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Infrared Spectrum of Ji2 of Dibromoborane and Dibromoborane-d 
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North American A2oiation Science Center, Thousand Oaks, California 

(Received 29 June 1964) 

The fundamental associated with the B-H and B-D stretching motions in HBBr2 and DBBr2 have 
been observed unde~ high resolution. A serie.s of evenly spaced lines occurs which has the appearance of a .L 
band of a symmetnc-top molecule. AnalysIs of the spectra gives an approximate value for the smallest 
mom~nt of inertia from ~hi~~ the ~pex angle Br-B-~r was cal~ulated to be 119.3±2°. It was possible 
to assign K values to the mdlvldual hnes and to determme the position of the band centers for both HBBr2 
(2622.4 cm- I ) and DBBr, (1960.1 cm-I ). 

INTRODUCTION 

T~E inertial constants and molecular geometry of 
dlchloroborane, HBCb, have been determined from 

an analysis of the vibrational-rotational structure of 
the band associated with the B-H and B-D stretching 
motions.] Dibromoborane (HBBr2) and dibromobo­
rane-d (DBBr2) have now been prepared, and a simi­
lar analysis has been undertaken. A vibrational analy­
sis of the dihaloboranes utilizing the Green's function 
approach2- 4 has led to a complete assignment of the 
normal modes and a unique determination of the po­
tential constants! 

As a class of compounds the dihaloboranes (assum­
ing a planar C2V model) are accidental symmetric-top 
rotators. Since the B-H stretching motion is perpen­
dicular to the accidental top (unique) axis and is 
contained in the axis of intermediate moment of inertia, 
a typical Type B band6.7 is observed. Under high dis­
persion the band reveals the presence of an evenly 
spaced series of lines on either side of a central mini­
mum. The relatively small moment of inertia associ­
ated with the top axis results in a spacing which is 
easily resolvable with most commercially available in­
frared spectrophotometers~ Data can be treated with 
relatively simple symmetric-top formulas from which 
the rotational constant A can be derived. With the 
aid of a computer the rotational levels can be assigned 
and the band centers can be located. Results for HBBr2 
and DBBr2 provide sufficient information to determine 
the bond angle Br-B-Br. 

EXPERIMENTAL 

A mixture of diborane (0.60 mM) and BBr3 (2.4 mM) 
was placed in a clean Pyrex i-liter bulb with a long 

1 L. Lynds and C. D. Bass, J. Chern. Phys. 40, 1590 (1964). 
2 R. E. DeWames and T. Wolfram, J. Chern. Phys. 40, 853 

(1964) . 
3 C. D. Bass, L. Lynds, T. Wolfram, and R. E. DeWames, J. 

Chern. Phys. 40, 3611 (1964). 
4 T. Wolfram, R. E. DeWames, and C. D. Bass "Vibrational 

Analysis of Substituted and Perturbed Molecules'. III" (to be 
published) . 

5 L. Lynds and C. D. Bass, "Vibrational Analysis of Sub­
stituted and Perturbed Molecules. VII" (to be published). 

6 G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1945), p. 477 ff. 

7 W. S. Gallaway and E. F. Barker, J. Chern. Phys. 10, 88 
(1942) . 

condensing tip. Periodic examination of the mixture 
during the course of several days indicated the forma­
tion of only small quantities of HBr. Several turns of 
copper wire were wrapped around the bottom of the 
condensing tip and the mixture was frozen into the 
area with liquid nitrogen. A continuous 20-kV dis­
charge was then applied externally through the coil 
into the solid. The solid was allowed to evaporate under 
discharge and was then refrozen into the same area. 
This procedure was repeated half a dozen times. Spec­
tral examination of the mixture indicated a reaction 
had taken place in good yield. The mixture was then 
partially separated into its constituents by slowly 
pumping through a series of traps maintained at -45°, 
-55°, and -196°C. The -55°C trap contained pre­
dominantly HBBr2 which appeared to slowly dispro­
portionate into BBr3 and B2H6 upon standing, although 
the stoichiometry of this reaction has not yet been 
established. The -45°C trap contained a mixture of 
BBr3 and HBBr2 which appeared to be quite stable 
with respect to disproportionation. The more volatile 
fraction in the -196°C trap contained unreacted di­
borane and a substituted diborane (possibly B2H6Br). 
Small quantities of BBr3, HBBr2, and HBr were also 
identified in this fraction. As before, the presence of 
B2H6 due to the disproportionation reaction introduces 
BH2 stretching motions (2500-2600 cm-I ) which must 
be avoided. It was most convenient to work with 
mixtures of BBr3 and HBBr2 (20-50 mole %) which 
are quite stable and suppress the formation of B2H6. 
DBBr2 was prepared quite simply by exchanging the 
above mixtures directly with D2 at room temperature. 
Mixtures remaining in contact 48 h were approximately 
50% exchanged. Pure deuterium was generated from 
uranium deuteride by heating. BBr3 was obtained from 
the Eagle-Picher Company and was claimed to be 
99.99% pure. 

