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Pure rotational spectra of the 79Br and “Br isotopic species of gaseous hypobromous acid, 
HOBr and DOBr, as well the u3 = 1 excited state of HOBr have been observed and analyzed. 
Structural parameters have been derived from the ground state rotational constants. The permanent 
molecular dipole moment of DOBr and the bromine nuclear quadrupole coupling and spin rotation 
constants of all the species have been determined. 0 1989 Academic press, IIIC. 

INTRODUCTION 

Although the hypohalous acids, HOX (X = halogen), have been well studied in 
aqueous solution and their infrared spectra have been studied using matrix isolation 
techniques (l-3), gas-phase spectra have been observed in the infrared and microwave 
regions only for HOC1 ( 4-17) and HOF ( 18-21) . No gas-phase rotational or vibrational 
spectra of either HOBr or HOI have so far been reported. 

We have observed the vibration-rotation and pure rotation spectra of hypobromous 
acid. This paper reports the results of the analysis of the rotational spectra of HOBr 
and DOBr in selected regions between 8 and 787 GHz. Analyses of the infrared vi- 

bration-rotation spectra will appear in subsequent publications. 
The experiments were performed by groups at the National Chemical Laboratory 

for Industry, NCLI, and the Jet Propulsion Laboratory, JPL, using somewhat different 
techniques for synthesis and several spectrometers. HOBr was initially synthesized 
and its infrared and microwave spectra assigned at NCLI. The JPL measurements 
have been used to confirm and supplement the initial observations at NCLI by pro- 
viding millimeter and submillimeter data as well as some high-resolution infrared 
data. Near the conclusion of this work, a number of additional lines were measured 
at high sensitivity using the millimeter spectrometer at the Institute for Molecular 
Science, IMS. 
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The analysis of the pure rotational spectrum and its Stark effect has yielded rotational, 
centrifugal distortion, and bromine hyperfine constants for the four normal and deu- 
terated species as well as the electric dipole moment for D079Br. A molecular structure 
has been derived from the ground state rotational constants and its relationship to the 
equilibrium structure is briefly discussed. 

EXPERIMENTAL DETAILS 

The initial microwave study at NCLI was done using a conventional Stark modu- 
lation spectrometer with a 1.5-m X-band stainless steel waveguide cell. Various com- 
puter-controlled sources were used to cover the 8-85 GHz region. Further microwave 
spectra, below 500 GHz, were observed with the modified commercial Stark modulated 
microwave spectrometer at JPL (22). Spectra above 600 GHz were obtained with the 
JPL far infrared (FIR) laser sideband spectrometer (23) using a 1.5-m glass cell. FIR 
frequencies were measured with respect to well predicted lines of HN03 (24). The 
IMS spectrometer has been described by Endo and Hirota (25) and was used with a 
3-m glass cell. 

HOBr was synthesized by reacting bromine with water in the presence of HgO using 
procedures similar to those used in the production of HOC1 ( 11, 26). It was necessary 
to maintain a continuous slow flow of the gas through the sample cells at pressures 
of lo- 100 mTorr. At NCLI this was done by flowing bromine and water vapors through 
a 400-mm-long by 15-mm-diameter Pyrex glass tube packed loosely with yellow HgO. 
This reaction produced a sufficient concentration of HOBr for both the infrared and 
microwave spectra to be readily observed at room temperature. At JPL, the HOBr 
was produced by reacting an excess of liquid bromine with approximately 5 cm 3 of a 
slurry of yellow HgO in water. The sample was degassed, excess bromine was removed 
by pumping on the reaction tube at -20°C and HOBr production was checked by 
monitoring a microwave transition which had been previously measured at NCLI. 
With the reaction tube at -20°C a relatively constant flow of HOBr could be main- 
tained for several hours. This same procedure was used at IMS with freshly ground 
red rather than yellow HgO. The longer absorption path and very clean cell used at 
IMS allowed very slow flow, low pressure ( IO-mTorr) conditions to be employed. 
Under these conditions, a single synthesis would provide enough HOBr for several 
days of measurements. 

ANALYSIS OF THE SPECTRA 

The ground state rotational constants were initially estimated from conventional 
combination differences in the infrared spectrum of the vi band. After these constants 
were obtained, the spectrum was predicted and a careful search for u-type R-branch 
transitions was made. However, no absorptions assignable to these transitions were 
found. Later, the a dipole component was found to be very small. The search in the 
frequency region 26.5 to 50 GHz yielded several equal-intensity doublet transitions. 
From the predictions these were tentatively assigned to various high-J b-type transitions 
whose splittings were due to the bromine quadrupole coupling. Using these transitions 
to obtain an improved set of molecular constants, the millimeter- and submillimeter- 
wave spectra were predicted. In the absence of low-frequency u-type transitions, the 
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millimeter and submillimeter spectra of HOBr and DOBr are required to uniquely 
determine the ground state rotational constants. A small number of these predicted 
transitions with lower J were measured in order to remove correlations among the 
rotational and centrifugal distortion constants and to determine the hyperfme constants 
and dipole moment. The assignments of the high-l b-type transitions were later con- 
firmed by a frequency fit that included many lower-J transitions for which the quad- 
rupole splitting gave definite assignments. Finally a considerable number of weaker 
AF # A J transitions for all species as well as higher-K, transitions for DOBr were 
detected. The observed rotational transitions are listed in Tables I-IV for H079Br, 
HO*‘Br, D079Br, and DO*‘Br respectively. Several low-J transitions of the u3 = 1 
excited state of HOBr have also been observed and are listed in Table V. 

