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The rotational spectra of 3-bromothiophene in the excited states of two vibrational modes were 
observed and the rotational constants, the centrifugal distortion constants, and the nuclear 
quadrupole coupling constants were determined. The wave numbers of the two vibrational 
modes were evaluated to be 210 cm"1 and 320 cm - 1 by measuring relative intensities of the 
ground and excited vibrational transitions. Variations in the inertia defect for each of the vibra-
tional modes are compared with the results of the approximate calculation. 

Introduction 

A study of the microwave spec t rum of 3 -bromo-
thiophene in the ground state has been recently 
reported [1]. It was shown that this molecule has 
planar conformat ion with the C —Br bond held in 
the plane of th iophene ring. T h e present s tudy was 
undertaken to investigate the rotat ional spec t rum in 
the excited vibrational states. 

The nuclear quadrupo le interact ion in the 
molecule, due to the b romine nucleus, causes each 
of the rotational energy levels to split into four 
sublevels and consequently makes the rotat ional 
transition complicated. The analysis of the hyper-
fine interaction requires to use first- and second-
order perturbat ion theory. In cases where there exist 
accidental near-degeneracies in the t ransi t ion energy 
levels, care must be taken to include the second-
order per turbat ion energy. 

For 2-chlorothiophene [2] and 2 -b romoth iophene 
[3], a set of the satellite lines has been assigned to the 
excited state of an out -of-p lane vibra t ion of the 
carbon-halogen (CI, Br) bond. 3 - b r o m o t h i o p h e n e is 
also expected to have some relatively low f requency 
modes involving the C - B r bond. 

Experimental Details 

The sample of 3 -b romoth iophene with 96% puri ty 
was purchased f rom Aldrich Chemica l C o m p a n y , 
Inc. and used without fur ther pur i f ica t ion. A con-

Reprint requests to Dr. Y. Sasada, Laboratory for Basic 
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ventional Stark-modulated spect rometer with 
100 kHz square-wave modula t ion was used. T h e 
microwave spectrum was observed in the f requency 
region f rom 8.2 G H z to 23.5 GHz. T h e measure-
ments were performed between - 20 ° C and — 25 ° C 
with the sample pressure ranging f rom 15 m T o r r to 
40 mTorr. The precision of the measured f requency 
is roughly estimated to be 0.1 MHz. T h e relat ive 
intensity of the lines was measured by a t echn ique 
developed by Esbitt and Wilson [4], 

Microwave Spectrum in Excited State 

Each of the ground-state R-branch transi t ions 
corresponding to the two isotopic species of the 
bromine nucleus, 79Br and 81Br, is accompan ied by 
vibrational satellites having apprec iab le intensity 
and showing nuclear quadrupo le hyper f ine s t ructure 
similar to that in the ground state. These spectra are 
assigned to a-type R-branch transi t ions with 

= 0 and AK+] = 1, and with AF=+\. The 
assignment of the hyperf ine structure is consider-
ably facilitated by calculating hyper f ine split t ings 
using nuclear quadrupo le per turba t ion theory. As 
predicted from the analysis of the spec t rum in the 
ground state, the first-order pe r tu rba t ion is 
dominant and the second-order effects depend only 
on an off-diagonal element of the eQq tensor, 
Xab|, though its value is very small. 

Weak vibrational satellites are observed at some-
what higher frequencies than the ground-s ta te 
transitions and assigned to a first excited state. In 
addition, very weak satellites are observed at fre-
quencies twice as far away f rom the ground-s ta te 
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lines than those of the first exci ted state and 
assigned to the second excited state. These lines of 
the two isotopic species are listed in T a b l e 1. T h e 
vibrat ional m o d e respons ib le for these two sets of 
satellites is des igna ted as " m o d e I" for convenience . 

On the o the r h a n d , the fairly weak v ibra t iona l 
satellites observed at lower f r equenc ie s than the 
ground-state t rans i t ion are des igna ted as " m o d e 11". 
These assigned t rans i t ions a re shown in Tab l e 2. N o 
other satellites are observed . 

Analysis and Results 

In order to d e t e r m i n e the ro ta t iona l cons tants and 
centrifugal d is tor t ion cons tants tha t yield the best fit 
to the hypothet ica l unspli t f r equenc ie s for the 
rotational t ransi t ions a f t e r correc t ion for the nuclear 
quad rupo le hype r f i ne spli t t ings, a numer ica l 
method including leas t -squares analysis is used 
repeatedly. A l though the cen t r i fuga l d is tor t ion 
effects on the ro ta t iona l t rans i t ions presented by 
Watson [5] are es t imated to be small in the exci ted-
state transit ions as well as in the g round-s ta t e 
transitions, as a first s tep the constant , A j, a m o n g 
the quar t ic cen t r i fuga l d is tor t ion cons tants is in-
cluded in the calcula t ion. Fo r the second-exci ted 
state. Aj is d r o p p e d because a bet ter fit to the 
assigned t ransi t ions is ob t a ined wi thou t it. As a 
result, the f i t t ing to the theoret ical t rans i t ion fre-
quencies is s o m e w h a t worse than tha t of the g round 
state. The precis ion of the constants in Tab le 3 is 
lower than that of the g round state. T h e d i f f e rences 
between the hypothe t ica l unspli t f r equenc i e s and 
the transit ion f r equenc ie s ca lcula ted using the con-
stants of Tab le 3 are listed in Tab les 1 and 2. 