A Perkin-Elmer Model 421 spectrophotometer with 
a dual grating interchange provided adequate resolu­
tion. Calibration against HBr 8 and H20 9 provided an 
accuracy estimated to be ±0.5 cm-I • Spectral slit-

8 E. K. Plyler, A. Danti, L. R. Blaine, and E. D. Tidwell, J. 
Res. Natl. Bur. Std. 64, 29 (1960). 

9 K. N. Rao, L. R. Ryan, and H. H. Nielsen, J. Qnt, SQc. Arro 
49, 216 (1959). <" .• "" 

3165 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.59.226.54 On: Tue, 09 Dec 2014 09:54:42



3166 L. LYNDS AND C. D. BASS 

80 

60 

%Tr. 

40 

2660 2610 

%T;:~ 
50 . 

40~~~~~~~~~~~~~~~~~ 
1980 1970 1960 1950 1940 1930 

widths were programmed for 0.29 cm-1 and 0.95 cm-1 

for the 2620- and 1960-cm-1 regions, respectively. A 
lO-cm cell was used for gas samples. In the case of 
HBBr2 and DBBr2 there were no problems with inter­
fering bands from BBr3. 

RESULTS 

The spectra are shown in Fig. 1. The most dominant 
feature is the symmetrical and well defined appearance 
of the rotational fine structure of the BH band. The 
B-D band is not as well defined and is somewhat 
irregular. A planar model for HBBr2 is presented in 
Fig. 2. The moment of inertia (lA), about Axis A 
through the center of mass and parallel to the Br-Br 
line, is small compared to I B and Ie. In this case the 
inertial relationship IA+h=le for a planar system 
shows IB~le. Actually, this relationship holds only 
for equilibrium moments of inertia but is a good ap­
proximation for the ground state values (lAO, lBO, leO) 
which are derived from our experimental measurements. 
The vibration-rotation band associated with the B-H 
stretching motion will then be a Type B band which 
will approach in structure a ..L band (dipole moment 
change ..L to the top axis) as the ratio p=IA/IB be­
comes small. lO This ratio is smaller for HBBr2 than 
for HBCl2 and the symmetric-top relationships should 
be even closer approximations. 

We shall consider the symmetric-top approximation 
to determine the molecular constants. The rotational 
energy levels are given by 

F(v)(J, K) =B(v)J(J+1) + (A (v)-E(v))K2,1l (1) 

neglecting the effects of centrifugal distortion, Coriolis 
interaction, and vibrational anharmonicity. For an ac­
cidental symmetric top, E is an average of the two 
small rotational constants E= (B+C) /2. 

10 H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 
II Reference 6, pp. 400 ff. 

2580 

FIG. 1. Fine structure of the funda­
mental P2 of HBBr2 (upper) and DBBr. 
(lower). Frequency in em-I. 

The selection rules for a ..L band, 

AK=±l, AJ=O, ±1, 

give rise to a band which consists of a number of sub­
bands. The Q branches (AJ=O) of the subbands, ac­
cording to (1), are located at 

vosub= vo+ (A' - E') ±2(A' -E')K 

+[(A' - E') - CA" - E") JK2. (2) 

The single prime refers to the upper state, double 
prime to the lower state; the + sign applies to AK = +1, 
K=O, 1, 2, ... , and the - sign applies to AK=-l, 
K=l, 2, ... . 