The data were fit with an S-reduction rotational Hamiltonian in a I’ prolate rep- 
resentation (27) including an exact treatment of the nuclear quadrupole and spin- 
rotation hyperfine splittings. However, d2 is determinable only for DOBr. For HOBr 
the K, = 2 + 1 transitions appear in the millimeter region at such high J that it is 
not possible to decorrelate DK from other higher-order constants without extensive 
additional measurements. Consequently, the value for DK has been taken from a 
preliminary analysis of the high-resolution spectrum of the v1 band. The choice of 
sextic terms is not necessarily unique, but has little influence on the determination of 
the lower-order parameters. Although the magnitude of I-i, is expected to lie between 
those of &K and HK, it was excluded from the deuterated species fits because it was 
slightly smaller than its uncertainty. The remaining sextic constants are highly cor- 
related with HKJ and may show significant change with the inclusion of data which 
would allow its determination. The constant h3 is not determinable from the pre- 
sent data. 

Several AF Z A J transitions have been observed and provide precise determination 
of the hyperfme constants for all species. In the final fit only lines measured with a 
single spectrometer were included for any given hyperfine pattern. Table VI lists all 
the determined parameters in the form in which they are used by the fitting program. 

The excited state has been fitted by allowing only the rotational and quadrupole 
coupling constants to vary while the remaining parameters are fixed at their ground 
state values. The results are given in Table VII. 

The coefficients of the P”,” operators show a remarkable similarity to those of HOCl. 
A comparison of all the constants through the quartics is given in Table VIII. It is 
noteworthy that cy$ is also almost the same in HOBr as it is in HOCl, 876 vs 895 
MHz (13). 

MOLECULAR STRUCTURE 

Although it may seem that the presence of two bromine isotopes would allow r. 
structures to be separately determined for both the deuterated and normal species, 
the effect of the bromine substitution is too small for this to be done with any precision. 
Instead, Kraitchman’s equations were used to determine the substitution coordinates 
of the H and Br atoms. The oxygen was not substituted. Its position was calculated 
from either first or second moment conditions. The results are quite consistent among 
the four possible sets of three molecules used to determine the structure. These are 
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J&h’,F; 
61 6 6 
61 6 7 
61 6 5 
61 6 8 
71 7 9 

8: :: : 
71 7 6 
71 7 9 
71 7 8 
71 7 7 
91 910 
91 911 
91 9 9 
91 9 8 

10 1 10 12 
io 1 10 11 

:: : :8 :8 
10 1 10 11 
10 1 10 9 
10 1 10 12 
11 1 11 11 
11 1 11 12 
11 1 11 10 
11 1 11 13 
11 1 11 13 
11 1 11 12 
11 1 11 11 
13 1 12 14 
13 1 12 13 
13 1 12 15 
13 1 12 12 
15 1 15 15 
15 1 15 14 
15 1 15 16 
15 1 15 17 
21 1 21 20 
21 1 21 21 
21 1 21 23 
21 1 21 22 
23 1 23 
24 1 24 
25 1 25 
28 0 28 29 
28 0 28 28 

;: 8 ;: ;! 
29 0 29 30 
29 0 29 29 
29 0 29 31 
29 0 29 28 
29 1 28 30 
29 1 28 29 
29 1 28 28 
29 1 28 31 
30 0 30 
31 0 31 
38 0 38 39 
38 0 38 38 
38 0 38 40 
38 0 38 37 

TABLE I 

Observed H079Br Transitions” 

JK,K,F;’ 
70 7 7 
ii? i a 
70 7 6 
70 7 9 
80 8 9 
80 8 8 

!8 i i 
11 0 11 12 
11 0 11 11 
11 0 11 10 
11 0 11 11 
11 0 11 12 
11 0 11 10 
11 0 11 13 
12 0 12 12 
12 0 12 13 
12 0 12 11 
12 0 I2 14 
12 0 12 13 
12 0 12 12 
12 0 12 11 
13 0 13 14 
13 0 13 13 
13 0 13 15 
13 0 13 12 
16 0 16 16 
16 0 16 15 
16 0 16 17 
16 0 16 18 
22 0 22 21 
22 0 22 22 
22 0 22 24 
22 0 22 23 
24 0 24 

;s : ;: 
27 1 27 28 

;B : ;:: ;!I 
27 1 27 26 

388 : ;: E: 
28 1 28 30 
28 1 28 27 
29 0 29 30 
29 0 29 29 
29 0 29 28 
29 0 29 31 
29 1 29 
30 1 30 
37 1 37 38 
37 1 37 37 
37 1 37 39 
37 1 37 36 

Frequency Unc 
454294.169 30 
454298.259 30 
454308.422 30 
454312.268 30 
432446.564 30 
432661.482 30 
432665.005 30 
432671.612 30 
432674.925 30 
432706.245 30 
432890.871 30 
787242.548 100 
787247.878 100 
787247.878 100 
787253.410 100 
366974.481 30 
367229.355 30 
367426.065 30 
367196.522 30 
367198.790 30 
367200.638 30 
367202.725 30 
345189.004 30 
345190.970 30 
345192.008 30 
345193.967 30 
344965.698 30 
345219.267 30 
345418.610 30 
611770.230 100 
611770.230 100 
611776.368 100 
611776.368 100 
256252.470 50 
256253.212 50 
256253.676 50 
256254.281 50 
120234.230 50 
120234.814 50 
120234.814 50 
120235.564 50 
74233.280 100 
51113.730 100 
27916.290 500 
18703.738 20 
18704.175 20 
18705.062 20 
18705.266 20 
42124.997 20 
42125.397 20 
42126.368 20 
42126.552 20 

645436.136 100 
645436.136 100 
645439.309 100 
645439.309 100 
65618.900 500 
89182.460 500 

255965.250 50 
255965.250 50 
255966.795 50 
255966.795 50 

o-c wt o-c 

-2 
-8 

-22 

E: 

-9 

-if 
-207 556 -94 

48 444 -94 
192 
-39 
-38 
-40 

1:; 
-11 
-18 

:: 
-49 
104 

8: 