As ment ioned previously , the first- and second-
order pe r tu rba t ion energy, and for the 
nuclear q u a d r u p o l e coup l ing effects in a symmet r i c -
top molecules [6] can be ob ta ined t h rough the s a m e 
procedure as descr ibed in [1] in detai l . F o r the first-
order energy spli t t ings 

Ety = </. 7, T. F. A/F = J / . / . r. F. M¥ = J ) 

= U'V<!/aa+ H^/bb, (1) 

where H[Q] is the f i rs t -order H a m i l t o n i a n . 
Xaa = eQ(d2V/da2), ybb = eQ (d2V/db2\ and H '<JJ 

and are the constants including the average 
values of the squares of the di rect ion cosines 
(J. z. M f = J &]g J, r. M f = J ) (g = a, b, c), relat-

ing to the space- f ixed Z axis. A t r e a t m e n t of 
the second-order p e r t u r b a t i o n p rov ides the fol low-
ing equat ion inc lud ing only the o f f -d i agona l ele-
ment , yab, since con t r i bu t ions of the o the r d i agona l 
elements to E $ a re very small and negl igible: 

£(? = Xab\ (2) 

where 

r . F ) 

= y C(LJ, J', F) [(J, T °Hab J',z')]2 

Here, C{I,J,J',F) is a f u n c t i o n of the q u a n t u m 
numbers and aHab— THabT, w h e r e F is a m a t r i x of 
t ransformat ion a n d Hab is the cross p r o d u c t of 
the direct ion cosines, ( P ^ ^ z b - In c o m p u t a t i n g the 
matr ix elements of (1) and (2), l inear c o m b i n a t i o n s 
of Wang 's s y m m e t r i c - t o p wave func t ions are 
employed [7]. T h e average va lues of the p r o d u c t of 
the direct ion cosines, then , can be c o m p u t e d readi ly 
by means of the p r o c e d u r e p r o p o s e d by Schwende -
man [8]. Thus, we can d e t e r m i n e the va lues of yaa, 
ybb, and yab by a l eas t - squares fit to the obse rved 
splittings of the hype r f i ne c o m p o n e n t s except for 
some of the t rans i t ions involved in the acc identa l 
near-degeneracy. T h e results for the two m o d e s are 
listed in Tab le 4. T h e tensor c o m p o n e n t s in the 
C - B r bond axis system. yxx, and yvv, a re 
obta ined by a ro ta t ional t r a n s f o r m a t i o n of the 
y tensor to the pr inc ipa l axis system. T h e s e values 
are also given in T a b l e 4. T h e sign of the yab can 
not be de te rmined f r o m the analysis of the second-
order cont r ibu t ion alone. In the acc identa l near -
degeneracy case, Wj ' T ' , (2) is i n a p p l i c a b l e 

and the fol lowing mat r ix is d i agona l i zed : 

j WJx+E^{J,z) <J.z HF
ab J\ r '> 

\{J',T'\HF
abJ,z) Wj.x.+ E${J\x') ' 

where HF
ab = </ . F. MF

 aHab / , F. MF). T h e correc-
tion for the levels was, however , eva lua ted to be 
very small and u n i m p o r t a n t except for s o m e of the 
transitions. 91 8 — 81 7 and 927 - 826 for 9Br iso topic 
species, and 82 6 - 725 , 918 — 8 1 7 , 1 2 2 n - l l 2 i o , and 
1 3 2 i 2 - 122h for s l Br iso topic species, in the second-
excited v ibra t ional state. T h e d i f f e rences be tween 
the obseved and ca lcula ted h y p e r f i n e spl i t t ings for 
each of the excited states a re shown in Tab les 1 
and 2. respectively. 



Table 1. Observed frequencies and calculated frequencies of the quadrupole hyperfine structure of 3-bromothiophene in 
excited vibrational states (mode I) (in MHz). 

Transition 79Br Species 'Br Species 

J'-J /r(lower)a vb Av, v o b s Av,d Av, v o b s Av2 

Ö06 ~ 505 

7o7 — 606 

7 16 — 6 , 5 

$08 — 0̂7 

8,7 ~ 7,6 

2̂6 ~ 725 

835 — 

909 ~~ 808 

9,9 _ 8i8 

9,8-8 ,7 

928 _ 827 

9,7-8™ 

17/2\ 
15/2 J 
13/21 
11/2 J 

17/2 
15/2 
13/2 
11/2 

17/2 
15/2 
13/2 
11/2 

17/2 
13/2 
11/2 

19/2 
17/2 
15/21 
13/2/ 

19/2 
17/2 

19/2 
17/2 
15/2 
13/2 

10 508.33 -0 .04 

12 238.53 0.06 

14481.17 -0 .07 

14 178.83 0.06 

14 096.48 -0 .05 

15 669.87 0.06 

15 310.85 0.06 

16 281.08 -0 .07 

15 811.68 0.01 

V= 1 

10 506.22 

10 512.48 

12 237.07 

12 241.58 

-0.02 

0.11 
0.00 

-0.06 

0.14 
0.26 
0.19 
0.10 

14 479.24 
14 480.71 
14 483.87 
14 482.27 

-0 .03 
-0 .05 

0.12 
0.06 

14 175.31 
14 181.74 
14 183.28 
14 176.48 

0.15 
0.04 

-0.11 
-0 .02 

14 089.30 
14 103.53 

-0 .13 
0.06 

15 669.05 0.16 
0.03 

15 309.35 
15 310.85 

-0 .03 
0.35 

16 279.68 
16 280.62 
16 283.03 
16 281.78 

0.08 
0.07 

-0.08 
-0.01 

19/2 15 808.72 -0 .13 
17/2 15 813.61 0.17 
13/2 15 810.30 0.00 

10 402.12 

12 115.48 

12 544.65 

13 819.73 

14 329.31 

14 030.21 

13 951.34 

15 514.22 

16 110.55 

-0.04 

0.05 

0.02 

0.01 

0.08 

-0 .05 

0.00 

0.00 

-0.04 

10 400.27 

10 405.59 

12 114.22 

12 117.94 

12 542.64 
12 544.49 
12 547.64 
12 545.76 

13 818.71 

13 821.54 

14 327.73 
14 329.04 
14 331.52 
14 330.05 

14 026.93 
14 032.69 
14 027.93 

13 957.27 
13 944.64 

15 513.36 

15 515.51 

-0.08 
0.02 

- 0 . 0 6 
-0.11 

0.08 
0.18 
0.03 

-0.04 

0.13 
-0.09 
-0.11 
0.09 

0.03 
0.13 
0.05 

-0.05 

0.03 
- 0 . 0 2 
-0.06 
-0.15 

-0.09 
0.05 

-0.30 

-0.05 
-0.07 

-0.03 
0.08 

-0.04 
-0.15 

16 109.47 0.18 
16 109.93 -0 .24 
16 112.19 -0 .08 
16 111.25 0.00 

15 979.19 -0 .09 15 811.05 -0 .07 
15 976.07 
15 981.10 

15 808.72 
15 812.61 

0.26 

0.02 



Table 1 (continued) 

