1 6, 
Pump on 7 0 7 — 6 1 6, 

signal on 6 1 5 — 5 1 4. 
signal on 7 0 7 — 6 0 6. 
signal on 7 1 7 — 6 1 6. 

Table 5. Rotational constants (MHz), principal moments 
of inertia (amu A2) and nuclear quadrupole coupling con-
stants (MHz) of the two isotopic species of 2-Bromofurane. 
Only | Xab | is determined from the hyperfine splittings, but 
a positive sign would correspond to an eight degree tilt 
between the C-Br-bond and the principal axes system of 
the quadrupole coupling tensor which appears highly un-
likely. The experimental uncertainties correspond to one 
standard deviation of the least squares fit to the frequencies 
listed in Tables 1 and 2 resp. 

C4H3079Br C4H308 1Br 

A 9231.722 ± 0.012 9231.755 •+- 0.011 
B 1345.671 ± 0.001 1332.366 ± 0.001 
C 1174.243 ± 0.001 1164.095 ± 0.000 
X - 0.957 - 0.958 
la 54.743 ± 0.002 54.743 ± 0.002 
h 375.557 ± 0.010 379.307 ± 0.011 
Ic 430.385 + 0.012 434.136 ± 0.012 
AI 0.084 ± 0.016 0.086 ± 0.016 
Xbb + Xcc — 592.8 ± 0.3 - 495.5 ± 0.3 
Xbb — Xcc - 1 1 . 1 ± 0 . 2 - 9.3 ± 0.2 
Xab - 60.6 ± 1.8 - 44.2 ± 2.5 

Table 6. Rotational constants (MHz), principal moments of 
inertia (amu A2) and nuclear quadrupole coupling con-
stants (MHz) of the two isotopic species of 3-Bromofurane. 
Conversion factor [11]: 505.376 ± 14 MHz amu Ä2 

Xaa = | e I Q Vaa/h etc. 

C4H307 9Br C4H3081Br 

A 9297.815 ± 0.022 9297.792 ± 0.020 
B 1268.089 ± 0.001 1255.437 ± 0.001 
C 1115.641 ±0 .001 1105.837 ± 0.001 
X - 0.963 - 0.963 
la 54.354 ± 0.002 54.354 ± 0.002 
h 398.533 ± 0.011 402.550 ± 0.011 
Ic 452.992 ± 0.013 457.008 ± 0.013 
AI 0.105 ± 0.017 0.104 ± 0.017 
Xbb + Xcc - 589.5 ± 0.4 - 492.3 ± 0.4 
Xbb ~ Xcc - 7.6 ± 0.3 - 6.8 ± 0.3 
1 Xab | 19.9 ± 6.5 16.7 ± 2.0 
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'133.40* 

1.361 

' 1.077 

1127.95* 

1.431 

1.362 

"127.95* 
\ | 1.850 

106.55* 

115 92 

1.361 

C )L33 40* 

1.075 

1.850 

a) Initial structure (undistorted ring) 
7Mcalc = 9380.116 81^calc = 9380.116 
79-Bcaic = 1273.015 81£caic = 1260.329 
79 <?calc = 1120.894 81Ccalc = 1111.047 

b) Optimized structure 
7Mcaic = 9297.485 8 1^ c ai c = 9297.484 
79-ßcaic = 1268.007 815Caic = 1255.375 
79 Ccalc = 1115.828

 81Ccaic = 1106.034 
Fig. 5. Initial (a) and optimized (b) structures of 3-Bromofurane and rotational constants calculated for these structures 
within the rigid rotor model. The superscripts 7 9 and 8 1 indicate the bromine isotopic species. In Fig. (b) structural parame-
ters which were kept fixed to their values in the initial structure during the optimization procedure are set off by bold 
face drawing. Bromine substitution appears to widen the Furane ring slightly. However even though the observed rota-
tional constants are reproduced very well (see Table 6), the individual structural parameters should not be taken too 
seriously in view of the severe restraints imposed on the optimization procedure. 