2;: 519 -65 
-402 481 -65 
344 558 66 

-“!X 442 66 
-35 
-38 
-16 
-45 

-z; %f 1; 

G 
116 

-262 
-16 

7 

-2: 

1; 
11 
12 
41 509 -18 

-I; 0: -;; 

39 526 18 

1:; 
94 520 -1 

-104 480 -1 
-7 506 -5 
-2 494 -5 

a. F+ = F + 3. Frequency given in MHz. Experimental uncer- 
tainty (Unc) and observed - calcuIated(O-C) given in kHz. Wt 
is the relative weight of a blended line. The second O-C heading 
refers to the positions of blended features. If no F+ is given, the 
line is treated as a blend of all hyp&ne components and the single 
O-C refers to the unsplit line. 
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TABLE II 

Observed HO*‘Br Transitions” 

471 

JKaKcF; JK,K,F;’ 
61 6 6 70 7 7 
61 6 7 70 7 8 

71 

61 6 

7 8 

T: 

5 

:: : 

;: :: 1: 

;: 

91 910 

; 

91 

! 

911 
91 9 9 
9i 9 8 

10 1 10 10 
10 1 10 11 
10 1 10 9 
10 1 10 12 
10 1 10 12 
10 1 10 11 
10 1 10 10 
11 1 11 13 
11 1 11 11 
11 1 11 12 
11 1 11 10 
11 I 11 13 
11 1 11 12 
11 1 11 11 

:: : :22 :; 
13 1 12 15 
13 1 12 12 
15 1 15 15 

:: : :z :t 
15 1 15 17 

;: ; ;: ;s 
21 1 21 21 
21 1 21 22 
23 1 23 
24 1 24 
25 1 25 24 

;; : ;z 22: 
25 1 25 26 

22: 00 ;: ;: 
28 0 28 30 
28 0 28 27 
29 0 29 
30 0 30 
31 0 31 
42 0 42 43 
42 0 42 42 
42 0 42 44 
42 0 42 41 

80 s 9 

!8 :1x 

70 

:8 ss ! 

7 

!oo 

6 

:1: 

;8 ! ! 
11 0 

80 70 

11 11 
11 0 

8 7 

11 12 

9 8 

11 0 11 10 
11 0 11 13 
11 0 11 12 
11 0 11 11 
11 0 11 10 

:22 x :; :; 

:; x :; ::: 
12 0 12 14 

tE 00 :3 :: 
13 0 13 14 

:: ! :; :: 
13 0 13 12 

:: 8 :: :: 
16 0 16 17 
16 0 16 18 
22 0 22 21 
22 0 22 24 
22 0 22 22 
22 0 22 23 
24 0 24 
25 0 25 
26 0 26 25 
26 0 26 28 
26 0 26 26 

z ! 2267 ;; 
27 1 27 27 
27 1 27 29 

F: : z 26 

sag : go9 
41 i 41 42 
41 1 41 41 
41 141 43 
41 1 41 40 

Frequency 
454989.687 
454993.117 
455001.585 
455004.747 
433453.000 
433455.919 
433461.473 
433464.212 
433490.518 
433644.723 
786507.018 
786511.508 
786511.508 
786515.782 
368281.532 
368283.396 
368284.969 
368286.661 
368096.192 
368309.117 
368473.422 
346187.099 
346373.452 
346375.111 
346376.090 
346377.515 
346398.852 
346565.445 
611736.533 
611736.533 
611741.476 
611741.476 
257842.547 
257843.187 
257843.469 
257844.025 
122454.066 
122454.477 
122454.477 
122455.143 
76668.000 
53656.870 
30568.030 
30568.231 
30568.835 
30569.222 
15832.331 
15832.667 
15833.507 
15833.507 
39143.800 
62525.840 
85978.020 

348113.051 
348113.051 
348114.378 
348114.378 

Unc o-c wt o-c 
30 
30 3: 

:8 -;z 

3300 -1: 
30 -12 

338 
2 

lloo 
k 

100 -5: 556 43 
100 164 444 43 
100 -55 

it -2 
30 -23 
30 -19 
30 -13 
30 -19 
30 -18 
30 18 

3: 2: 
30 43 
30 19 

ia0 1: 
100 301 519 36 
100 -250 481 36 
100 205 558 -36 
100 -340 442 -36 
50 -13 
50 -16 
50 -87 

:8 
-0 

50 4; 476 -10 
50 -62 524 -10 
50 57 

100 87 
100 167 
20 2 

:: 6: 527 
20 -77 473 1; 

100 70 
100 -29 
100 73 
30 56 506 2 
30 -53 494 
30 -50 518 -: 
30 47 482 -3 

a. See footnote to Table I. 

shown in Table IX. Extra significant figures are kept in the table to show the internal 
consistency among the individual calculations. The Y, type structure of HOBr is 
ro_ar = 1.834 A, To-H = 0.961 A, and LH-0-Br = 102.3”. The number ofsignificant 
figures here reflects where differences from the equilibrium structure are expected to 
be significant. 
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TABLE 111 

Observed D079Br Transitions” 

JK,K,F; JK,h-cF; 

11 12 00 0 2 
11 13 00 0 2 
11 11 00 0 2 
11 0 2 
11 0 3 :8 : ; 
11 0 1 10 1 2 
11 0 2 10 13 
11 0 3 

:: a0 4 
21 1 4 
21 1 3 
21 1 4 

33: : ; 
31 3 4 

3: : ; 
31 3 4 

:: z : 

t: t : 

z: : : 
61 6 5 
61 6 7 
71 6 S 
71 6 7 
71 6 9 
71 6 6 

11 1 11 
12 1 12 

:: : :3 
15 1 14 14 

:z : :: :: 

