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Abstract 

The reactive species BBr was produced by the glow discharge of the BBr3 vapor in a free space cell. Rotational spectra of the 
four isotopic species were observed between 117 and 480 GHz. For lower rotational transitions the hyperline structure owing to 
the bromine nucleus has been observed, and from its analysis the nuclear quadrupole interaction constant has been determined. 
The breakdown of the Born-Oppenheimer approximation lot the rotational constant was recognized and the relevant param- 
eters were determined. © 1997 Elsevier Science B.V. 
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1. Introduct ion 

The labile diatomic molecules between halogen 
and boron atoms were investigated extensively by 

electronic spectroscopy [11. Among them, boron 
monofluoride and boron monochloride were also 
studied with various spectroscopic methods including 
microwave spectroscopy [2-4] and high-resolution 

infrared spectroscopy I5-8].  However, gaseous 
boron monobromide was not studied by any spectro- 
scopic techniques other than electronic spectroscopy. 
A triplet-singlet  emission a3I I -XtZ  + from the dis- 

charge through BBr3 diluted in helium was rotation- 
ally analyzed by Lebreton and co-workers [9,10] to 
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obtain the rotational constant for Ii BBr. Destoky et al. 
[11,121 studied the a3II-X rE; ~ and A q-I-X IE + transi- 

tions under high resolution and derived precise vibra- 
tional and rotational constants for the most abundant 
]l BT,~Br isotopic species. However, Hassanzadeh and 

Andrews [13] applied infrared absorption spectro- 
scopy to explore the reaction of laser-ablated boron 
atom with halogen molecules X2. They characterized 
the boron halide species BX, with n = I - 3  trapped in 
solid argon matrix. The band that was red-shifted 

from the gas-phase fundamental deduced from the 
emission study was assigned to the reactive species 
BX. A theoretical calculation based on AM1 predicts 
the dipole moment of the BBr molecule to be 2.56 D, 
which is larger than that of the BC1 molecule (1.74 D) 
estimated by the same method 114]. 

Recently we detected the transient silicon mono- 

bromide cation produced in a glow discharge through 
gaseous silicon tetrabromide [15]. This stimulated us 
to further explore a bromine-containing molecule, in 
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the present study, we have observed the microwave 
spectrum of various isotopic species of the boron 
monobromide molecule produced in the glow dis- 
charge through boron tribromide. From the analysis 
of the transition frequencies, we have determined the 
rotational and the centrifugal distortion constants 
through the Dunham expansion. The data yield the 
equilibrium bond distances with the small but distinct 
difference for the various isotopic species, which 
means that the Born-Oppenheimer approximation is 
not valid for this molecule. 

2. Experimental 

The spectrometer used has already been described 
elsewhere [16]. It is of a source modulation type and 
controlled by a small dedicated computer. The micro- 
wave source is a millimeter-wave klystron followed 
by a multiplier (tripler or quadruplet). The quadruplet 
produced spurious quintuple output which could be 
used to observe the spectrum in the high frequency 
region. The frequency of the source microwave was 
determined by detecting a beat signal between the 
millimeter wave and the phase stabilized centimeter 
wave. A pyrex cell was cooled with liquid nitrogen 
which flowed through a pipe soldered on a copper 
jacket. The cell temperature was monitored with ther- 
mometers composed of semiconductor diodes. A 
photoconductive InSb detector cooled to the liquid 
He temperature was used to detect the microwave 
absorption. The output of the detector was amplified 
and detected by a phase-sensitive detector and further 
processed by a computer. 

By referring to the method of production lbr the 
boron monochloride [4] we adopted the discharge 
through the vapor of boron tribromide, a liquid of 
transparent pale yellow color with a boiling point of 
91°C. The initial search for the BBr spectrum was 
made under the experimental conditions similar to 
those for the optimum production of boron mono- 
chloride. The rotational transition frequencies were 
calculated for the 260GHz region, where our 
spectrometer bad high sensitivity. For this first predic- 
tion, the rotational constant and the centrifugal distor- 
tion constant were taken for the isotopic species 
11B79Br reported by Destoky et al. [ 12 ]. The rotational 
transition for J = 9 -8  was calculated to fall around 

