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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™! and 320 cm~' 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 spectrum of 3-bromo-
thiophene in the ground state has been recently
reported [1]. It was shown that this molecule has
planar conformation with the C—Br bond held in
the plane of thiophene ring. The present study was
undertaken to investigate the rotational spectrum in
the excited vibrational states.

The nuclear quadrupole interaction in the
molecule, due to the bromine nucleus, causes each
of the rotational energy levels to split into four
sublevels and consequently makes the rotational
transition complicated. The analysis of the hyper-
fine interaction requires to use first- and second-
order perturbation theory. In cases where there exist
accidental near-degeneracies in the transition energy
levels, care must be taken to include the second-
order perturbation energy.

For 2-chlorothiophene [2] and 2-bromothiophene
[3], a set of the satellite lines has been assigned to the
excited state of an out-of-plane vibration of the
carbon-halogen (Cl, Br) bond. 3-bromothiophene is
also expected to have some relatively low frequency
modes involving the C—Br bond.

Experimental Details

The sample of 3-bromothiophene with 96% purity
was purchased from Aldrich Chemical Company,
Inc. and used without further purification. A con-
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ventional ~ Stark-modulated spectrometer  with
100 kHz square-wave modulation was used. The
microwave spectrum was observed in the frequency
region from 8.2 GHz to 23.5 GHz. The measure-
ments were performed between — 20 °C and — 25°C
with the sample pressure ranging from 15 mTorr to
40 mTorr. The precision of the measured frequency
is roughly estimated to be 0.1 MHz. The relative
intensity of the lines was measured by a technique
developed by Esbitt and Wilson [4].

Microwave Spectrum in Excited State

Each of the ground-state R-branch transitions
corresponding to the two isotopic species of the
bromine nucleus, "Br and ®Br, is accompanied by
vibrational satellites having appreciable intensity
and showing nuclear quadrupole hyperfine structure
similar to that in the ground state. These spectra are
assigned to a-type R-branch transitions with
AK_ =0 and 4K, =1, and with 4F=+1. The
assignment of the hyperfine structure is consider-
ably facilitated by calculating hyperfine splittings
using nuclear quadrupole perturbation theory. As
predicted from the analysis of the spectrum in the
ground state, the first-order perturbation is
dominant and the second-order effects depend only
on an off-diagonal element of the eQg tensor,
7ab » though its value is very small.

Weak vibrational satellites are observed at some-
what higher frequencies than the ground-state
transitions and assigned to a first excited state. In
addition, very weak satellites are observed at fre-
quencies twice as far away from the ground-state
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lines than those of the first excited state and
assigned to the second excited state. These lines of
the two isotopic species are listed in Table 1. The
vibrational mode responsible for these two sets of
satellites is designated as “mode I” for convenience.

On the other hand, the fairly weak vibrational
satellites observed at lower frequencies than the
ground-state transition are designated as “mode II".
These assigned transitions are shown in Table 2. No
other satellites are observed.

Analysis and Results

In order to determine the rotational constants and
centrifugal distortion constants that yield the best fit
to the hypothetical unsplit frequencies for the
rotational transitions after correction for the nuclear
quadrupole hyperfine splittings, a numerical
method including least-squares analysis is used
repeatedly. Although the centrifugal distortion
effects on the rotational transitions presented by
Watson [5] are estimated to be small in the excited-
state transitions as well as in the ground-state
transitions, as a first step the constant, 4;, among
the quartic centrifugal distortion constants is in-
cluded in the calculation. For the second-excited
state, 4, i1s dropped because a better fit to the
assigned transitions is obtained without it. As a
result, the fitting to the theoretical transition fre-
quencies 1s somewhat worse than that of the ground
state. The precision of the constants in Table 3 is
lower than that of the ground state. The differences
between the hypothetical unsplit frequencies and
the transition frequencies calculated using the con-
stants of Table 3 are listed in Tables I and 2.