:55 : :: :!I 

:: : :: :a 
15 1 14 16 

:i: : :44 :z 
16 0 16 
17 0 17 

:77 : :66 :: 
17 1 16 19 
17 1 16 16 

10 13 
10 1 1 
10 1 1 
20 2 3 
20 2 3 
20 2 4 
40 4 5 
40 4 4 
40 4 5 

t8 4 : 

28 t : 
50 5 5 
50 5 6 
50 5 6 

Z8 i: :: 
50 5 4 
50 5 7 
70 7 8 
70 7 7 
70 7 9 
70 7 6 

12 0 12 
13 0 13 
14 0 14 
15 0 15 
15 0 15 15 

:zl: :i: :f 
15 0 15 16 
15 0 15 15 
15 0 15 17 
15 0 15 14 

:55 00 :55 :: 
15 0 15 14 
15 1 1.5 
16 1 16 

:77 00 ::: :!: 
17 0 17 19 
17 0 17 16 

Frequency Unc O-C Wt O-C 
340076.582 30 52 
340188.270 30 -28 
340277.178 30 -40 
320628.005 50 -12 
320744.922 50 42 
320837.837 50 -23 
320856.379 50 -40 
320973.266 50 -16 
321038.711 50 
321248.561 200 1; 
321014.591 50 -16 
321126.700 50 10 
321242.761 50 -39 
241359.181 50 
241531.814 50 -! 
241533.034 50 29 
241587.025 50 261 302 -22 
241587.025 50 -144 699 -22 
241612.812 50 23 
241760.461 50 53 
434705.089 30 48 
434855.496 30 -‘.; 
434906.286 30 
434919.953 30 156 414 
434919.953 30 -11; 587 :: 
434933.629 30 
43Si34.189 30 -30 
325030.958 50 10 
325033.922 70 11 
325045.644 500 -73 Blended 
325048.742 70 -5 

76027.490 350 -465 
54697.090 350 -25: 
33232.250 100 
11635.370 lD0 31 

339188.438 30 -3 
339189.638 30 -27 
339389.160 30 -44 
339411.618 30 11 
339412.162 30 43 
339417.137 30 12 
339417.625 30 ‘3 
339434.519 30 
339639.109 30 42 
339641.310 30 22 

10090.470 100 -11 
31942.180 100 

344675.164 50 19: 514 4 
344675.164 50 -201 486 
344680.066 50 164 543 -‘: 
344680.066 50 -198 457 -1 

a. See footnote to Table I. 

Although not a true rS structure, the O-H bond length and H-0-Br bond angle 
are very close to those of the HOC1 substitution structure (16). For HOC1 the most 
significant change between the substitution and equilibrium structures was in the 
length of the O-Cl bond. Because of the similarity of the molecular parameters of 
HOBr and HOCl, the equilibrium 0-Br length may be 0.005-0.006 A shorter than 
the value given above. More detailed discussion of the equilibrium structure will be 
given in forthcoming publications on the infrared spectra. 
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TABLE III-Continued 

JKaK, F; 
18 0 18 
18 1 17 19 
18 1 17 18 
18 1 17 20 
18 1 17 17 
19 0 19 
20 1 19 21 
20 1 19 20 
20 1 19 22 
20 1 19 19 
26 1 25 26 
26 1 25 27 
26 1 25 25 
26 1 25 28 
26 2 25 
27 2 26 
30 2 28 30 
30 2 28 31 
30 2 28 29 
30 2 28 32 
31 0 31 32 
31 0 31 31 
31 0 31 33 
31 0 31 30 
35 1 34 36 
35 1 34 35 
35 1 34 37 
35 1 34 34 
35 2 33 35 
35 2 33 36 
35 2 33 37 
35 2 33 34 
36 2 34 36 
36 2 34 37 
36 2 34 35 
36 2 34 38 
37 2 35 37 
37 2 35 38 
37 2 35 36 
37 2 35 39 
38 2 36 38 
38 2 36 39 
38 2 36 37 
38 2 36 40 
56 1 55 57 
56 1 55 56 

:: : ;55 ii! 
58 3 56 
59 3 57 

JK,K,F;’ 
17 I 17 
i8 0 18 19 
18 0 18 18 
18 0 18 20 
18 0 18 17 
18 1 18 
20 0 20 21 
20 0 20 20 
20 0 20 22 
20 0 20 19 
26 0 26 26 
26 0 26 27 
26 0 26 25 
26 0 26 28 
27 1 26 
28 1 27 
31 1 31 31 
31 1 31 32 
31 1 31 30 
31 1 31 33 
30 I 30 31 
30 1 30 30 
30 1 30 32 
30 1 30 29 
35 0 35 36 
35 0 35 35 
35 0 35 37 
35 0 35 34 
36 1 36 36 
36 1 36 37 
36 1 36 38 

3; : if ;: 
37 1 37 38 
37 1 37 36 
37 1 37 39 
38 1 38 38 
38 1 38 39 
38 1 38 37 

!! : :: $ 

z : 33: ;: 
39 1 39 41 
55 2 54 56 
55 2 54 55 
55 2 54 54 
55 2 54 57 
59 2 57 
60 2 58 

Freauencv 
539i6.660 

347569.579 
347569.579 
347574.252 
347574.252 
76009.890 

353897.605 
353897.605 
353901.979 
353901.979 
377415.725 
377415.725 
377419.556 
377419.556 
376222.689 
352507.962 
439602.614 
439602.614 
439608.038 
439608.038 
348997.604 
348997.604 
348998.949 
348998.949 
426795.688 
426795.688 
426799.310 
426799.310 
374894.556 
374894.556 
374899.525 
374899.525 
362807.592 
362807.592 
362812.528 
362812.528 
351021.225 
351021.225 
351026.140 
351026.140 
339542.264 
339542.264 
339547.120 
339547.120 
360812.874 
360812.874 
360814.487 
360814.487 
373497.961 
349436.411 30 