Although the molecular constants may be calculated 
from (2), they may be more accurately determined 

A 
I 

DIHALOBORANE MODEL (e zv ) 

FIG. 2. HBBr. model, 
showing axis of smallest 
moment of inertia A 
and q" one-half the apex 
angle. The B ( C2) axis 
coincides with the bo­
ron-hydrogen bond line; 
the C axis is 1. to the 
plane. 
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from combination differencesI2 

F" (J, K + 1) - F" (J, K -1) 

=R(Q)K_I-P(Q)K+I=4(A"-E")K (3) 

and 

F'(J, K+1)-F'(J, K-l) 

=R(Q)K-P(Q)K=4(A ' -E')K, (4) 

which are obtained from (1) or (2). 
If the rotational constants in the upper and lower 

states are the same, the lines in each Q branch fall at 
lJo·ub and form, according to (2), a series of equidistant 
lines, separated by 2(A-B). The P and R branches 
generally form an unresolved background, and the 
series of Q lines is particularly prominent when A»B. 

The average separation of the lines for HBBr2 is 
2.45 and 1.57 cm-1 for DBBr2 cm-I. Using this as a 
first approximation for 2 (A - E), it is possible to as­
sign several different K values to the first lines observed 
on either side of the central minimum. A II - E" and 
A'-E' were determined from (3) and (4) for a num­
ber of assignments, and the band center 1'0 was calcu­
lated from the average values of the rotational con­
stants. With these values for the constants, the spectrum 
was calculated for each assignment. The calculations 
were programmed for the IBM 7090. The assignment 
and constants which best reproduce the observed spec­
trum are shown in Tables I and II. It is seen that the 
positions of the lines may be fit quite well to the 
symmetric-top expression. 

TABLE 1. Rotational fine structure of 1'2 of HBBr2. 

R(Qh R(Qh P(Qh P(Qh 
K (obs.) (calc.) (obs.) (calc.) 

1 2626.4 2626.0 
2 2628.5 2628.5 
3 2630.9 2630.9 2617.5 2616.3 
4 2633.5 2633.4 2615.0 2613.9 
5 2635.9 2635.8 2611. 7 2611.5 
6 2638.3 2638.3 2608.9 2609.0 
7 2640.9 2640.7 2606.5 2606.6 
8 2643.8 2643.2 2603.8 2604.2 
9 2646.5 2645.7 2601.2 2601.8 

10 2648.8 2648.1 2598.5 2599.4 
11 2651.1 2650.6 2596.1 2597.0 
12 2653.1 2653.1 2593.7 2594.6 
13 2591.7 2592.2 
14 2589.2 2589.8 
15 2586.8 2587.4 

A I -B"=1.216, A'-B'= 1.218 

12 R(Q)K and P(Q)K refer to the Q branches of a subband 
with tlK=+l and AK=-I, respectively. The subscript refers 
to the K value of the lower state. 

TABLE II. Rotational fine structure of 1'2 of DBBr2. 

R(Qh 
K (obs.) 

3 1965.3 
4 1967.8 
5 1969.3 
6 1970.8 
7 1972.3 
8 1973.3 
9 1974.8 

10 1975.9 
11 1977.3 
12 1979.2 
13 1980.9 
14 1982.3 
15 
16 

1'0= 1960.1 em-I, 

R(Qh 
(calc.) 

1965.5 
1967.1 
1968.7 
1970.2 
1971. 8 
1973.4 
1974.9 
1976.5 
1978.0 
1979.6 
1981.1 
1982.7 

AI_B"=0.782, 

P(Qh 
(obs.) 

1953.6 
1951.3 
1949.7 
1947.8 
1946.4 
1945.2 
1943.8 
1942.5 
1940.8 
1939.3 
1937.8 
1935.7 

P(Qh 
(calc.) 

1953.1 
1951.5 
1949.9 
1948.3 
1946.8 
1945.2 
1943.6 
1942.1 
1940.5 
1938.9 
1937.4 
1935.8 

A'-B'==0.782 

The moments of inertia about the principal axes 
were obtained from the relationshipI3.I4: 

I xx - I X1I - I xz 

(5) 

Elements of the matrix, lxx, I xy, Ix., etc., are the mo­
ments and products of inertia with respect to an arbi­
trary Cartesian coordinate system (x', y', z'). By ori­
enting the coordinate system so that the x' axis coincides 
with the twofold axis, the off-diagonal elements (prod­
ucts of inertia) vanish and the eigenvalues become lxx, 
IllY, and I.z which are expressed as follows: 

Ixx= 2:M;(y;'2+Z;'2) - (MT)-I(2:M;y;') 2 

; 

- (MT)-I(2:M;z;,) 2, (6) 
; 

-(MT)-I(2:MiZ;')2, (7) 
; 

Izz= 2:Mi(X./2+y;'2) - (MT)-I(2:Mix;')2 
; 

- (MT)-I(2:M;y;,) 2. (8) 
i 

When the origin is fixed at the boron atom, coordinates 
of the atoms (x;', y;', z;') having mass Mi can be ex­
pressed in terms of bond distances and the apex angle, 

13 ]. O. Hirschfelder, ]. Chern. Phys. 8, 431 (1940). 
14 E. B. Wilson, Chern. Rev. 27, 17 (1940). 
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TABLE III. Results. 

and Eqs. (6), (7), and (8) become: 

1.256 

0.822 

0.041 

0.041 

(9) 

(10) 

+MH(MT-MH) 2 (11) 
MT rBH. 