As mentioned previously, the first- and second-
order perturbation energy, EY’ and E§). for the
nuclear quadrupole coupling effects in asymmetric-
top molecules [6] can be obtained through the same
procedure as described in [1] in detail. For the first-
order energy splittings

EQ=,J,t,F, Mg=J H8’ LJ,t, F,Mg=J)
=N 'El]{l) Zaa+ ”wﬁ) /bb - (l)
where H{) is the first-order Hamiltonian,
Yaa=€ Q{0 V/da*y, ypp=eQ{D*V/0b*), and W)
and WY are the constants including the average

values of the squares of the direction cosines
JotaMe=J @2, J,t, Mg=J) (g=a,b,c), relat-
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ing to the space-fixed Z axis. A treatment of
the second-order perturbation provides the follow-
ing equation including only the off-diagonal ele-
ment, 7,,. since contributions of the other diagonal
elements to E{3 are very small and negligible:

EQ=WQ | xasl, )
where
WA, 1, F
C(.J.J, F)[{J.t “H J', t"))?

=

e Wy.— Wy o

Here, C(I,J,J’, F) is a function of the quantum
numbers and “H,,= TH,,T. where T is a matrix of
transformation and H,, is the cross product of
the direction cosines, @.,®.,. In computating the
matrix elements of (1) and (2). linear combinations
of Wang's symmetric-top wave functions are
employed [7]. The average values of the product of
the direction cosines, then, can be computed readily
by means of the procedure proposed by Schwende-
man [8]. Thus, we can determine the values of y,,,
7pp- and  y,, by a least-squares fit to the observed
splittings of the hyperfine components except for
some of the transitions involved in the accidental
near-degeneracy. The results for the two modes are
listed in Table 4. The tensor components in the
C—Br bond axis system, y--. yy, and y,,, are
obtained by a rotational transformation of the
7 tensor to the principal axis system. These values
are also given in Table 4. The sign of the y,, can
not be determined from the analysis of the second-
order contribution alone. In the accidental near-
degeneracy case, W,,= W,.. (2) is inapplicable
and the following matrix is diagonalized:

| Wi+ EQ . 7)
o« | HS | F, 1

| HE T, )|
Wype+ EQ 1)

where Hfy={I. F, My “H,, I, F, Mr). The correc-
tion for the levels was, however. evaluated to be
very small and unimportant except for some of the
transitions, 9,3 — 8,7 and 9, — 8 for "Br isotopic
species. and 836— 735. 9]3— 8]7. ]2211 == 112]0. and
1351, — 124}, for ¥'Br isotopic species, in the second-
excited vibrational state. The differences between
the obseved and calculated hyperfine splittings for
each of the excited states are shown in Tables 1
and 2. respectively.
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Table 1. Observed frequencies and calculated frequencies of the quadrupole hyperfine structure of 3-bromothiophene in
excited vibrational states (mode I) (in MHz).

Transition "Br Species $1Br Species
Ji=J F(lower)* b av)© Vobs Av,¢ v Av, Vobs Avy
V=1
66— Sx 1050833  —0.04 1040212 —0.04
13/2) ¢ —0.02 —-0.08
1173 10 506.22 011 10 400.27 0.02
9/2 0.00 —-0.06
7/ 10512.48 —0.06 10 405.59 —0.11
To7 — 606 12 238.53 0.06 12 115.48 0.05
15/2 0.14 0.08
]3/2} 12 237.07 0.26 12114.22 018
1172 0.19 0.03
9/2} 12 241.58 0.10 12117.94 0,04
Tig—bis 12 544.65 0.02
15/2 12 542.64 0.13
13/2 12 544.49 —-0.09
11/2 12 547.64 —0.11
9/2 12 545.76 0.09
808 — 707 ’ 13 819.73 0.01
}gfg} 138181 po2
1372 0.05
11/2} Lieclat oy
817—Tis 14 481.17 —-0.07 14 329.31 0.08
17/2 14 479.24 —-0.03 14 327.73 0.03
15/2 14 480.71 —0.05 14 329.04 -0.02
13/2 14 483.87 0.12 14 331.52 —-0.06
1172 14 482.27 0.06 14 330.05 -0.15
86 — 75 14 178.83 0.06 14 030.21 —0.05
17/2 14 175.31 0.15 14 026.93 -0.09
15/2 14 181.74 0.04 14 032.69 0.05
13/2 14 183.28 —0.11 14 027.93 —-0.30
11/2 14 176.48 —-0.02
835 — T34 14 096.48 —-0.05 13951.34 0.00
17/2 14 089.30 —-0.13
13/2 14 103.53 0.06 13957.27 —0.05
1172 13 944.64 —=0.07
- 15 669.87 0.06 15 514.22 0.00
19/2 0.16 —-0.03
17/2} 15 669.05 0.03 15513.36 0.08
15/2 —0.04
13/2} el g
Bia= B 15 310.85 0.06
19/2 15 309.35 —-0.03
17/2 15 310.85 0.35
95— 87 16281.08  —0.07 16110.55  —0.04
19/2 16 279.68 0.08 16 109.47 0.18
17/2 16 280.62 0.07 16 109.93 —-0.24
1572 16 283.03 -0.08 16 112.19 -0.08
1342 16 281.78 -0.01 16 111.25 0.00
955 — 87 15 811.68 0.01
19/2 15 808.72 =0.13
17/2 15813.61 0.17
13/2 15810.30 0.00
957 — 85 15979.19 —-0.09 15811.05 —=0.07
19/2 15976.07 0.05 15 808.72 0.26