Unc 
100 

30 

50 

o-c wt o-c 
118 
161 514 -12 

-195 486 -12 
117 541 -29 

-200 459 -29 
-309 
136 512 -7 

-156 488 -7 
126 537 13 

-118 463 13 
-103 491 -11 

77 510 -11 
-62 472 -4 
48 528 -4 

-t; 
18 492 -25 

-67 508 -25 
42 476 10 

-19 524 10 
175 508 

-162 492 : 
67 524 -10 

-94 476 -10 
55 508 

-45 493 z 
5 521 

10 479 :: 
43 493 14 

-14 507 14 
-37 521 -9 
22 479 -9 
40 493 13 

-13 507 13 
36 480 5 

-23 520 5 
28 493 

-22 507 2 
46 480 14 

-16 520 14 
-7 494 -31 

-54 507 -31 
-12 481 -45 
-76 519 -45 
29 499 14 
-2 501 14 
95 487 -14 

-117 514 -14 

-: 

Dipole Moment Measurement 

The dipole moment was determined for D079Br from the Stark effects of two tran- 
sitions: the J = 21 ,-202, F = i--f and the J = 1 lo-lol, F = 2-g. The Stark shifts were 
calculated from the differences in the standard second-order Stark energy expressions 
for the two levels involved in the transitions. The direction cosine matrix elements 
were calculated in the basis that diagonalized the complete Hamiltonian. 

The dipole moment was first determined by a least-squares fit of the shifts of all 
the M~components for both transitions at a fixed field of 15.05 kV/cm to the squares 
of both pa and ~b. This resulted in a very small negative value for p 2. Consequently 
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Jli,K,F; 

11 12 
11 13 
11 11 
11 0 2 
11 0 3 
11 0 1 
11 0 2 
11 0 3 
11 0 1 
21 14 
21 1 3 
21 1 2 
31 3 5 
31 3 3 
31 3 4 
31 3 2 
31 3 5 
31 3 4 
61 6 5 

:: : F 
61 6 6 
61 6 8 
61 6 5 
61 6 7 
71 6 8 
71 6 7 
71 6 9 
71 6 6 

11 1 11 
12 1 12 

:a : :i 
15 1 14 14 
15 1 14 17 
15 1 14 15 
15 1 14 16 
15 1 14 15 
15 1 14 17 
15 1 14 14 
15 1 14 16 

:5 : :t :i 
16 0 16 
16 1 15 17 
16 I 15 16 
16 1 15 18 
16 1 15 15 
17 0 17 
18 0 18 

Jh’&F;’ 

00 0 2 
00 0 2 
00 0 2 
10 12 
10 12 
10 12 
10 13 
10 13 
10 1 1 
20 2 3 
20 2 3 
20 2 2 

as : i 
40 4 5 
40 4 3 
40 4 6 
40 4 4 
50 5 5 
50 5 6 
50 5 6 
50 5 5 
50 5 7 

z: Ei ‘: 
70 7 8 
70 7 7 
70 7 9 
70 7 s 

12 0 12 
13 0 13 
14 0 14 
15 0 15 
15 0 15 15 
15 0 15 16 
15 0 15 16 
15 0 15 16 
15 0 15 15 
15 0 15 17 
15 0 15 14 
15 0 15 15 
15 0 15 17 
15 0 15 14 
15 1 15 
16 0 16 17 
16 0 16 16 
16 0 16 18 
16 0 16 15 
16 1 16 
17 1 17 

a. see footnote to Table I. 
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TABLE IV 

Observed DO”Br Transitions” 

Freauencv 
340044.026 
340137.359 
340211.583 
320711.813 
320809.437 
320887.114 
320902.540 
321000.126 
321230.231 
321082.149 
321175.665 
321244.724 
241792.829 
241936.922 
241937.898 
241983.077 
241983.077 
242004.704 
434280.042 
434405.672 
434448.210 
434459.608 
434459.608 
434471.007 
434638.459 
325033.226 
325035.709 
325045.644 
325048.097 
77211.490 
55984.300 
34623.620 
13131.820 

339094.117 
339095.514 
339261.831 
339280.769 
339281.173 
339285.398 
339285.735 
339300.072 
339470.516 
339472.784 

8487.440 
341801.873 
341802.231 
341806.399 
341806.399 
30231.850 
52098.110 

Unc O-C 

30 -4 
30 -45 
30 -65 
50 10 

:x 3; 
50 27 
50 -28 

100 59 
50 -61 
50 -23 
50 14 
50 68 

Z8 3: 
50 308 
50 -52 
50 75 
30 21 
30 15 
30 24 

g ‘_;‘: 
30 10 

$: -“; 

5$! 6i 

:g -‘_t; 
100 28 

2!8 -% 

ix -:i 
30 29 
30 13 
30 36 

ix -if 
30 -21 
30 28 

100 20 
30 17 

ii8 1s: 
50 -134 

100 -13 
100 -2 

wt o-c 

302 56 
698 56 

414 
586 ; 

Blended 

546 41 
454 41 

pa was fixed to zero and only Pb was fitted. The uncertainty was determined by fixing 
pa to different values until an unacceptable reproduction of the spectrum was obtained. 
The data and the results of the calculation are given in Table X. The a dipole component 
connects several levels which are very close in energy. This gives rise to very large 
second order Stark coefficients for pa. Thus, the absence of any observable contribution 
from p0 allows a very low limit to be put on its magnitude. The dipole moment lies 
along the b axis and has a magnitude of 1.384( 10) D. The magnitude along the a axis 
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JKaKcF; 
19 0 19 
20 1 19 21 
20 1 19 20 
20 1 19 22 
20 1 19 19 
26 1 25 26 
26 1 25 27 
26 1 25 25 
26 1 25 28 
26 2 25 
27 2 26 
31 0 31 32 
31 0 31 31 
31 0 31 33 
31 0 31 30 
35 2 33 35 
35 2 33 36 
35 2 33 34 
35 2 33 37 
36 2 34 36 
36 2 34 37 
36 2 34 35 

;; ; it if 
37 2 35 38 
37 2 35 36 
37 2 35 39 
38 2 36 38 
38 2 36 39 
38 2 36 37 
38 2 36 40 
39 1 38 40 
39 1 38 39 
39 1 38 38 
39 1 38 41 
56 1 55 56 
56 1 55 57 
56 1 55 55 
56 1 55 58 
57 1 56 57 
57 1 56 58 
57 1 56 56 
57 1 56 59 
58 3 56 
59 1 58 59 
59 1 58 60 
59 1 58 58 

z99 i 5587 61 

TABLE IV-Continued . 