Transition 79Br Species 81 Br Species 

J'-J F (lower)3 vb zfv,c vobs Av2
d v A v, vobs Av2 

15/2 
13/2 

19/21 
13/2 J 
17/21 
15/2 / 

3̂6 _ 83 

10,,0- 9 

10,9- 9, 

I O 2 9 - 9 2 

IO28- 92 

IO38- -'3 

IO37- 93 

'Oil - 1 On 

11,„ - 10, 

1 1 , i n - 10, 

10, 

l l , o - 10, 

21/2 
19/2 
17/2 
15/2 

21/2 
19/2 
17/2 

21/2 
19/2 
17/2 
15/2 

21/2 
19/2 
17/2 
15/2 

21/2 
19/2 

21/2 
19/2 
17/2 

23/21 
21/2/ 
19/21 
17/2/ 

23/2 
21/2 
19/2 
17/2 

23/2 
21/2 
19/2 
17/2 

23/2 
21/2 
19/2 
17/2 

15 858.80 

15 864.24 

17 002.21 

0.03 

0.00 

0.01 

17 560.97 0.02 

17 788.23 -0 .01 

17 625.02 

17 634.28 

0.09 

-0.01 

18 690.72 -0.20 

19 307.87 

19 605.46 

0.00 

-0.01 

15 982.10 
15 977.68 

15 863.93 

15 859.08 

15 869.60 

17 002.18 
17 003.41 

17 558.89 
17 562.27 
17 563.48 
17 559.88 

17 786.02 
17 789.59 
17 791.05 
17 787.24 

17 621.32 
17 628.87 

17 630.29 

17 638.29 

18 689.80 
18 690.34 

18 691.40 

19 306.08 
19 308.56 
19 309.64 
19 307.24 

0.03 
-0.02 

-0 .12 
-0.13 

-0.05 
0.05 
0.05 

-0.05 

0.34 
-0.37 

15 695.61 0.10 

0.11 
0 . 1 6 

- 0 . 0 8 
-0 .32 

0.01 
0.15 
0.08 

-0 .19 

0.19 
0.17 

-0 .09 

- 0 . 0 9 

0.04 
-0.01 

0.02 

-0.07 
-0 .06 
-0.24 
•0.13 

16 835.07 

17 888.13 

17 381.99 

17 600.14 

17 443.45 

17452.19 

18 507.50 

19 661.39 

19 111.33 

0.04 

-0.03 

-0.02 

-0.02 

0.05 

0.01 

18 872.19 -0 .10 

0.02 

0.03 

- 0 . 0 8 

15 813.61 

15 691.13 

15 700.43 

16 834.25 
16 834.94 
16 836.36 
16 835.83 

17 887.24 
17 887.73 
17 889.24 

17 380.21 
17 382.81 
17 384.00 

17 601.21 
17 602.34 

17 439.92 
17 446.86 

17 448.86 
17 455.49 

18 871.58 

18 873.01 

18 506.74 
18 507.11 
18 508.57 
18 508.17 

19 660.92 

19 662.44 

19 109.82 
19 111.66 
19 113.00 
19 110.08 

-0 .05 

-0.15 
0.32 
0.32 

-0.15 

0.18 
0.19 

-0.05 
0.11 

0.11 
-0 .21 
-0.24 

0.08 
-0.15 
-0.16 

0.04 
-0.06 

-0.23 
0.29 

-0.02 
0.17 

-0.05 
0.07 

-0.01 
-0.12 

0.06 
-0.08 
0.00 
0.11 

0.22 

-0.24 
-0.14 
0.35 

-0.04 
-0.31 
0.03 
0.18 
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Table 1 (continued) 

Transition 79Br Species 8lBr Species 

J'-J / f lower ) 3 vb A\\c 
vobs Av2

d 
V A V] vobs Av'2 

2 3 / 2 1 9 6 0 3 . 6 6 0 . 0 0 
2 1 / 2 1 9 6 0 6 . 3 6 0 . 0 7 
1 9 / 2 1 9 6 0 7 . 5 8 0 . 0 5 
1 7 / 2 1 9 6 0 4 . 8 7 - 0 . 0 2 

1 1 3 9 - io38 1 9 3 9 2 . 0 6 0 . 0 9 1 9 1 9 2 . 0 6 - 0 . 0 9 1 1 3 9 - io38 
2 3 / 2 
2 1 / 2 
1 9 / 2 

1 9 3 8 9 . 1 4 
1 9 3 9 4 . 9 1 
1 9 3 9 5 . 4 4 

0 . 1 3 
0 . 2 1 
0 . 1 6 

1 9 1 8 9 . 5 0 
1 9 1 9 4 . 1 0 

0 . 0 2 
- 0 . 2 0 

1 1 3 8 " 1 0 3 7 
1 9 2 0 6 . 3 5 - 0 . 0 1 1 1 3 8 " 1 0 3 7 

2 3 / 2 
2 1 / 2 
1 9 / 2 
1 7 / 2 

1 9 2 0 3 . 9 1 
1 9 2 0 8 . 4 2 
1 9 2 0 9 . 2 7 
1 9 2 0 4 . 5 3 

0 . 1 5 
- 0 . 1 8 

0 . 1 8 
0 . 2 8 

1 2 o i 2 _ H o n 2 0 7 3 7 . 9 5 0 . 0 3 2 0 5 3 6 . 0 7 0 . 0 2 1 2 o i 2 _ H o n 
2 5 / 2 ) 
2 3 / 2 ] 
2 1 / 2 ] 
1 9 / 2 ] 