17/2 15981.10 0.09 15812.61 0.02
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Table 1 (continued)
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Transition Br Species $1Br Species
J —-J F(lower)? yb av,© Vobs szd y Av, Vobs Avy
15/2 15 982.10 0.03 15813.61  —0.05
13/2 15977.68  —0.02
Gy B 15 858.80 0.03 15 695.61 0.10
19/2 ~0.15
13/2} 15691.13 0.32
17/2 ~0.12 0.32
aal 1586393 012 1570043 032
Gox— iy 15 864.24 0.00
19/2 ~0.05
1 15 859.08 i
17/2 0.05
s 15869.60  _ (02
5= Sy 17 002.21 0.01 16 835.07 0.04
212 16 834.25 0.18
19/2 17 002.18 0.34 16 834.94 0.19
17/2 1700341  —037 1683636  —0.05
15/2 16 835.83 0.11
10,0— 9y 17888.13  —0.03
212 17 887.24 0.11
19/2 1788773  —0.21
1172 1788924  —024
105 — 9ng 17 560.97 0.02 1738199  —0.02
212 17 558.89 0.11 17 380.21 0.08
19/2 17 562.27 0.16 17382.81  —0.15
172 1756348  —0.08 1738400  —0.16
15/2 17559.88  —0.32
1055 — 97 1778823  —0.01 17600.14  —0.02
212 17 786.02 0.01
19/2 17 789.59 0.15 17 601.21 0.04
17/2 17 791.05 0.08 17602.34  _0.06
15/2 17787.24  —0.19
[ 17 625.02 0.09 17 443.45 0.05
212 17 621.32 0.19 1743992  —0.23
19/2 17 628.87 0.17 17 446.86 0.29
= Bu 1763428  —0.01 17 452.19 0.01
212 1763029  —0.09 1744886  —0.02
19/2 17 455.49 0.17
17/2 1763829  —0.09
Pl — Hip 18872.19  —0.10
3/2 ~0.05
21/2} 18 871.58 0.07
19/2 ~0.01
17/2) BBl _g1a
Y, 18690.72  —0.20 18 507.50 0.02
3/2} 18 689.80 0.04 18 506.74 0.06
212 1869034  —001 18507.11  —0.08
19/2 18 508.57 0.00
17/2 18 691.40 0.02 18 508.17 0.11
11110— 10y _— 19 661.39 0.03
o 1966092 022
19/2 _o.
= 19 662.44 8;‘5‘
1150 — 105 19 307.87 0.00 19111.33  —0.08
23/2 19306.08  —0.07 19109.82  —0.04
2172 19308.56  —0.06 19111.66  —0.31
19/2 19309.64  —0.24 19 113.00 0.03
17/2 1930724 —0.13 19 110.08 0.18
1159 — 100 1960546  —0.01
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Table 1 (continued)