JK,,K,F;’ 
18 1 18 
20 0 20 21 
20 0 20 20 
20 0 20 22 
20 0 20 19 
26 0 26 26 
26 0 26 27 
26 0 26 25 
26 0 26 28 
27 1 26 
28 1 27 
30 1 30 31 
30 1 30 30 
30 1 30 32 
30 1 30 29 

i: : 33: it 
36 1 36 35 
36 1 36 38 
37 1 37 37 
37 1 37 38 
37 1 37 36 
37 1 37 39 
38 1 38 38 
38 1 38 39 
38 1 38 37 
38 1 38 40 
39 1 39 39 
39 1 39 40 
39 1 39 38 

Frequency Unc O-C Wt O-C 
74082.890 100 39 

353629.621 -30 107 512 -6 
353629.621 30 -126 488 -6 
353633.255 30 64 486 -23 
353633.255 30 -105 514 -23 
376918.386 30 -66 490 3 
376918.386 30 69 510 
376921.568 30 -37 472 -1: 
376921.568 30 8 528 -13 
379225.081 30 -23 
355634.735 30 19 
345724.932 30 129 508 
345724.932 30 -128 492 i 
345726.076 30 27 524 -2 
345726.076 30 -33 476 -2 
376994.495 30 35 493 
376994.495 30 -26 507 : 
376998.658 30 42 479 -4 
376998.658 30 -46 521 -4 
364913.497 30 40 493 10 
364913.497 30 -19 507 10 
364917.616 30 47 480 -1 
364917.616 30 -45 520 -1 
353129.277 30 41 493 13 
353129.277 30 -16 507 13 
353133.355 30 44 480 -6 
353133.355 30 -53 520 -6 
341648.537 50 18 494 -10 
341648.537 50 -38 506 -10 
341652.590 50 26 481 -26 
341652.590 50 -75 519 -26 
453518.498 30 16 506 -3 
453518.498 30 -22 494 -3 
453521.541 30 65 481 5 
453521.541 30 -51 519 
353864.058 30 -4 496 -1: 
353864.058 30 -16 504 -10 
353865.460 30 164 487 14 
353865.460 30 -128 513 14 
380665.973 30 17 486 
380665.973 30 0 514 i 
380667.338 30 137 487 -16 
380667.338 30 -161 513 -16 
380116.077 30 
434494.079 30 -2; 496 -33 
434494.079 30 -46 504 -33 
434495.555 30 194 488 36 
434495.555 30 -116 512 36 
356212.399 30 -2 

39 1 39 41 

ii : 33: 4: 
39 0 39 38 
39 0 39 41 

sz 22 554 5565 
55 2 54 54 
55 2 54 57 
56 2 55 56 
56 2 55 57 
56 2 55 55 
56 2 55 58 
59 2 57 

ii z i:: 5: 
58 2 57 57 

2: % 55: 6o 

is less than 0.010 D. Because of the slight rotation of axes between HOBr and DOBr, 
ea in HOBr may be as large as 0.05 D. 

Effective bond moments for the O-D and 0-Br bonds may be calculated using the 
dipole moment derived above and the structure determined in the previous section. 
These are 1.41 D and 0.39 D, respectively, with the Br and D atoms both being 
positive. A similar calculation may be done for HOC1 using the dipole moment from 
Ref. ( 14), the substitution structure from Ref. ( 16) and the change in pa on deuteration 
from Ref. (6). It is the change of pn on deuteration which determines the relative 
direction of pa and ~b. The HOC1 calculation then gives 1.52 D for the O-H bond 
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TABLE V 

Observed HOBr uj = 1 Transitions” 

HO”Br HO” Br 
Jh’,l(;F$ Jhhh;F;’ Frequency O-C Frequency O-C 
61 6 5 7 0 7 6 454734.433 58 
61 6 6 7 0 7 7 454720.221 
61 6 7 7 0 7 8 454724.300 -1; 
iY F : 7 8 0 0 7 8 9 7 454738.217 433273.362 -156 -20 

71 
434054.381 

7 7 8 0 8 8 433263.458 17 
;: 

434045.889 
I: i 

-: 
8 8 0 0 8 8 10 9 433266.993 19 434048.826 

433276.912 64 434057.101 ; 
10 1 10 9 11 0 11 10 368333.810 35 
10 1 10 

369405.684 
10 11 0 11 11 368329.700 1 

10 1 
369402.225 : 

10 11 11 0 11 12 368331.953 -1 369404.100 
10 1 10 12 

11 
11 0 11 13 368335.880 19 369407.356 

11 1 11 
-12 

10 12 0 12 11 346503.357 8 347673.727 
11 1 11 11 12 0 12 12 346500.288 -19 347671.127 07 
11 1 11 12 12 0 12 13 346502.248 -24 
11 1 

347672.739 -11 
11 13 12 0 12 14 346505.148 -1 347675.166 1 

a. See footnote to Table I. Unc = 30 kHz for all lines. 

moment and a very small value of 0.02 D for that of O-Cl. The difference between 
the 0-Br and O-Cl bond moments is similar to, but somewhat smaller than the 0.53 
D difference observed in both of the pairs BrF, ClF (28, 29) and BrO, Cl0 (30, 31) . 