2 0 7 3 7 . 3 7 

2 0 7 3 8 . 9 6 

- 0 . 0 3 
0 . 1 1 
0 . 2 2 
0 . 0 8 

2 0 5 3 5 . 6 1 

2 0 5 3 6 . 8 7 

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

12 ,12 — U m 2 0 1 7 7 . 2 5 - 0 . 0 1 
0 . 1 2 

- 0 . 2 6 

12 ,12 — U m 
25/21 
23/2 J 2 0 1 7 6 . 6 9 

0 . 1 2 
- 0 . 2 6 

21/21 2 0 1 7 7 . 8 4 
- 0 . 2 6 

0 . 1 1 19/2 J I 2 0 1 7 7 . 8 4 
- 0 . 2 6 

0 . 1 1 

1 2 , , , - 11 ,10 2 1 6 5 4 . 4 4 - 0 . 0 6 21 429.51 0 . 0 0 1 2 , , , - 11 ,10 
2 5 / 2 
2 1 / 2 
1 9 / 2 

2 1 6 5 3 . 7 7 
2 1 6 5 5 . 4 1 

0 . 1 2 
- 0 . 0 6 

2 1 4 2 8 . 9 7 

2 1 4 3 0 . 0 7 

0 . 1 3 

0 . 0 6 

1221." 11210 2 1 0 5 2 . 2 4 0 . 0 5 2 0 8 3 8 . 3 0 - 0 . 0 3 1221." 11210 
2 5 / 2 
2 3 / 2 
2 1 / 2 
1 9 / 2 

2 1 0 5 0 . 9 4 
2 1 0 5 2 . 8 4 
2 1 0 5 3 . 9 4 
2 1 0 5 1 . 8 7 

0 . 0 3 
0 . 1 0 
0.01 

- 0 . 0 7 

2 0 8 3 7 . 0 5 
2 0 8 3 8 . 6 5 
2 0 8 3 9 . 6 2 
2 0 8 3 8 . 0 7 

- 0 . 0 9 
- 0 . 0 7 
- 0 . 0 8 

0 . 0 2 

12210- 1 1 » 2 1 4 3 0 . 3 8 0 . 0 4 2 1 2 0 1 . 9 5 0 . 0 9 12210- 1 1 » 
2 5 / 2 
2 3 / 2 
2 1 / 2 
1 9 / 2 

2 1 4 2 8 . 9 7 
2 1 4 3 0 . 9 1 
2 1 4 3 2 . 1 1 
2 1 4 3 0 . 0 7 

0 . 0 6 
- 0 . 0 4 

0 . 0 5 
0 . 0 7 

2 1 2 0 0 . 7 3 
2 1 2 0 2 . 3 8 
2 1 2 0 3 . 4 1 
2 1 2 0 1 . 5 0 

0 . 0 3 
- 0 . 0 6 

0 . 0 4 
- 0 . 1 4 

1239 - Ü 3 8 2 1 1 8 3 . 3 0 0 . 0 3 2 0 9 6 3 . 7 7 0 . 0 8 1239 - Ü 3 8 
2 5 / 2 
2 3 / 2 
2 1 / 2 

2 1 1 8 1 . 1 0 
2 1 1 8 5 . 2 4 
2 1 1 8 5 . 9 1 

0 . 1 9 
- 0 . 0 6 
- 0 . 0 3 

2 0 9 6 1 . 9 3 
2 0 9 6 5 . 5 6 

0 . 2 3 
0 . 1 3 

1^0 ,3 - 12O,2 2 2 4 0 7 . 2 7 0.00 2 2 1 9 0 . 5 3 0 . 1 0 1^0 ,3 - 12O,2 
2 7 / 2 1 

2 5 / 2 1 
23/21 
2 1 / 2 . 

j 2 2 4 0 6 . 7 4 

2 2 4 0 8 . 1 2 

0 . 0 7 
0 . 0 8 
0 . 2 0 
0 . 0 6 

2 2 1 9 0 . 3 5 

2 2 1 9 1 . 3 5 

0 . 2 2 
0 . 3 3 
0 . 2 6 
0 . 1 5 

1 3 , 1 2 - 1 2 n . 2 3 4 3 4 . 5 6 0 . 0 3 1 3 , 1 2 - 1 2 n . 
2 7 / 2 ' 
2 5 / 2 . 
2 3 / 2 ' 
2 1 / 2 . 

j 2 3 4 3 3 . 9 3 

2 3 4 3 5 . 3 5 

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

0 . 1 1 

13212" 12211 2 2 7 9 3 . 7 3 0 . 0 3 2 2 5 6 2 . 4 6 - 0 . 1 0 13212" 12211 
2 7 / 2 
2 5 / 2 
2 3 / 2 

2 2 7 9 2 . 5 4 
2 2 7 9 4 . 0 4 
2 2 7 9 4 . 8 0 

- 0 . 0 8 
- 0 . 2 2 
- 0 . 2 2 

2 2 5 6 1 . 1 9 
2 2 5 6 2 . 2 6 
2 2 5 6 3 . 0 4 

- 0 . 1 1 
- 0 . 3 8 
- 0 . 3 5 

1 3 2 H - 122,0 2 3 2 6 1 . 8 0 0 . 0 2 2 3 0 1 2 . 9 8 0 . 0 0 1 3 2 H - 122,0 
2 7 / 2 
2 5 / 2 
2 3 / 2 
2 1 / 2 

2 3 2 6 0 . 4 9 
2 3 2 6 2 . 1 6 
2 3 2 6 3 . 1 5 
2 3 2 6 1 . 3 7 

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

- 0 . 1 1 

2 3 0 1 2 . 0 2 
2 3 0 1 3 . 2 8 
2 3 0 1 4 . 1 9 
2 3 0 1 2 . 9 1 

0 . 0 8 
- 0 . 0 4 

0 . 0 4 
0 . 1 4 

1 3 3 1 . " 12310 2 2 9 2 8 . 1 5 - 0 . 0 8 2 2 6 9 1 . 8 5 0 . 0 5 1 3 3 1 . " 12310 
2 7 / 2 2 2 9 2 6 . 0 2 - 0 . 1 5 2 2 6 9 0 . 3 9 0 . 1 9 