Transition Br Species 81Br Species
Jr=J F(lower)® b an© Vobs Avy4 v Av Vobs Avy
23/2 19 603.66 0.00
21/2 19 606.36 0.07
19/2 19 607.58 0.05
17/2 1960487  —0.02
Lt~ g 19 392.06 0.09 1919206  —0.09
23/2 19 389.14 0.13 19 189.50 0.02
2172 19 394.91 0.21 19194.10  —0.20
19/2 19 395.44 0.16
1133 — 103 19206.35  —0.01
23/2 19203.91 0.15
2172 1920842  —0.18
19/2 19 209.27 0.18
17/2 19 204.53 0.28
Y | 25/ 20737.95 0.03 003 20 536.07 0.02 ool
s/ - -1
23/2} 20 737.37 G 20 535.61 8‘%
2172 0.22 ¥
. /2} 2073896 32 20 536.87 gl
T — Tl 20177.25  —0.01 2
25/2 !
B 20 176.69 _8%2
2172 el
T 20177.84 T
905 == 15 2165444  —0.06 2142951 0.00
25/2 21653.77 0.12 21428.97 0.13
2172 2165541  —0.06
19/2 21430.07 0.06
B — Hli 21 052.24 0.05 20838.30  —0.03
25/2 21 050.94 0.03 20837.05  —0.09
23/2 21 052.84 0.10 20838.65  —0.07
2172 21 053.94 0.01 20839.62  —0.08
19/2 21051.87  —0.07 20 838.07 0.02
=115 21430.38 0.04 21201.95 0.09
25/2 21428.97 0.06 21 200.73 0.03
23/2 2143091  —0.04 2120238 —0.06
2172 2143211 0.05 21 203.41 0.04
19/2 21 430.07 0.07 21201.50  —0.14
{Bo—T1g 21 183.30 0.03 20 963.77 0.08
25/2 21181.10 0.19 20961.93 0.23
23/2 2118524  —0.06 20 965.56 0.13
2172 2118591  —0.03
13505 1313 s 22 407.27 0.00 22190.53 0.10 -
0.07 .
= 22 406.74 i 22190.35 5
23/2 0.20 0.26
ey 22 408.12 6 22191.35 T
| T . s 23434.56 0.03
{12
25/2 2343393 _g43
23/2 —0:21
S/ 23435.35 T
| P 22793.73 0.03 22562.46  —0.10
2772 2279254  —0.08 22561.19  —0.11
25/2 2279404  —0.22 2256226  —0.38
23/2 2279480  —0.22 22563.04 —0.35
180y — 1o 23261.80 0.02 23012.98 0.00
27/2 23260.49  —0.01 23012.02 0.08
25/2 2326216 0.04 2301328  —0.04
23/2 23263.15 0.04 23014.19 0.04
21/2 23261.37  —0.11 23012.91 0.14
133, — 12310 2292815  —0.08 22 691.85 0.05

2172 22 926.02 —0.15 22 690.39 0.19
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Table 1 (continued)
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Transition Br Species 81Br Species
J =J F(lower)? b Ay © Vobs Av,9 v Av, Vobs Avy
25/2 22929.52 —0.09 22 693.09 0.00
23/2 22 930.38 0.06
2172 22926.88 0.02
| 2296325  —0.02 2272463 —0.05
27/2 22961.38 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
2172 22961.76 —0.19 22723.62 0.09
V=2
87— Ti6 1449476  0.04 1434256  —0.11
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 14 343.43 0.02
B T 1404535  —0.11
17/2 14 044.26* —1.53
15/2 14 047.67 —0.11
13/2 14051.29* —0.32
Big= Biy 1629606  —0.13 16 125.57 0.00
19/2 " 0.04 16 124.32 —0.03
17/2} 16294.68% {53 16122.47* 045
15/2 16 298.05 0.02 16 127.31 0.06
13/2 16 296.71 * 0.66
977 — 8 15996.94 0.06
19/2 15992.74* 1.18
17/2 15998.95 0.23
1572 16 000.24 0.33
1372 15994.44* 0.47
Wi Big 1790463  —0.02
2172 17 903.75 0.09
Km0 17679.36  0.09 o
23/2 .09
21/2} 19 678.66 0.12
19/2 19 680.37 —0.04
17/2 19 680.02* 0.81
13 — 1055 19 627.71 0.02
23/2 19 625.84 —0.09
2172 19 628.52 —0.01
19/2 19 629.88 0.09
17/2 19 627.16 0.06
13— 1055 1941203  —0.13
23/2 19 409.17 0.15
2172 19414.72 0.08
17/2 19 409.67 0.09
2572 21 673.10 —0.09
23/2 21 673.49 —0.06
21/2 21 674.88 —-0.09
19/2 21 674.58 0.04
125, — Tl 2107322 0.05 20 858.84 0.08
25/2 21071.70* —=0.73 0.11
23/2} 20 859.28 0.03
21/2 21074.94* —0.08 20 860.14* —0.94
19/2 20 858.60 0.01
1250 11y 21 454.86 0.00
23/2 21 455.42 -0.03
2172 21 456.52 —0.03
Vs~ 1 2258447  —0.08
27/2 22577.00* -—2.41
25/2 22 584.72 0.00
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Table 1 (continued)