Fig. 6. For 2-Bromofurane the relative positions and 
orientations of the molecular principal inertia axes system 
(a, b, c-system) and the principal axes system of the Bro-
mine quadrupole coupling tensor x, y, z-system) are shown 
schematically in this drawning. It is assumed that the z-axis 
of the quadrupole coupling tensor is closely aligned to the 
C-Br-bond. This corresponds to a negative sign of Xab-
(Only \Xab\ is determined from the hyperfine splittings). 
If X ab were positive, the angle between the a- and z-axes 
would be positive. This would correspond to an eight degree 
tilt angle between the bond and the z-axis of the quadru-
pole tensor. Since the quadrupole coupling tensor is caused 
mainly by the charge distribution in the immediate sur-
rounding of the nucleus which is perturbed principally 
by bonding and very little by the distant charges, such a 
large tilt angle appears highly unlikely. 

its axis essentially aligned to the C-Br bond. The 
opposite sign of %ab would correspond to an eight 
degree tilt between the ^-tensor axis and the C-Br 
bond which appears highly unlikely. For the 3-
Bromofuranes this type of argument fails since here 
the C-Br bond almost parallels the a-axis. Thus the 
present uncertainties in the structure could flip the 
small negative a\C-Br angle to a small positive 
value with the corresponding change in the sign 
proposed for yab • 

The remaining uncertainty as to the sign of %ab 
is not serious as far as the estimate of the 7r-char-
acter in the C-Br bond is concerned. This estimate 
is based on the difference of the in-plane minus the 
out-of-plane quadrupole coupling tensor elements 
in its own principal axes system and this difference 
depends only on the square of %ab- The degree of 
jr-bonding is usually calculated from Ex. (2) [11,12]. 

<5 = 
2 y xx — Xxx — Xyy 
3 \e \ Qqnio 

(2) 

In (2) | e | Q is the nuclear quadrupole moment and 
qnio is the atomic expectation value for the second 
derivative of the intramolecular Coulomb potential 
which would be caused by an electron in the valence 

127.45' 
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shell pz-orb i ta l of the Bromine atom: 

3z2 1 
qnio — — I e I ( Pz 

r5 Vz (3) 

For the orientation of the x, y, 2-coordinate system 
see Figure 6. 

Within a simplified valence shell LCAO molecular 
orbital treatment, in which all nuclear contributions 
to the field gradient are neglected as well as elec-
tronic contributions associated with atomic wave-
functions centred on the other nuclei, <5 is equal to 
the population difference of the in plane and out of 
plane p-orbitals perpendicular to the sigma bond: 

<5 = Ppzpx
 FWVv' W 

In (4) the populations are defined as the corre-
sponding elements of the density matrix, i.e. 

occ.orb. 

VxPx = 2 2 

Table 7. Population differences between the out off plane 
and in plane Bromine-p-populations perpendicular to the 
CBr-bond calculated from the measured quadrupole cou-
pling constants according to Eq. (2) of the text. With <5-
values corresponding to ̂ -contributions of only 1 % or less 
for the Furanes and Thiophenes one probably approaches 
the limit of the MO-model used for the interpretation of 
the Xxx— Xvv difference. (For the orientation of the coor-
dinate system see Figure 6). 

2-Bromofuranea 0.013 
3-Bromofuranea 0.007 
2-Bromothiopheneb 0.004 
2-Chlorothiophenec 0.006 
Chlorobenzenec 0.033 
Bromobenzenec 0.023 
Iodobenzened 0.018 

C 2 

a This work. 
b P. J. Mjöberg, W . M . Ralowski, and S. O. Ljunggren, 
Z. Naturforsch. 30a, 541 (1975). 

« W . Caminati and A. M . Mirri, Chem. Phys. Lett. 12, 127 
(1971). 

d A. M . Mirri and W . Caminati, Chem. Phys. Lett. 8, 409 
(1971). 

with CmPx the coefficient of the Bromine px wave-
function in the m-th molecular orbital. Under the 
assumption that the in-plane ^-population per-
pendicular to the C-Br bond, PPxPx, is 2 (uneffected 
by the bond formation), 6 corresponds to the shift 
of atomic electrons into the molecular jr-system. 

With (| e \ Qqnio)lh values from the work of King 
and Jaccerino [13] (—769.756 MHz for 79Br and 
- 6 4 3 . 0 3 3 MHz for «ißr) the Ö-values listed in 
Table 7 are obtained. Also fisted for comparison 
are the <5-values of some related molecules. With 
<5-values corresponding to ^-contributions on the 
order of only 1% one probably approaches the 

limit of the MO model used for the interpretation 
of the %xx — Xvv difference. The values indicate 
however that in the less aromatic Furanes ^-con-
tributions to the C-X bond are smaller than in the 
corresponding Halobenzenes. 
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