Table 1 (continued) 

Transition ?Br Species 'Br Species 

J'-J F(lower)a vb A V,c vobs Av2
d v A v. Vobs AV2 

25/2 22 929.52 -0 .09 22 693.09 0.00 
23/2 22 930.38 0.06 
21/2 22 926.88 0.02 

13310 — 1239 22 963.25 0.02 22 724.63 - 0 . 0 5 13310 — 1239 
27/2 22 961.38 0.12 22 722.88 -0 .06 
25/2 22 964.83 0.11 22 725.82 -0 .06 
23/2 22 965.25 -0 .18 22 726.54 0.07 
21/2 22 961.76 -0 .19 22 723.62 0.09 

5 2 6 ~ ' 2 5 

9 , 8 - 8,7 

10,9- 9,g 

HllO-10,9 

11 29 - 1028 

1 139 - 103« 

'2,i, - 11 no 

'221, - 1 12,0 

1 2 2 , 0 1 1 2 9 

1 3 , I , - 1 2 , „ 

V=2 
14 494.76 0.04 14 342.56 -0 .1 

17/2 14 492.85 -0 .04 14 340.95 -0 .04 
15/2 14 494.45 0.06 14 342.31 0.06 
13/2 14 497.44 0.02 14 344.82 0.02 
11/2 14 495.90 0.16 

14 045.35 -0 .11 
14 343.43 0.02 

17/2 14 044.26* -1 .53 
15/2 14 047.67 -0 .11 
13/2 

16 296.06 -0 .13 16 125.57 0.00 
14051.29* -0 .32 

19/21 I 16 294.68 * 0.04 16 124.32 -0 .03 
17/21 16 294.68 * -1 .65 16 122.47* 0.45 
15/2 16 298.05 0.02 16 127.31 0.06 
13/2 

15 996.94 0.06 
16 296.71 * 0.66 

19/2 15 992.74* 1.18 
17/2 15 998.95 0.23 
15/2 16 000.24 0.33 
13/2 15 994.44* 0.47 

17 904.63 -0 .02 
21/2 

17 679.36 0.09 
17 903.75 0.09 

23/21 
21/2J 19 678.66 0.09 

0.12 
19/2 19 680.37 -0 .04 
17/2 

19 627.71 0.02 
19 680.02* 0.81 

23/2 19 625.84 -0 .09 
21/2 19 628.52 -0 .01 
19/2 19 629.88 0.09 
17/2 

19 412.03 -0 .13 
19 627.16 0.06 

23/2 19 409.17 0.15 
21/2 19 414.72 0.08 
17/2 

21 673.96 0.06 
19 409.67 0.09 

25/2 21 673.10 -0 .09 
23/2 21 673.49 -0 .06 
21/2 21 674.88 -0 .09 
19/2 

21 073.22 0.05 
21 674.58 0.04 

20 858.84 0.08 
25/21 
23/2J 

21 071.70* -0 .73 20 859.28 0.11 
0.03 

21/2 21 074.94* -0 .08 20 860.14* -0 .94 
19/2 

21 454.86 0.00 
20 858.60 0.01 

23/2 21 455.42 -0 .03 
21/2 21 456.52 -0 .03 

22 584.47 -0 .08 
27/2 22 577.00* -2 .41 
25/2 22 584.72 0.00 
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Table 1 (continued) 

Transition 79Br Species 81Br Species 

J'-J F (lower)2 vb zf v,c vobs AV2
D v AV, vobs AV2 

23/2 
21/2 

132 1 l-122 1 0 2 3 288.57 0.07 
27/2 23 287.31 
25/2 23 288.95 
23/2 23 289.99 
21/2 23 288.30 

13,1,-123,0 22 952.22 0.07 
27/2 22 950.14 
25/2 22 953.68 
23/2 22 954.40* 
21/2 22 950.82 

13310 - 1239 
27/2 
25/2 
23/2 
21/2 

22 578.38* -1 .55 
22 584.29 - 0 . 0 4 

23 039.62 0.03 
0.03 23 038.54 - 0 . 0 3 
0.03 23 039.96 -0 .02 
0.03 23 040.80 -0 .01 
0.01 

- 0 . 1 3 
0.01 
0.10 

-0 .19 
22 749.03 0.05 

22 747.36 -0 .01 
22 750.18 -0 .0 8 
22 750.76* - 0 . 6 0 
22 748.02* -0 .21 

a The transitions are AF= + 1 transitions; the lower value only is given. 
b v is the rotational transition frequency after the quadrupole coupling corrections. 
' ^ V , = V o b s ~ V. 
D AV2 is the difference between the observed and calculated hyperfine splittings. 
e These lines are not resolved. 
* These lines have been skipped in the least-squares fitting. 

Table 2. Observed frequencies and calculated frequencies of the quadrupole hyperfine structure of 3-bromothiophene in 
excited vibrational states (mode II) (in MHz). 

Transition 79Br Species 81Br Species 

J'-J F(lower)a vb Jv , c 
Vobs zlv2

d 
V AV\ Vobs A v2 

7 o 7 - 606 12 216.49 0.03 

V= 1 

12 093.43 0.05 7 o 7 - 606 
15/21 e 

13/2/ 12 214.98 0.06 
0.21 12092.13 0.02 

0.11 
8,7 - 7,6 14 302.58 - 0 . 0 4 8,7 - 7,6 

17/2 
15/2 
13/2 
11/2 

14 301.01 
14 302.31 
14 304.77 
14 303.36 

0 . 0 1 

-0 .02 
-0 .04 
-0 .08 

9 28 - 827 15 620.77 - 0 . 0 4 9 28 - 827 
19/2 
17/2 

15 618.25 
15 622.20 

-0 .16 
-0 .04 

927 - 826 15 779.11 0.02 927 - 826 
19/2 
17/2 
15/2 

15 776.32 
15 780.76 
15 778.17 

-0 .23 
0.15 
0.24 

10,9 - 9,8 18 043.89 -0 .02 17 855.31 -0 .02 10,9 - 9,8 
21/2 
19/2 
17/2 

18 042.74 
18 043.69* 
18 045.33 

0.03 
0 . 0 1 

-0 .15 

17 854.29 
17 855.02 
17 856.56 

-0 .06 
-0 .18 

0.07 
1029 - 928 17 528.18 - 0 . 0 1 17 349.38 0.06 1029 - 928 

21/2 
19/2 
17/2 

17 526.04 
17 529.34 
17 530.89 

0.04 
0.03 
0.15 

17 347.52 
17 350.14 
17 351.34 

-0 .02 
-0 .20 
-0 .21 

15/2 17 527.34 -0 .07 



Table 2 (continued) 