TABLE VI 

Ground State Parameters for HOBr and DOBr 

Parameter/MHz H07gBr HO”’ Br D07SBr DO”‘Br 

A 613677.34(100) 613673.62(1OO)O 330577.9434(206) 330573.4045( 140) 
B 10576.60290( 145) 10530.42754( 144) 9937.14648( 116) 9891.72822(97) 

C 10383.05728( 181) 10338.55141( 172) 9630.63100(97) 9587.96056(97) 

DJ 0.0128520(54) 0.0127530(56) 0.01064491(260) 0.01054950(147) 

DJK 0.74938(35) 0.74517(34) 0.434603(184) 0.431130(102) 

DK 135.30(100)* 135.30(100)’ 41.8592(296) 41.8588(149) 
c& x 103 -0.21402(42) -0.21053(40) -0.312987(189) -0.309146(98) 

dz x lo4 -0.27969( 111) -0.27263(66) 

H, x 10” -0.782(194) -0.613(54) 

HJK x lo5 0.3091(293) 0.3l(fixed) 0x459(231) 0.0713(56) 

HK 0.0480(55) 0.04393(128) 
hi x 109 0.164(64) 0.172(58) 
h2 x lo9 0.077(95) 0.157(42) 
3 2X’” 1373.495(86) 1147.330(92) 1369.328(64) 1143.794(66) 

;(Xbb - Xcc) 4.4631(193) 3.7260(197) 5.0891(160) 4.2591(159) 

Cc,. - $(a, + ccc) -0.008(61) -0.094(65) -0.0402(155) -0.0290(156) 

$(cbb + cc,) 0.05827(117) 0.06194(121) 0.05514(81) 0.05808(81) 

t(cbb - cc,) 0.001261(270) 0.00104(38) 0.00125(57) 0.00157(56) 
R.M.S x103 59 38 76 49 

a. The uncertainty reflects that of DI. The uncertainy in A - Dk ia 0.03 MHz. 
b. From the infrared spectrum. 
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TABLE VII 

uj = 1 Parameters for HOBr 

Parameter/MHz v3 = 1 Al-o 213 = 1 Al-o 

H07”Br Hod1 Br 

A 612801.52( 106) -875.82( 106) 612797.12(121) -876.49(121) 

B 10490.041(27) -86.562(27) 10444.341(48) -86.086(48) 

c: 10297.641(42) -85.417(42) 10253.557(75) -84.994(75) 

4x00 1367.3(32) -6.2(32) 1145.5(50) -1.8(50) 

i(Xbb - Xx> 4.478(53) 0.015(53) 3.701(64) -0.025(64) 

R.M.S x103 47 6 

HYPERFTNE CONSTANTS 

The measurement of a significant number of AF # AJ transitions for all isotopic 
species has allowed the determination of a very precise set of nuclear spin rotation 
and quadrupole coupling constants for all four species. The internal consistency of 
the hyperfme parameters is, in fact, better than the quoted uncertainties seem to in- 
dicate. This is due to the fact that errors arising from lineshape and baseline effects 
tend to be the same for a single hyperfine pattern. This cancellation of errors in the 
determination of the hyperfine constants is not accounted for in the global fit, which 
treats all assigned uncertainties as uncorrelated. The parameters used in the fitting 
have been previously listed in Table VI and the individual diagonal components of 
the quadrupole coupling and nuclear spin rotation tensors are given in Table XI. 

The quadrupole coupling is very similar to that observed in HOC1 with the 79Br/ 
35C1 X, ratio of -7.475 being close to the -7.014 ratio of the atomic quadrupole 
couplings (32). Almost the same ratios are observed for the related molecules BrF, 
ClF (28, 29) and BrO, Cl0 (33, 34), these being -7.455 and -7.402, respectively. 

There are apparent H-D isotope shifts in the values of X, of 136 and 112 kHz for 
the 79Br and *‘Br isotopes. The ratio of these shifts, 1.2 1, is consistent with the observed 
79Br/81Br X, ratio o f 1.197 13 in these compounds. 

TABLE VIII 

HOBr and HOC1 Parameter Comparison 

Parameter/MHz HO”Br H03”Cl” DO”Br DO=%I” 
x- 613677.34( 100) 613483.882(56) 330577.9434(206) 331338.764( 114) 
B 10576.60290( 145) 15116.7899(10) 9937.14648( 116) 14298.5405( 78) 
C 10383.05728( 181) 14725.7769( 12) 9630.63100(97) 13675.3910(79) 
DJ 0.0128520(54) 0.0268885(32) 0.01064491(260) 0.0222427(330) 
DJK 0.74938(35) 1.25142(24) 0.434603( 184) 0.77494( 153) 
DK 135.30( 100) 
dl x 103 

130.1899(256) 41.8592(296) 39.6826( 863) 
-0.21402(42) -0.63516(77) -0.312987( 189) 

dzx IV 
-0.91411(330) 

-0.5612(115) -0.27969(111) -1.0288(366) 

a. From Reference 14 
b. From Reference 16 
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TABLE IX 

HOBr Structure Determination 

Species used for structure 0-Br/A O-H/A LH-0-Br/” 
0 position from a and b moments of reference species 

1-16-79, l-16-81, 2-16-79 1.83415 0.9613 102.33 

1-16-81, 1-16-79, 2-16-81 1.83414 0.9613 102.33 

2-16-79, 2-16-81, 1-16-79 1.83417 0.9609 102.35 

2-16-81, 2-16-79, 1-16-81 1.83417 0.9609 102.35 

0 position from center of mass conditions of reference species 

1-16-79, l-16-81, 2-16-79 1.8328 0.9616 102.41 

1-16-81, 1-16-79, 2-16-81 1.8328 0.9616 102.41 

2-16-79, 2-16-81, 1-16-79 1.8329 0.9622 102.37 

2-16-81, 2-16-79, 1-16-81 1.8329 0.9622 102.37 

Extra digits are carried in the parameters to demonstrate the internal 
consistency. Equilibrium bond lengths may differ by several rnA and 
the angle by several tenths of a degree. See text. 