Transition "Br Species 81Br Species

J =J F(lower)2  vb 4v,© Vobs Av, ¢ v av, Vobs Av,
23/2 22578.38* —1.55
21/2 22 584.29 —0.04

13511 = 1259 23 288.57 0.07 23039.62 0.03
27/2 23 287.31 -0.03 23038.54 —0.03
2572 23 288.95 —0.03 23039.96 —0.02
23/2 23289.99 0.03 23 040.80 —0.01
2172 23 288.30 0.01

i T 22952.22 0.07
27/2 22 950.14 —0.13
25/2 22 953.68 0.01
23/2 22 954.40* 0.10
2172 22 950.82 -0.19

i — 22749.03 0.05
27/2 22 747.36 —0.01
25/2 22 750.18 —0.08
23/2 22 750.76* —0.60
2172 22748.02* —0.21

& The transitions are 4 F = + | transitions; the lower value only is given.

® yis the rotational transition frequency after the quadrupole coupling corrections.
€AV = Vops — V.

4 Av, is the difference between the observed and calculated hyperfine splittings.

¢ 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 "Br Species 81Br Species
J=J F(lower)® v 4v,© Vobs Ay, v Aav, Vobs Av,
V=1
Tor = 65 12216.49 0.03 12 093.43 0.05
€
}gg} 12214.98 . 12092.13 8-?%
8z — T 14302.58  —0.04
17/2 14 301.01 0.01
15/2 14302.31  —0.02
13/2 1430477  —0.04
1172 1430336  —0.08
9% — 8y 15620.77  —0.04
1972 1561825  —0.16
17/2 15622.20  —0.04
97 — 8 15779.11 0.02
19/2 15776.32  —0.23
17/2 15 780.76 0.15
15/2 15778.17 0.24
10,6 — 9g 18043.89  —0.02 1785531  —0.02
21/2 18 042.74 0.03 1785429  —0.06
19/2 18 043.69*  0.01 17855.02  —0.18
17/2 1804533  —0.15 17 856.56 0.07
10 — 99 1752818  —0.01 17 349.38 0.06
2172 17 526.04 0.04 17347.52  —0.02
19/2 17 529.34 0.03 17350.14  —0.20
17/2 17 530.89 0.15 17351.34  —0.21

15/2 17 527.34 —0.07
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Table 2 (continued)
Transition Br Species $1Br Species
J'=J F(lower)* v® Ay © Vibs Av,9 v Av, Vobs Av,
10,3 — 9 17 751.87 0.07 17 564.12 —0.04
21/2 17 749.70 0.05 17 562.27 —0.04
1972 17 753.26 0.16 17 565.06 —0.06
17/2 17 754.71 0.13 17 566.34 —0.02
15/2 17 750.81 -0.12 17 563.48 0.06
11519 — 104 19 271.95 —0.03
23/2 19 270.16 —0.07
21/2 19 272.66 —0.04
19/2 19 274.04 0.10
17/2 19271.33 —0.12
11,9 — 104 19 564.82 —0.10 19 357.24 0.00
23/2 19 563.18 0.17 19 356.01 0.25
21/2 19 358.02 0.11
19/2 19 359.01 0.06
17/2 19 564.47 0.24 19 356.80 0.02
12— 110 21615.43 0.01
25/2 0.19
23/2} 21 614.83 021
2172 21616.47 0.01
12550 = Ty 21385.73 0.06
25/2 21 384.39 0.14
23/2 21 386.46 0.14
19/2 21 385.21 -0.13
13013— 12, 22.153.31 -0.03
gg} pisE P
23/2 0.29
2]/2} 22 154.16 0.20
13,121, - 23 392.69 0.00 0.03 23 150.46 0.03 -
27 —0. .
25/2} 23 391.95 033 23150.12 005
23/2 —0.14 0.00
512 23393.35 0.17 23151.17 0.28
13510 — 12y, 22751.71 0.02
27/2 22750.38 —0.10
25/2 22 751.83 —0.24
23/2 22 753.15 0.23
135, = 1299 23213.03 -0.02
21772 23212.03 0.23
25/2 23213.23 —0.22
4 The transitions are 4 F = + | transitions; the lower value only is given.
b yis the rotational transition frequency after the quadrupole coupling corrections.
€AV = Vops — V.
4" Av, is the difference between the observed and calculated hyperfine splitting.
¢ These lines are not resolved.
*

These lines are dropped out of the least-squares fitting.