Transition 79Br Species 81Br Species 

J ' - J F (lower)2 vb zlv,c 
Vobs Av2

d V Av, Vobs A v2 

10:8 - 927 1 7 7 5 1 . 8 7 0 . 0 7 1 7 5 6 4 . 1 2 - 0 . 0 4 10:8 - 927 
2 1 / 2 
1 9 / 2 
1 7 / 2 
1 5 / 2 

1 7 7 4 9 . 7 0 
1 7 7 5 3 . 2 6 
1 7 7 5 4 . 7 1 
1 7 7 5 0 . 8 1 

0 . 0 5 
0 . 1 6 
0 . 1 3 

- 0 . 1 2 

17 5 6 2 . 2 7 
17 5 6 5 . 0 6 
17 5 6 6 . 3 4 
17 5 6 3 . 4 8 

0 . 0 4 
0 . 0 6 

- 0 . 0 2 
0 . 0 6 

1 l-io — 1 0 2 9 1 9 2 7 1 . 9 5 - 0 . 0 3 1 l-io — 1 0 2 9 

2 3 / 2 
2 1 / 2 
1 9 / 2 
1 7 / 2 

1 9 2 7 0 . 1 6 
1 9 2 7 2 . 6 6 
1 9 2 7 4 . 0 4 
1 9 2 7 1 . 3 3 

- 0 . 0 7 
- 0 . 0 4 

0 . 1 0 
- 0 . 1 2 

1 1 » - io28 1 9 5 6 4 . 8 2 - 0 . 1 0 1 9 3 5 7 . 2 4 0.00 1 1 » - io28 
2 3 / 2 
2 1 / 2 
1 9 / 2 
1 7 / 2 

1 9 5 6 3 . 1 8 

1 9 5 6 4 . 4 7 

0 . 1 7 

0 . 2 4 

19 3 5 6 . 0 1 
19 3 5 8 . 0 2 
19 3 5 9 . 0 1 
19 3 5 6 . 8 0 

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

1 2 , , , - 11,10 2 1 6 1 5 . 4 3 0.01 1 2 , , , - 11,10 
2 5 / 2 1 
2 3 / 2 J 
2 1 / 2 

2 1 6 1 4 . 8 3 

2 1 6 1 6 . 4 7 

0 . 1 9 
- 0 . 2 1 

0.01 
12210 — Ü29 2 1 3 8 5 . 7 3 0 . 0 6 12210 — Ü29 

2 5 / 2 
2 3 / 2 
1 9 / 2 

2 1 3 8 4 . 3 9 
2 1 3 8 6 . 4 6 
2 1 3 8 5 . 2 1 

0 . 1 4 
0 . 1 4 

- 0 . 1 3 

1̂ 013 — 12012 2 2 1 5 3 . 3 1 - 0 . 0 3 1̂ 013 — 12012 
2 7 / 2 1 
2 5 / 2 J 
2 3 / 2 1 
2 1 / 2 J 1 

2 2 1 5 2 . 8 2 

2 2 1 5 4 . 1 6 

- 0 . 0 9 
0.00 
0 . 2 9 
0 . 2 0 

13, ,2- 1 2 , „ 2 3 3 9 2 . 6 9 0.00 2 3 1 5 0 . 4 6 0 . 0 3 13, ,2- 1 2 , „ 
2 7 / 2 1 
2 5 / 2 J 
2 3 / 2 
2 1 / 2 

f 2 3 3 9 1 . 9 5 

2 3 3 9 3 . 3 5 

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

0 . 1 7 

2 3 1 5 0 . 1 2 

2 3 1 5 1 . 1 7 

0 . 2 2 
- 0 . 0 5 

0.00 
0 . 2 8 

13212" 12211 2 2 7 5 1 . 7 1 0 . 0 2 13212" 
2 7 / 2 
2 5 / 2 
2 3 / 2 

2 2 7 5 0 . 3 8 
2 2 7 5 1 . 8 3 
2 2 7 5 3 . 1 5 

- 0 . 1 0 
- 0 . 2 4 

0 . 2 3 

132ii — 12210 2 3 2 1 3 . 0 3 - 0 . 0 2 
2 7 / 2 
2 5 / 2 

2 3 2 1 2 . 0 3 
2 3 2 1 3 . 2 3 

0 . 2 3 
- 0 . 2 2 

a The transitions are AF = + 1 transitions; the lower value only is given. 
b v is the rotational transition frequency after the quadrupole coupling corrections. 
<• zfv, = v o b s -v . 
d zJv2 is the difference between the observed and calculated hyperfine splitting. 
e These lines are not resolved. 
* These lines are dropped out of the least-squares fitting. 

Relative intensity measuremen t s are m a d e on the 
selected transit ions of the g round- and f irs t-excited 
vibrational states of the 79Br isotopic species. 
Because of weakness and over lapping of the l ines 
there are only a few transi t ions on which re l iable 
measurements can be made . All m e a s u r e m e n t s a re 
carried out with the cell cooled to abou t - 23 ° C by 
a refrigerator. Care is taken to e l imina te the usual 

sources of error, but the uncertainty is yet est imated 
to be about 20%. T h e results are shown in Table 5. 