The moment of inertia about A for both HBBr2 and 
DBBr2 can be computed from Eq. (10). 

MT is the molecular weight, r.p is one-half the bond 
angle Br-B-Br (Fig. 2), and rBX = rB-Br was assumed 
to be 1.87 1.15 Using the computed values for lA, 
shown in Tables I and II, Eq. (10) is presented graph­
ically in Fig. 3 with the bond angle (2r.p) as a function 
of the B-H distance (PBH). The equations were solved 
for various values of B until consistent values for the 
molecular dimensions were obtained. Band C were 
obtained from the relations 

B= - (A-B) + [A2+B2Jt (12) 

C= (A +B) _[A2+.82J!. (13) 

It is seen from Fig. 3 that a unique solution (inter­
section) does not occur for a reasonable value of PBH. 

Previous work has indicated that PBH= 1.13±0.2 1 
for HBCb calculated by the same procedure. This is 
certainly consistent with reported values for PBH in 
other boranes determined by more accurate techniques. 
Therefore, if we assume that PBH= 1.20 1 holds for the 
dihaloboranes, the apex angle in HBBr2 is 119.3°±2°. 
However, the bond angle in DBBr2 is somewhat smaller. 
Results are summarized in Table III. 

Since all the frequencies for modes belonging to Sym­
metry Type Al have now been observed or calculated, 
the Teller-Redlichl6 product rule may be tested. The 

15 H. Levy and L. O. Brockway, J. Am. Chern. Soc. 59, 2085 
(1937) . 

16 Reference 6, pp. 227 ff. 

0.039+ 

0.039-

p 

0.033 

0.050 

LBrBBr 

exact expression, utilizing zero-order frequencies, be­
comes 

and should at least be a good approximation for the 
observed or calculated fundamentals. Frequencies sub­
stituted into the left side of Eq. (14) were: 1J1H=612 
cm-t, 1J2H=2622.4 cm-I, 1JaH=179 cm-I (calculated), 
1JID=585 cm-t, 1J2D= 1960.1 cm-I, and 1JaD= 179 cm-1 

(calculated). The product ratio is then 1.408 and com­
pares closely to the right side of (14). 

DISCUSSION 

Nielson1o calculated the spectra of Type B vibration­
rotation bands for planar molecules with variable p= 
lA/ I B, and the data conforms to the structures predicted 
from P given in Table III. Lack of an intensity alterna­
tion in the fine structure is consistent with the twofold 
axis being coincident with the axis of intermediate 
moment of inertia. This, in addition to the observed 
spacings, may be cited in support of the model chosen 
for the analysis and the presence of a monomeric spe­
cies. Fine structure of 1J2 in HBBr2 (p= 0.033) was 
sharper and better defined than corresponding bands 
of HBCl2 (p= 0.066) in predictable fashion. However, 
bands in DBBr2 having an intermediate P (p=0.050) , 
were not as well defined or regular. This may be due 
in part to incomplete resolution of the closely spaced 
lines. 

The calculated molecular parameters are strongly 
dependent on (A I - .8') derived from the combination 

120 

~ 
!::! 
'" ..J 
to 
Z .. 115 
x 
'" Q. .. 

110 

BOND DISTANCE r SH!iil 

FIG. 3. Apex angle (2</» plotted as function of the BH and 
BD bond lengths. HBBr2 (circles), DBBr2 (triangles). 
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differences of the observed frequencies according to 
Eq. (4). Spacings in HBBr2 were reproducible within 
an estimated ±O.OS cm-1 from which the accuracy in 
measuring the apex angle was estimated to be ±2°. 
Since the spacing in DBBr2 was smaller and less regular, 
it was reasonable to suspect the calculations to be less 
reliable. Examination of Fig. 3 illustrates that this 
procedure is not a sensitive measure of the BH bond 
distance since the mass of H or D contributes little to 
the observed moment of inertia. Also, the B-Br bond 
distance was transferred from BBr3. In order to obtain 

more accurate results, it will be necessary to independ­
ently measure B or C which was obtained indirectly 
from these experiments. 