The angle between the 0-Br bond and the principal axis of the quadrupole tensor 
may be determined by considering the observed changes in the coupling constants 
upon deuteration. In the inertial principal axis system of HOBr, the quadrupole tensor 
has a small off-diagonal term, &b. Except for the small, axis-independent isotope shift 
discussed above, the quadrupole tensors in the HOBr and DOBr principal axis systems 
are related by 

where T is the unitary transformation for the axis rotation caused by isotopic substi- 
tution. The H and D subscripts refer to H079Br or D079Br values. In order for the 
relationship above to satisfy the requirement that the quadrupole tensor be traceless, 

TABLE X 

DOBr Dipole Moment 

Stark Shift 
( 

MHz O&Fd Calc. 
JKaKc F MF at E2 = 15.05 kV/cm)2 Shift 
lIo-lo~ 2.5-2.5 2.5-2.5 3088. /I; + 6.973 /.L; 13.32( 16) 13.34 

1.5-1.5 1641.~: + 4.719p; 9.08( 16) 9.03 
211-202 3.5-3.5 3.5-3.5 459.8p: + 8.138& 15.49( 8) 15.59 

2.5-2.5 264.7 ,u2, + 5.532 /I; 10.67(16) 10.60 
1.5-1.5 134.6 /J; + 3.795 /A; 7.35( 16) 7.27 

&,/I*} = {O.OOO(lO), 1.384(10)} D 

a. Numbers in parentheses are estimated errors in units of the least significant figures. 
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TABLE XI 

Hypefine Constants 

HO’SBr HO” Br D07sBr DO” Br 

xaa/MHz 915.663(57) 764.887(61) 912.885(43) 762.529(44) 

Xba/MHz -448.905(48) -374.991(50) -446.264(39) -372.746(39) 

xcc/MHz -466.758(48) -389.895(61) -466.622(39) -389.783(39) 

Cc&Hz 50.(60) -32.(65) 15.(16) 29.( 16) 

C&HZ 60.8( 14) 64.0( 13) 57.6( 14) 61.2( 14) 

CccIkHz 55.8( 14) 59.9( 13) 52.6( 14) 54.q 14) 

A,,xlO-6 0.039(48) -0.023(47) 0.022( 23) 0.039(22) 

hbb x 1O-6 2.73(6) 2.68( 5) 2.75( 7) 2.73( 6) 

A,,x 10-6 2.55( 6) 2.55( 6) 2.60( 7) 2.52( 6) 

the values of (x&,, of the right hand side of the equation are those given in Table 
XI for DO 79Br multiplied by the ratio ( x,) H / ( x,) ,, . Thus, 

(x 
ab H 

> = (&a - XbdDc - (%a - Xbb)H’=S(2@ 

2 sin(20) 

IJsing the rotation angle of 1.744” determined from the structure in Table IX, it is 
found that 1 xab 1 in the H079Br principal axis system is 20.4(24) MHz. Here the 
uncertainty includes the uncertainty in the measurement of the diagonal quadrupole 
components as well as an estimate of 0.05’ for the uncertainty in the angle. To trans- 
form to the principal axes of the quadrupole tensor one must rotate the inertial axes 
by 0.86( 15)” toward the 0-Br bond. From the structural calculation, the angle between 
the a principal axis and the 0-Br bond is 2.0 I (2) ‘. Thus, the quadrupole a principal 
axis makes an angle of 1.15 ( 17 ) ’ with the 0-Br bond. 

Although the assumption that X,, and Xbb individually scale as X, may not be 
entirely valid, large isotope shifts are required of X,, and & to reconcile the observed 
couplings with a principal quadrupole axis along the 0-Br bond. If it is assumed that 
the a! quadrupole principal axis is along the 0-Br bond and the p axis is perpendicular 
to it in the molecular plane, then X,, = 917.34 and 918.76 MHz and XB8 = -450.58 
and -452.14 MHz for H079Br and D079Br, respectively. The change in X,, on deu- 
teration would be nearly as large as that observed in HBr (35, 36) and of opposite 
sign. Moreover, the changes in both X, and xBB are an order of magnitude greater 
than that observed for X,. These seem too large to be attributable to a single H-D 
substitution at a site one atom removed from the coupling nucleus. 

The change in quadrupole coupling constant with excitation of the 0-Br stretching 
mode is quite small compared with its uncertainty, but it is consistent with the changes 
observed in the excited vibrational state of BrF (28). 

The nuclear spin rotation coupling is at first surprising in that the element containing 
the largest rotational constant is too small to be reliably determined. If one uses the 
constants 
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where B, is the appropriate rotational constant and gI is the nuclear g factor, then a 
very consistent result is obtained for A66 and A, for all four species. These values are 
shown in Table XI and may be compared with a value of 3.4 X low6 for BrF (28). 
The values of AM show considerable scatter with respect to their small magnitudes, 
but the results are consistent among all the isotopic species in setting an upper limit 
of approximately 100 times smaller than the other two diagonal components. This 
should provide useful information on the symmetry and location of the excited elec- 
tronic states and will provide a useful check on calculations of excited state wave 
functions. 

CONCLUSION 

The ground state rotational parameters of HOBr and DOBr have been determined 
with high precision. These, as well as the structural parameters determined from them, 
show great similarities to those of HOCl. Several transitions of the n3 = 1 state have 
been fitted to a set of rotational and quadrupole coupling constants for the two normal 
species. Finally, the nuclear quadrupole and spin rotation couplings have been well 
determined. 
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