The v ibra t ional - ro ta t ional interact ion constants 
for the two isotopic species are given in Table 6. It 
must be emphas ized that the values of the mode I 
are qui te d i f ferent f rom those of the m o d e II in sign 
and magni tude . 



Table 3. Rotational constants, moments of inertia0, and inertia defects0 of 3-bromothiophene in 
the ground and excited vibrational states. 

mode I mode II 

V— 0 V= 1 V= 2 V= 1 

79Br Species 
A (MHz) 7105.11a(43)b 7019.7 (7) 6935.5 (14) 7104.7 (8) 
B (MHz) 933.111 (1) 934.076 (3) 934.902 (6) 932.313 (5) 
C (MHz) 824.611 (1) 825.651 (3) 826.623 (9) 824.079 (5) 
Aj (Hz) 35.1 (34) 20 (7) 27 (12) 
X -0.965449 -0.96499 -0.96455 -0.96553 
la (amu A2) 71.1289 (4) 71.994 (7) 72.868 (15) 71.133 (8) 
Ih (amu A;) 541.607 (4) 541.047 (4) 540.569 (5) 542.070 (4) 
Ic (amu A2) 612.870 (5) 612.098 (5) 611.378 (8) 613.265 (6) 
A (amu A-) 0.134 (8) -0 .943 (9) 

81 Br Species 
-2 .059 (18) 0.062 (11) 

A (MHz) 7103.60 (44) 7017.1 (8) 6932.0 (17) 7102.8 (9) 
B (MHz) 922.998 (1) 923.935 (3) 924.780 (5) 922.209 (4) 
C (MHz) 816.700 (1) 817.744 (3) 818.658 (8) 816.145 (4) 
Aj (Hz) 47.8 (34) 14 (7) 14 (10) 
x -0.966184 -0.96573 -0.96528 -0.96626 

Ia (amu A2) 71.1440 (4) 72.021 (8) 72.905 (18) 71.152 (9) 
lb (amu A2) 547.541 (64) 546.986 (4) 546.486 (5) 548.009 (5) 
Ic (amu A-) 
A (amu A2) 

618.806 (5) 618.016 (5) 617.326 (8) 619.227 (6) Ic (amu A-) 
A (amu A2) 0.121 (8) -0.991 (10) -2 .065 (20) 0.066 (12) 
a From Ref. [1], 
b Uncertainties, in parentheses, are standard deviations of the fits. 
c The conversion factor 505 379.1 (3.8) (amu A2 MHz) is used. 
d A = Ic-Ia-Ib. 

Table 4. Quadrupole coupling constants of 3-bromo-
thiophene in the excited vibrational states (in MHz). 

mode I mode II 

V= 1 V=2 V= 1 
79Br Species 

Xaa 554.5 (32)a 549 (8) 554 (12) 
Xbb -280.9 (26) -281 (4) - 2 8 2 (7) 
Xcc -273.6 (41) - 2 6 8 (9) - 2 7 2 (14) 

Xab 61 (27) 106 (119) 61 (50) 

Xzz 558.9 (48) 562 (30) 559 (13) 
Xxx -285.3 (44) - 2 9 4 (30) - 2 8 7 (9) 
Xyy -273.6 (65) - 2 6 7 (42) - 2 7 2 ) 1 6 ) 

81 Br Species 

Xaa 470.3 (36) 461 (6) 461 (10) 
Xbb -238.1 (28) - 2 3 8 (4) - 2 3 3 (5) 
Xcc -232.2 (46) - 2 2 3 (7) 228 (13) 

Xab 49 (32) 97 (122) 55 (41) 

Xzz 473.7 (54) 474 (32) 465(12) 
Xxx -241.5 (49) -251 (32) - 2 3 7 (8) 
Xyy -232.2 (73) - 2 2 3 (45) - 2 2 8 (14) 

a Uncertainties, in parentheses, are standard deviations of 
the fits. 

Discussion 

Valuable in fo rmat ion on the planar i ty and the 
vibrat ional modes for a molecule can be o b t a i n e d 
f rom the study of the inert ia defect [9, 10], T h e 
experimental values for the two modes are a l r eady 
given in Table 3. The inert ia defect d u e to the 
vibrat ional-rotat ional interact ion in the p l ana r 
molecule can be expressed by the fo rmu la 

A,= X As(vs+ - j ) , 
.5 

A ^ i Yj 00 ^ 
7T2CH< C0S(C02

S~ CDS?) 

Here co, and co,- a re vibrat ional f u n d a m e n t a l s and 
the C's are Coriolis coupl ing constants. Fo r a p l ana r 
molecule, the large negat ive change of the iner t ia 
defect in going f rom the ground to the excited 



Table 5. Relative intensities'5 of the first-excited vibra-
tional state/ground state for 3-bromothiophene ("9Br 
species). 

Transition Ratio of intensities 

J ' - J F(lower) : 
mode I 
V= 1 

mode II 
V= 1 

8 , 7 - 7|6 17/2 
15/2 
13/2 

0.30 
0.30 
0.28 

9,8 ~ 817 19/2 
15/2 

0.33 
0.31 

927 — 826 19/2 
17/2 
15/2 

0.29 
0.34 
0.29 

1028 - 927 21/2 
19/2 
17/2 

0.27 

0.29 

0.15 
0.18 
0.17 

1 1 2 1 0 — IO29 23/2 
21/2 

0.30 0.21 
0.15 

I I 2 9 - 1 0 2 8 23/2 
19/2 

0.32 
0.28 

0.12 
0.15 

1 2 2 1 0 — 1 I29 21/2 0.14 
Average 
v(cm - ' ) 

0.30 
2.1 x 102 

0.16 
3.2 x 102 

a The transitions are AF=+\ transitions; the lower F 
value only is given. 
b The measurements were carried out at - 2 0 ° C ~ - 2 5 ° C . 