263-245 MHz. We searched for lines ascribable to 
unstable molecules on an oscilloscope and detected 
several lines which could definitely be recognized 
on the oscilloscope. A line, which was observed 
about 65 MHz higher than the predicted frequency, 
disappeared quickly after the discharge was stopped, 
This line did not show any paramagnetic behavior, 
that is, the line did not vanish on application of the 
magnetic field. This suggested that the carrier mole- 
cule was short-lived and diamagnetic. It disappeared 
when oxygen was added to the system. We provision- 
ally assigned this species to boron monobromide. 
Definite assignment would be possible by observing 
the same rotational transition of the bromine isotopic 
species l IB8lBr. The frequency was estimated from 
the reduced mass dependence of the rotational con- 
stants. We observed a line with almost equal intensity 
near the predicted frequency, to confirm the molecular 
species to be BBr. 

The experimental conditions were then optimized 
by observing the rotational transition line just 
detected. The sample pressure was maintained at 
30-40 mtorr. Higher discharge currents led to the 
higher intensities of the spectrum, but produced 
simultaneously larger noises. Thus the current was 
selected between 100 and 400 mA. The cell tempera- 
ture was set between 0 and -30°C. Addition of helium 
gas to the boron tribromide did not produce any 
stronger signals but made the discharge more unstable 
at the above cell temperature. 

The above frequency for the most abundant iso- 
topic species yielded the preliminary value of the rota- 
tional constant, from which those of other isotopic 
species could be estimated using the following 
equations between the Dunham constants 

I + 2m 

Yhn 

where Yl,,, and/~ are the Dunham coefficient and the 
reduced mass of the molecule, respectively, with an 
asterisk for the isotopic species. The rotational spectra 
of four isotopic species of BBr were thus observed. 
The number of rotational transitions observed is 6 for 
the species in the ground vibrational state. For the 
transitions with smaller J values, i.e. J = 7-6  and 
4-3,  we were able to observe hyperfine splittings 
owing to the nuclear quadrupole interaction of the 
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Fig. I. The . /= 7 6 transition of l i B"<~Br in the vibrational ground 
',talc near 204 825 MHz. The spliumg is due to the nuclear quad- 
rupolc interaction. The lower frequency line is a composite line of 
F =  17/2 15/2 and 15/2-13/2 and the higher one acomposite of 
F =  13/2 11/2and 11/2-9/2. 

b r o m i n e  n u c l e u s .  F i g u r e  I s h o w s  t h e  s p e c t r u m  o f  t h e  

J = 7 - 6  t r ans i t i on  for  the l iBT'~Br spec i e s  in the 

v ib ra t iona l  g r o u n d  state. T h e  spec t ru rn  s h o w s  t w o  

l ines,  e ach  o f  w h i c h  is a c o m p o s i t e  o f  t w o  h y p e r f i n e  

c o m p o n e n t s  o w i n g  to the b r o m i n e  n u c l e u s  wi th  1 = 

3/2. T h e  c o r r e s p o n d i n g  h y p e r f i n e  sp l i t t ing  o w i n g  to 

the b o r o n  nuc l eus ,  l ( i i B ) = 3 / 2  and  l ( i ~ l B ) = 3 ,  w a s  

too  smal l  to be de tec ted  in the o b s e r v e d  t r ans i t ions .  

In the h ighe s t  f r e q u e n c y  r e g ion  the s p e c t r u m  o f  

the v i b r a t i o n a l h  exc i t ed  spec i e s  up  to v --= 4 cou ld  

be o b s e r v e d .  T h e  m e a s u r e d  f r e q u e n c i e s  for  the i lB 

and  I~B spec ies  are g iven  in T a b l e s  I and 2, 

r e spec t ive ly ,  t o g e t h e r  wi th  the ro ta t iona l  and \ ' i bm-  

tiomil a s s i g n m e n t s .  

Table I 
Observed frequencies fo r  i iBT~JBr and i iB~Br 

v J' F' ~ ,/" F" Frequent,, 
(MHz) 

i~BT<~Br Weight Frequent} i hSiBl 

O.-C. (MHz) ().-( ' .  
[MH,'] [MH,'] 

Weight 

4 4.5 ~ 3 3.5 
4 5.5 ~ 3 4.5 
4 2.5 ~ 3 1.5 
4 3.5 ~ 3 2.5 
7 7.5 ~ 6 6.5 
7 8.5 ~ 6 7.5 
7 5.5 ~ 6 4.5 
7 6.5 ~ 6 5.5 
9 ~ 8 
9 ~).5 ~ 8 8.5 
9 10.5 ~ 8 9.5 
9 7.5 ~ 8 6.5 
9 8.5 ~ 8 7.5 