Relative intensity measurements are made on the

selected transitions of the ground- and first-excited
vibrational states of the 7°Br isotopic species.
Because of weakness and overlapping of the lines
there are only a few transitions on which reliable
measurements can be made. All measurements are
carried out with the cell cooled to about —23°C by
a refrigerator. Care is taken to eliminate the usual

sources of error, but the uncertainty is yet estimated
to be about 20%. The results are shown in Table 5.

The vibrational-rotational interaction constants
for the two isotopic species are given in Table 6. It
must be emphasized that the values of the mode I
are quite different from those of the mode II in sign
and magnitude.
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Table 3. Rotational constants, moments of inertia®, and inertia defects® of 3-bromothiophene in

the ground and excited vibrational states.

mode I mode II
V=0 V=1 V=2 V=1
"Br Species
A (MHz) 7105.112 (43)® 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)
A4, (Hz) 351 (34) 20 ) 27 (12)
% —0.965449 —0.96499 —0.96455 —0.96553
I, (amu A?) 71.1289 (4) 71.994 (7) 72.868 (15) 71.133 (8)
I, (amu A?) 541.607 (4) 541.047 (4) 540.569 (5) 542.070 (4)
I, (amu A?) 612.870 (5) 612.098 (5) 611.378 (8) 613.265 (6)
4 (amu A2) 0.134 (8) —0.943 (9) —2.059 (18) 0.062 (11)
81Br Species
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)
4, (Hz) 47.8 (34) 14 (7) 14 (10)
% —0.966184 —0.96573 —0.96528 —0.96626
I, (amu A?) 71.1440 (4) 72.021 (8) 72.905 (18) 71.152 (9)
I, (amu A?) 547.541 (64) 546.986 (4) 546.486 (5) 548.009 (5)
I. (amu A?) 618.806 (5) 618.016 (5) 617.326 (8) 619.227 (6)
4 (amu A?) 0.121 (8) —0.991 (10) —2.065 (20) 0.066 (12)
2 From Ref. [1].
b Uncertainties, in parentheses, are standard deviations of the fits.
¢ The conversion factor 505 379.1 (3.8) (amu A2 MHz) is used.
da=I1-1,—-1I,.
Table 4. Quadrupole coupling constants of 3-bromo-  Discussion

thiophene in the excited vibrational states (in MHz).

mode I mode II
V=1 V=2 V=1
"Br Species
Faa 554.5 (32)® 549 (8) 554 (12)
o ~280.9 (26) ~281 (4) -282 (7)
Yo ~273.6 (41) -268 (9) —272 (14)
Xab! 61 (27) 106 (119) 61 (50)
Yes 558.9 (48) 562 (30) 559 (13)
Zex —285.3 (44) -294 (30) -287 (9)
Y ~273.6 (65) -267 (42) ~272)16)
81Br Species
Yo 470.3 (36) 461 (6) 461 (10)
ot —238.1 (28) ~238  (4) ~233 (5)
P ~232.2(46) -223 (7) 228 (13)
Yo 49 (32) 97 (122) 55 (41)
P 473.7 (54) 474 (32) 465 (12)
o —241.5 (49) —251 (32) ~237 (8)
P ~2322 (73) ~223 (45)  —228(14)

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

Valuable information on the planarity and the
vibrational modes for a molecule can be obtained
from the study of the inertia defect [9, 10]. The
experimental values for the two modes are already
given in Table 3. The inertia defect due to the
vibrational-rotational interaction in the planar
molecule can be expressed by the formula

4,= Z As(v.s'+ _;) 5
s

.h w?
% LZ ws(@— o)
TECEH + B2 = DA
.3
+ Os,z—w’} . 3)

Here o, and . are vibrational fundamentals and
the (’s are Coriolis coupling constants. For a planar
molecule, the large negative change of the inertia
defect in going from the ground to the excited
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Table 5. Relative intensities® of the first-excited vibra-
tional state/ground state for 3-bromothiophene (7Br
species).

Transition Ratio of intensities
mode I mode II
J —=J F(lower)? V= V=1
87 — T 17/2 0.30
15/2 0.30
13/2 0.28
9% — 817 19/2 0.33
15/2 0.31
9,7 — 8% 19/2 0.29
17/2 0.34
15/2 0.29
10,5 — 957 2172 0.27 0.15
19/2 0.18
17/2 0.29 0.17
1150 — 1059 23/2 0.30 0.21
2172 0.15
1159 — 105 23/2 0.32 0.12
19/2 0.28 0.15
12510 — 1159 21/2 0.14
Avera%e 0.30 0.16
v(cm™) 2.1 x 102 3.2 x 102

 The transitions are 4F=+1 transitions; the lower F
value only is given. _
> The measurements were carried out at —20°C ~ —25°C.