Table 6. Vibration-rotation interaction 
constants'5 of 3-bromothiophene (in MHz). 

mode I mode II 

85.4 
-0.965 (3) 
-1.040(3) 

79Br Species 
(8)a 0.41 (70) 

0.779 (4) 
0.532 (4) 

'Br Species 
86.6 (9) 

-0.937 (3) 
-1.044(3) 

0.80 (98) 
0.789 (4) 
0.555 (4) 

a Uncertainties, in parentheses, are stan-
dard deviations of the fits. 
b The values were obtained from the 
equations 

At. = Ae — ol(V + 1/2), 
By = Be-ß(v + 1 / 2 ) , 

C,. = C e - y ( r + 1/2). 

vibrational state is, in general, typical for an out-of-
plane vibration. Furthermore, the difference between 
the inertia defects in the two adjacent excited states, 
Ay+i-A,., can also provide informat ion on the 
character of the out-of-plane vibration. In the 
limiting case where any other vibrat ional mode with 
which the vibrational modes couple is at a much 
higher frequency, cos cos>, (3) is reduced to the 
simple form [11] 

A, = ~-
h 

/TtC^OJ, 
(4) 

Although many of the successively excited states 
of the mode I are not found, it is reasonable to 
assume that the transitions are caused by the out-of-
plane vibration of the C - B r bond. Then, f rom 
Table 3, A , - A 0 = - 1.077 a m u A 2 for the 79Br 
species and accordingly the value of co, is calculated 
to be 62.6 c m - 1 f rom (4). The deviat ion from the 
value 210 c m - 1 obtained from the relative intensity 
measurements is very large. It is uncertain whether 
these two results can be considered to be signif-
icantly different. We consider that the discrepancy 
comes from the interaction with the other low-fre-
quency vibrational modes, because it can be seen 
that inclusion of the coupling terms in (3) results in 
a negative large value of A, for a>, < cos>. 

Prior to the analysis of the interaction between 
the vibrational modes, the R a m a n spectrum of 
3-bromothiophene in liquid phase was observed in 
the range 50 cm" 1 to 500 c m - ' on a J A C O M R-800 
Raman spectrometer equipped with an argon ion 
laser (/. = 5145 A). Two med ium peaks at 200 c m - 1 

and 243 c m - ' , and a strong sharp peak at 319 c m - 1 

are observed. Two other very weak peaks are 
detected at 393 c m " ' and 465 c m - ' . These values 
are consistent with those of the infrared absorption 
spectrum reported in [12] except for the line 
393 cm" ' . The vibrational modes of 3-substituted 
thiophene correspond closely to the results of the 
infrared and Raman spectra of 2-substituted thio-
phene [13, 14], The vibrational fundamenta l s of 
halogenothiophene is also similar to those of halo-
genobenzene [15]. Although a complete infrared 
study of 3 -bromoth iophene for the vibrational 
modes of low frequency has not been made , it may 
be assumed that the lowest f requency line cor-
responds to the out-of-plane vibrat ion involving the 
bromine nucleus and also the two lines of the next-
lowest frequency to the in-plane vibrations. In 



the c o m p u t a t i o n of Cor io l i s c o u p l i n g cons t an t s w e 
consider an a p p r o x i m a t e m o d e l in w h i c h t he v i b r a -
tions involving s t rong res to r r ing forces can b e 
t reated i ndependen t ly of the rest. In a d d i t i o n , t h e 
b r o m i n e nucleus is b o u n d to t he " f r o z e n " r ing of 
th iophene , whe re the b o n d s a n d ang les a re r ig id a n d 
the ring is rep laced wi th a t r i ang le m a d e of t h e 
th ree ca rbon nuclei closed to t h e b r o m i n e nuc leus . 
In that case, we can ca lcu la te t he a p p a r e n t v a l u e s of 
the C's by use of the a p p r o x i m a t e m e t h o d [16]. If t he 
ou t -o f -p l ane and in -p lane v i b r a t i o n s in t he m o d e l 
couple , (C («)2 in (3) is d r o p p e d , s ince a set of an 
ou t -o f -p l ane v ibra t ion and an i n p l a n e v i b r a t i o n 
p roduces a v ibra t iona l a n g u l a r m o m e n t u m a l o n g 
the in -p lane axes [17], T h u s , us ing t he c a l c u l a t e d 
( C $ ) 2 + ( C S ) 2 = 0.742 and + ( C ^ ) 2 - 0.131 

for the two coupl ings in (3) l eads to A\ — A0 = 
- 1.07 a m u A 2 . T h e a g r e e m e n t b e t w e e n t he e x p e r i -
menta l and ca lcula ted va lues is q u i t e s a t i s f ac to ry 
whereas the iner t ia de fec t is sens i t ive to t h e f r e -
quencies of the coup l ing v ib ra t ions . 

Fo r the m o d e II, t he va lue of ine r t i a d e f e c t is 
posi t ive and very small as s h o w n in T a b l e 3. If 
in teract ion is t ak ing p lace in sets of t w o i n - p l a n e 
vibrat ions , f r o m (3) 

Ar +l ~ A r = — £ 
Tt C co s ( a> s l - co?) 

( C » 2 (5) 

since in teract ion b e t w e e n two i n - p l a n e v i b r a t i o n s 

p roduces a v ib ra t i ona l a n g u l a r m o m e n t u m only 
a long the o u t - o f - p l a n e axis " c " , [17]. Acco rd ing ly , 
we o b t a i n A | — AQ = 0.062 a m u A 2 in the case of 
OJS < &>,< using the ca lcu la ted va lue (CK)2 = 0 .048 in 
(5). and its va lue is close to the e x p e r i m e n t a l 
va lue - 0 . 0 7 2 a m u A 2 . 

Th is a p p r o x i m a t i o n w o u l d not s u f f i c e to sa fe ly 
es t imate the iner t ia de fec t d u e to the v i b r a t i o n a l -
ro ta t ional i n t e rac t ion since it involves t h e a s s u m p -
tions discussed a b o v e , b u t the resul ts s h o w t h a t t h e 
va r i a t ions of t he iner t ia de fec t s h a v e to b e a t t r i b -
uted to the a p p r e c i a b l e in te rac t ions b e t w e e n t h e 
v ibra t iona l m o d e s of the C - B r b o n d . 
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