10 ~ 9 
13 ~ 12 
16 ~ 15 
7 7.5 ~ 6 6.5 
7 8.5 ~ 6 7.5 
7 5.5 ~ 6 4.5 
7 6.5 ~ 6 5.5 
9 ~ 8 

I 0  ~ 9 
13 ~ 12 

9 ~ 8 
13 ~ 12 
9 ~ 8 

13 ~ 12 
9 ~ 8 

13 ~ 12 

I 17057.574 
117057.574 
117061.464 
117061.464 
204824.417 
204824.417 
204825.466 
204825.46(, 

263311.320 
26331 1.320 
263311.873 
263311.87~ 
292545.50:~ 
380201.43 ~, 
467773.O25 
203061.898 
203061.898 
2()3()63.1X)9 
203063.009 
261045.574 
290027.933 
376929.(116 
258800.786 
373687.101 
256576.862 
370475.332 
254373.4O6 
367293.342 

-01)02 0.5 
-0,002 0.5 
O.O24 O.5 
0,024 O5 
O.052 O.5 
O.O52 O.5 
0,010 0.5 

0.010 0.5 

O.064 
0.064 

-0.025 
O.025 

-0.026 
0.036 
O.O35 
0.016 
0.016 
0.036 
0.036 

-O.046 
-0.002 

0.012 
-0.034 
-0.015 
-0.014 

0.02 I 
- 0 . 1 1 8  

0.006 

0.5 
O.5 
O.5 
O.5 
1.0 
1.0 
1.0 
0.5 
O.5 
0.5 
0.5 
1.0 
I.(i 
I.fl 
I.() 
1.0 
1.0 
1.0 
0.1 

16704.737 ().013 
16704.737 0.013 
16707.952 0.000 

116707.952 0.0()0 

204206.850 (t.034 
204206.850 (I.034 
204207.731 (t.()()4 
204207.731 ().004 

262517.675 (L009 

291663.622 O.032 
379055.565 0.036 
466363.782 O.081 
202452.277 0.016 
202452.277 O.(ll6 
202453.192 -0.012 
202453.192 0.1)12 
260261.935 0047 
289157.299 0.067 
375797.905 -0.008 
258027.268 0.021 
372570.58l (I.(IW 
255813.316 (LOll 
369373.245 -(I.023 
253619.846 0.Ill 1 
366205.474 0.()13 

0.5 
0.5 
0.5 
/).5 
0.5 
0.5 
0.5 
0.5 

.() 

.o 

.(} 

ILl 
().5 
O.5 
O.5 
0.5 
I.() 
0.1 
I.(I 
1.0 
I J) 
1.0 
1.0 
I.U 
IJI 
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Table 2 
Observed frequencies for mBTUBr and mBS~ Br 

v J '  F' ~ J" F" Frequency mB7'~Br Weight Frequency mBSIBr Weight 
(MHz) O.-C. (MHz) O.-C. 

(MHz) (MHz) 

0 4 4.5 ~ 3 3.5 127254.479 -0.007 0.5 126901.758 0.015 0.5 
0 4 5.5 ~ 3 4.5 127254.479 -0.007 0.5 126901.758 0.015 0.5 
0 4 2.5 ~ 3 1.5 127258.341 -0.009 0.5 126905.081 0.109 0.05 
0 4 3.5 - -  3 2.5 127258.341 -0.009 0.5 126905.081 0.109 0.05 
0 7 7.5 - -  6 6.5 222663.902 0.003 0.5 222046.578 0.022 0.5 
0 7 8.5 ~ 6 7.5 222663.902 0.003 0.5 222046.578 0.022 0.5 
0 7 5.5 ~ 6 4.5 222664.970 -0.020 0.5 222047.436 -0.031 0.5 
0 7 6.5 ~ 6 5.5 222664.970 -0.020 0.5 222047.436 -0.031 0.5 
0 8 ~ 7 254456.423 -0.052 1.0 253750.849 -0.103 0. I 
0 9 - -  8 286241.681 -0.096 0. I 285448.164 -0.024 1.0 
0 12 ~ 11 381548.280 -0.008 1,0 380490.754 -0.017 1.0 
0 15 ~ 14 476762.842 -0.056 1.0 475441.878 -0.019 1.0 
I 7 7.5 ~ 6 6.5 220666.372 -0.024 0.5 220057.377 0.028 0.5 
I 7 8.5 ~ 6 7.5 220666.372 -0.024 0.5 220057.377 0.028 0.5 
I 7 5.5 ~ 6 4.5 220667.522 0.035 0.5 220058.252 -0.008 0.5 
I 7 6.5 ~ 6 5.5 220667.522 0.035 0,5 220058.252 -0.008 0.5 
1 12 ~ 11 378124.734 0.031 1.0 377081.422 0.019 1.0 
2 7 7.5 ~ 6 6.5 218688.292 -0.005 0,5 218087.466 0.026 0.5 
2 7 8.5 ~ 6 7.5 218688.292 -0.005 0.5 218087.406 0.026 0.5 
2 7 5.5 ~ 6 4.5 218689.384 -0.004 (1.5 218088.383 0.032 0.5 
2 7 6.5 ~ 6 5.5 218689.384 -(I.004 (1.5 220088.383 0.032 0.5 
2 12 ~ I 1 374734.426 0.044 I .(1 373705.145 0.030 1.0 
3 12 - -  11 371377.028 0.134 0.1 370361.6(19 (I.130 0.1 