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

mode I mode II

"Br Species

% 854 (8)? 0.41 (70)

s —0.965 (3) 0.779 (4)

y —1.040 (3) 0.532 (4)
81Br Species

% 86.6 (9) 0.80 (98)

B —-0.937 (3) 0.789 (4)

y —1.044 (3) 0.555 (4)

2 Uncertainties, in parentheses, are stan-
dard deviations of the fits.

b The values were obtained from the
equations

A =A.—o(+1/2),
B.=B.—p(v+1/2),
C.=C=y(+1/2).
Ay. By. and Cyin [1] are used.
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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,
A.41—A4,, can also provide information on the
character of the out-of-plane vibration. In the
limiting case where any other vibrational mode with
which the vibrational modes couple is at a much
higher frequency, o, < wy, (3) is reduced to the
simple form [11]

h

Al:—7—2—.
2nctw,

4)

Although many of the successively excited states
of the model are not found, it is reasonable to
assume that the transitions are caused by the out-of-
plane vibration of the C—Br bond. Then, from
Table3, 4,—4y=—1.077 amuA? for the "Br
species and accordingly the value of w, is calculated
to be 62.6cm~' from (4). The deviation from the
value 210 cm™" obtained from the relative intensity
measurements 1s 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 4, for v, < wy .

Prior to the analysis of the interaction between
the vibrational modes, the Raman spectrum of
3-bromothiophene in liquid phase was observed in
the range 50 cm™' to 500 cm™~' on a JACOM R-800
Raman spectrometer equipped with an argon ion
laser (%= 5145 A). Two medium peaks at 200 cm™'
and 243 cm™', and a strong sharp peak at 319 cm™!
are observed. Two other very weak peaks are
detected at 393 cm~' and 465 cm~'. These values
are consistent with those of the infrared absorption
spectrum reported in [12] except for the line
393cm™!. 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 fundamentals of
halogenothiophene is also similar to those of halo-
genobenzene [15]. Although a complete infrared
study of 3-bromothiophene for the vibrational
modes of low frequency has not been made, it may
be assumed that the lowest frequency line cor-
responds to the out-of-plane vibration involving the
bromine nucleus and also the two lines of the next-
lowest frequency to the in-plane vibrations. In
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the computation of Coriolis coupling constants we
consider an approximate model in which the vibra-
tions involving strong restorring forces can be
treated independently of the rest. In addition, the
bromine nucleus is bound to the “frozen” ring of
thiophene, where the bonds and angles are rigid and
the ring is replaced with a triangle made of the
three carbon nuclei closed to the bromine nucleus.
In that case, we can calculate the apparent values of
the {’s by use of the approximate method [16]. If the
out-of-plane and in-plane vibrations in the model
couple, (£!9)% in (3) is dropped, since a set of an
out-of-plane vibration and an inplane vibration
produces a vibrational angular momentum along
the in-plane axes [17]. Thus, using the calculated
C+()?=0742 and ((&)7+(C®)?=0.131
for the two couplings in (3) leads to 4,— dy=
—1.07 amuA> The agreement between the experi-
mental and calculated values is quite satisfactory
whereas the inertia defect is sensitive to the fre-
quencies of the coupling vibrations.

For the modeIl, the value of inertia defect is
positive and very small as shown in Table 3. If
interaction is taking place in sets of two in-plane
vibrations, from (3)

h
.

we’d| wlod—od

(,02

Ar+l - Az' S (Cicg) (5)

since interaction between two in-plane vibrations
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produces a vibrational angular momentum only
along the out-of-plane axis “c”, [17]. Accordingly,
we obtain A, — 4,=0.062 amuA2 in the case of
o, < wy using the calculated value (£!))>=0.048 in
(5). and its value is close to the experimental
value —0.072 amuA?.

This approximation would not suffice to safely
estimate the inertia defect due to the vibrational-
rotational interaction since it involves the assump-
tions discussed above, but the results show that the
variations of the inertia defects have to be attrib-
uted to the appreciable interactions between the
vibrational modes of the C—Br bond.
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