Finally, it should be mentioned that the results ob­
tained are from the effective values of the rotational 
constants, in the ground vibrational state, and are not 
equilibrium values. 
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Studies on the Hydrogen Evolution Reaction Down to -150°C and the Role of 
Proton Tunneling 

B. E. CONWAY AND M. SALOMON 

Department of Chemistry, University of Otta'l!'a 

(Received 29 June 1964) 

An investigation of the hydrogen evolution reaction (h.e.r.) at low temperatures down to -150°C is re­
ported for two metals, Hg and Pt. The purpose of the investigation was to examine the kinetic behavior 
for evidence of proton tunneling. The HID isotope effect at mercury at low temperatures and the heat 
of activation behavior do not support any significant contribution from proton tunneling in the reaction. 
The situation is not as clear, however, for the case of smooth platinum. On the basis of the observation 
of a linear Arrhenius relation for the heat of activation down to -150°C, it is concluded that a proton 
tunneling mechanism cannot be appreciable for the h.e.r. on smooth platinum in ethanolic solutions. 

1. INTRODUCTION 

I N a number of recent papers,1-3 the question of the 
role of proton tunneling in the electrochemical 

hydrogen evolution reaction (h.e.r.) has been considered 
theoretically in relation to Tafel slopes,2 potential 
dependence of HID separation factors,2 and the values 
of separation factors themselves.3,4 Proton tunneling in 
the ion-discharge step of the h.e.r. was first discussed 
by Bawn and Ogden and Appelby and Ogden,5 follow­
ing the work of Bell,6 but in the early work,4 too wide 
a potential barrier was considered, and the effect of 
varying electrode potential was not examined. The 
high values of separation factor S obtained by Appelby 

1 St. G. Christov, Z. Elektrochem. 64, 840 (1960); see also 
other references to Christo v given in this paper and Z. Physik. 
Chern. 214, 40 (1960). 

2 B. E. Conway, Can. J. Chern. 37, 178 (1959); Symp. Charge 
Transfer Processes Toronto 1958 (preprints); B. E. Conway and 
M. Salomon, Ber. Bunsenges 68, 331 (1964); B. E. Conway, 
Chap. 2 in Modern Aspects of Electrochemistry, edited by J. O'M. 
Bockris and B. E. Conway (Butterworths Scientific Publications, 
Ltd., 1964). 

3 M. I. Temkin, Proc. 3rd Conf. Electrochem., Moscow, Acad. 
Sci. Moscow, p. 181 (1953). 

4 C. E. H. Bawn and G. Ogden, Trans. Faraday Soc. 30, 432 
(1934) . 

6 M. P. Appelby and G. Ogden, J. Chern. Soc. 1936, 163. 
6 R. P. Bell, Proc. Roy. Soc. (London) A139, 466 (1933); 

A148, 241 (1935); see also Acid-Base Catalysis, (Oxford Univer­
sity Press, Oxford, England, 1941), pp. 192-207. 

and Ogden5 and claimed to support a proton transfer 
by tunneling have never been confirmed. It was sug­
gested by Conway2 (d. Ref. 7) that a more definitive 
indication of the role of proton tunneling, if any, in 
the h.e.r. could be made by low-temperature electrode 
kinetic measurements and examination of Tafel slopes2 

for Hand D discharge. It is the aim of the present 
paper to report and discuss such experiments carried 
out at mercury and platinum in cooled and supercooled 
alcoholic solutions down to -lS0°C. In aqueous solu­
tions, low temperatures can only be attained in strong 
salt or acid solutions from which specific anion adsorp­
tion may arise and complicate the kinetic behavior. 
The electrochemical proton-transfer case is of particular 
interest with regard to the problem of participation of 
appreciable tunneling since special criteria are avail­
able2 for evaluating the role of tunneling, which do not 
arise in the case of ordinary homogeneous proton­
transfer reactions. In other respects, however, the proc­
ess of electrochemical proton transfer is analogous to 
that in homogeneous proto tropic acid-base reactions2 

and, in fact, a cathode for the hydrogen evolution 
reaction may be regarded, in the general sense, as a 

7 See report by L. F. Leifer in Proceedings of the First Australian 
Conference on Electrochemistry (Pergamon Press, New York, to be 
published) . 
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