3. Results and discussion 

To ana lyze  the o b s e r v e d  spec t rum of  i so topomers  

separa te ly  we used the D u n h a m  e x p r e s s i o n  for  the 

v i b r a t i o n a l - r o t a t i o n a l  ene rgy  levels .  M o l e c u l a r  con-  

s tants  were  d e t e r m i n e d  wi th  a l eas t - squares  fit to the 

t rans i t ion  f requenc ies .  T he  equ i l i b r i um  ro ta t iona l  con-  

s tants  ob t a ined  in this  ana lys i s  e n a b l e d  us to ca lcu la te  

the b o n d  leng th  o f  the  molecu le .  T he  b o n d  leng ths  for  

the four  i so topomer s  were  found  to be d i f fe ren t  f rom 

one  ano the r  ove r  the s t andard  dev ia t ions .  Th i s  sug-  

ges ted  that  the B o r n - O p p e n h e i m e r  app r ox i m a t i on ,  

a c c o r d i n g  to w h i c h  all the i so topic  spec ies  shou ld  

have  the same  equ i l i b r i um  b o n d  length ,  was  not  

app l i cab le  to this  molecu le .  

Thus  the o b s e r v e d  f r equenc ie s  for  the four  i sotopic  

spec ies  were  g loba l ly  fi t ted a c c o r d i n g  to the m e t h o d  

o f  W a t s o n  [17]. The  p r og r am  used  for  the g lobal  fit 

was  the same  as that  e m p l o y e d  by Sa leck  et al. [18]. 

Th i s  ana lys i s  used  the i so topica l ly  inva r i an t  D u n h a m -  

type  e x p a n s i o n s  for  va r ious  m o l e c u l a r  cons tan ts ,  

i nc lud ing  the hyper f ine  in te rac t ion  cons tan ts .  In the 

fit the rat io  of  the quadrupo le  m o m e n t s  

Q ( 7 9 B r ) / Q ( ~ B r ) = l . 1 9 7 0 5 2  [19] was  used ins tead  

of  the i r  abso lu te  values .  The  value  o f  the quadrupo le  

m o m e n t  Q(Sl Br)  was  then  d e t e r m i n e d  in the fit. Non-  

reso lved  hyper f ine  c o m p o n e n t s  were  ca lcu la ted  as the 

i n t ens i t y -we igh t ed  averages .  The  isotopical ly  invar-  

iant  pa rame te r s  de r ived  in the present  ana lys i s  are 

l isted in Tab le  3. 

Al so  in Tab le  3, the equ i l ib r ium bond  lengths  for  

the i so topomers  are shown.  The  er ror  a t t ached  to the 

b o n d  lengths  ma in ly  resul ts  f rom the uncer ta in t i es  of  

the f u n d a m e n t a l  cons tan t s  [21]. The  d i f fe rence  

b e t w e e n  the isotopic  bond  lengths ,  howeve r ,  is not  

in f luenced  by the prec i s ion  of  the f u n d a m e n t a l  con-  

stants.  The  B o r n - O p p e n h e i m e r  b r e a k d o w n  cons tan t s  

for  bo ron  and  b romine ,  A~B)I and  A ~ ,  are - 1 . 7 2 6 0 ( 6 1 )  

and  - 2 .28(17) ,  respect ive ly .  The  unce r t a in ty  for  the 

s econd  cons t an t  is la rger  than  that  for  the first one. 

Th i s  is r easonab le ,  s ince  the effect  o f  the isotopic  

subs t i tu t ion  of  b r o m i n e  will be smal l e r  than that  
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Table 3 
lsotopically in,,ariant parameters for the BBr molecule 

Parameter:* Value b Unit 

/-/01 ' 
ul'. 
u#; 
(iu? 

U/: 
eQq( ~ Br~ 
dcri',cd: 
eQq< "" Bt 
r,(+LFI>Bt .) 
r,(+I B*+Br) 
r,(+UBVUBr) 
,",( I°Bst [:h') 

141992.006 ( 121 MHz u 
12.214 (43) MHz u 
2.25 (16/ MHz u 

-2.81008 126) MHz u-" 
3816.587 {70) MHz u ~+ 

55.778 (97) MHz u: 
-0.705 (42) MHz u "'~ 

0.0279 (26) MHz u" : 
0.000264 (75) MHz u ~ 

111.3(I (65) MHz 

133.23 1781 MHz 
1.88658632 (79) 
1.88658595 (79) 
1.88659439 (79) 
1.88659402(79) 

-I.7260161) 
-2.28 (17) 

;7",, =/',<,, +/,,l~, ( I -  ~ ) +  {'{t~'t' (l ~i '~} 20. The atomic 
' u , /  

7t) 
masses ,t,/[~ and M~, in the refercnce isotopomer, here liB Br, 
,,vcrc taken from Ref. 121 ]. 

bValues in brackels: Io. 

owing to the boron substitution. The B-Br bond 
length (1 +886 A) in the gBr radical is slightly shorter 
than the length 1,893(5)/k in the BBr3 molecule 1221. 

The nuclear electric quadrupole interaction con- 
stants eQq in BBr have been determined for the frst 
time in the present study. The quadrupole hyperfine 
interaction constant reflects the electron distribution 
and thus is a good measure of the ionic character of a 
chemica l  bond  in the molecu le .  The  ionic i ty  i~, of the 

B - B r  bond  is ca lcu la ted  f rom the o b s e r v e d  e Q q  value  

us ing  the f l ) l lowing equa t i on  1231: 

e Q q =  - +~.i, j e Q q ,  ul+ 

where  s is equal  to 0.15 for  ha logen  a toms  o ther  than 

fluorine.  The  a tomic  values  of  eQq, , io  are 109.74. 

Table 4 
Ionic character (9,:) i, for boron and aluminum rnonohalides 

i, Ref. i~ Ref. 

BCI 8~ 14] AICI 91 1241 
BBr 81 present AIBr 88 [251 
BI +-- All 85 [261 

- 7 6 9 . 7 6  and  2292.71 M H z  f l ) r  ~5CI, >~Br and  I~':'l, 

r e spec t ive ly  1231. The  ionic i ty  of  the BBr  bond  is 

found  to be 81% and the species  can be r ega rded  as 

a ra ther  polar  mo lecu le  wi th  the e lec t ron  d i sp laced  

f rom the boron  a tom toward  the b r o m i n e  atom. The  

ionici ty  of  bo ron  m o n o h a l i d e s  is c o m p a r e d  with that  

of  a l u m i n u m  c o m p o u n d s  in Tab le  4. h can be seen 

that  the latter mo lecu le s  have genera l ly  larger  

ionici ty.  The  BBr  molecu le  has  marg ina l ly  smal le r  

ionici ty  than a l u m i n u m  m o n o b r o m i d e  and also than 

bo ron  m o n o c h h w i d e .  The  latter fact co r r e sponds  to the 

larger  e l ec t ronega t iv i ty  of  the ch lo r ine  a tom in c o n >  

par i son  wi th  the b r o m i n e  a tom and thus to the h igher  

a t t rac t ion  of  the e lec t ron  by the ch lo r ine  atom. The  

a l m n i n u m  atom is r ega rded  as more  meta l l ic  than the 

boron  a tom,  so that  it has  a h igher  t endency  to t ransfe r  

the e lec t ron  c loud  toward  an electronemtti '+e h a l o e e n  

a tom.  
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