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GREEN’S FUNCTION ANALYSIS OF THE VIBRATIONS
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Using the Green’s function technique the molecular constants of borine carbonyl have
been calculated by making use of the boron atom substitution. The molecular constants
thus obtained agree well with the available experimental values.

1. Introduction

The electron diffraction study of Bauer [1] and microwave investigations of Gordy
et al. [2] on borine carbonyl have established a symmetric Cs, structure for this molecule.
The earliest investigation of the infrared spectrum of borine carbonyl, made Cowan [3],
left uncertain the assignment of the B-C-O bending and B-H symmetrical and unsymme-
trical vibrations. Bethke and Wilson [4] reported the complete infrared spectrum of
gascous and solid phase of *°BH;CO, HBH,CO,BD;CO and *BD;CO and the Raman
spectra of these compounds in the gaseous phase as well as a normal coordinate analysis.
Taylor [5]reported the Raman spectra of {*BH,CO and 1'BD;CO in the liquid state along
with the results of a normal coordinate analysis using GVFF. Using a propoer ortho-
normalized set of symmetry coordinates, Sundaram and Cleveland [6], obtained the
potential energy constants and rotational distortion constants for these molecules using
GVFF. The presence of a large number of isotopic frequencies makes it ideal for the
application of Green’s function analysis [7-9] to obtain an accurate description of the
molecular force fields [10] for these molecules. The present paper deals with the appli-
cability of Green’s function analysis, in evaluating the molecular constants of borine

carbonyl.

2. Isotopic rules for XY, ZW — X YYLZW molecules

According to De Wames and Wolfram ‘ [7] in the case of vibrational analysis by the
Green’s function approach the secular determinant to be solved is of the form

lew?G(w?)--I| = 0 6]
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where & = (m'—m)/m (m stands for mass) w is the vibrational frequency, G(w?) is the
Green’s function for the unperturbed molecule. Green’s function for the motion of the
molecule is given by

G(w?) = I, 24 .
A7) @2 —o?) 2y

where w,’s are the vibrational, translational and rotational frequencies (the values of
translational and rotational frequencies are zero) and X}, is the /™ component of the normal
coordinate for the mode whose frequency is w,. The normal coordinates are the linear
combinations of the external symmetry coordinates S, through suitable mixing parameters.
In the A, species, the normal coordinates chosen are

Q: = (S;+aSs)/V1+a?
0, = (S,+bS)/ V142

Qs = (S;—aSy)/V1+a
and
Qs = (S, —bS)/V1+b2. 3)

The combination of two or more mixing parameters in one normal coordinate leads
to complications and an unreliable set of force constants. The normal coordinates given
above are the nearest true representation of the normal vibrations, since of the various
combinations possible they alone give a reliable set of isotopic rules and force constants.
The normal coordinates representing the E species are,

05 = (Ss+cSe)/ v/ 1+c2
Qs = (Ss—cS5)/V1+c*
07 = (S;+dSg)/v/1+d?
Qs = (S5 —dS,)/V1+d?. )

In the above two equations &, b, ¢ and d are the mixing parameters.

The frequencies of the X 'Y,ZW molecules can be obtained from equation (1) and
the perturbation is associated with the three rows of equation (2) representing the X atom.
The isotopic rules governing the X atom substitution are given in the Appendix. The
molecular parameters used in our calculations are presented in Table I.

The values of the mixing parameters obtained in the present calculation for 1°BH;CO
are a = —1.324401, b = 2.864723, ¢ = 1.251445 and d = —0.663400.
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TABLE 1
onyls in cm—*
10BH,CO 1BH,CO

2166.0 2164.7
707.0 691.4

2385.0 2379.0 D=11314A

1083.1 1073.4 R=15404A

r=1.19%4A

2456.0 2441.0 o= 113°52

1100.0 1100.0 8 = 104° 36’
818.8 809.3
313.7 313.2

3. Potential energy constants

The relation between the force constant matrix F and the mixing parameter matrix 4
has been shown to be [9]

F=B"14A4B.

®

Using this relation the F matrix elements are determined and from that the valence force
constants are evaluated, as shown in Table II.

Valence force constants of borine carbonyl in millidynes per Angstrom

TABLE II

Jo
Jr
I,
Ja
/]
fs
Jer
fRa
Sfrp
faa
Sap
Jps
faﬁ

Present work

21.6130
24332
3.6401
0.3584
0.3692
0.3841
0.0831
—0.1703

0.2128
-0.0513
—0.0112
—0.0972
—0.0723

Ref. [4]

18.966
2.629
3.236
0.212
0.167
0.297
0.078

—0.088
0.097
—-0.030
0.009
—0.088
—0.056

Ref. [5]

17.9900
2.7750
3.1607
0.2125
0.2250
0.2744
0.0687

-0.0670
0.0836
—0.0309
0.0048
0.0647
-0.0627

4. Mean amplitudes of vibration

Ref. [6]

18.0450
2.7283
3.2059
0.2048
0.1758
0.2331
0.0495

—0.0710
0.0887
0.0374

~0.0121

—0.0797

—0.0419

The mean square amplitude matrix can be obtained from Cyvin’s relation [11]

where 4; =

8n?

cw

coth E
5 2kT

> =TLAL

(6)

; . ;
and L = BA. In the above equation % is the Planck
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constant, k the Boltzmann constant, and 7 is the absolute temperature. The mean ampli-
tude quantities computed from the X matrix, are given in Table III.

TABLE .11
Important mean amplitudes of vibration of borine carbonyl in A
Present work Ref. [17]
op 0.03367 l 0.03464
OR 0.05875 0.04951
o 0.09604 ( 0.10680

5. Rotational distortion constants

The rotational distortion parameters 7,4, can be obtained from the theoretical formu-
lation for vibration-rotation interactions by Wilson and Howard [12] and by Nielson
[13]. These parameters are defined as

. K a*ta?’
W s = — 5500 3 Q)
IaaI[iﬁIw 36 @;

13

where o, B,y and & can be takenin turn as x, y or z. If these are expressed in MHZ, the

constant K assumes the value 5. 7498 x 108, the vibrational frequencies w; are in cm~*, the

principal components of the moment of inertia tensor 79, are evaluated for the ground state

andin the centre of mass of the molecule, and the coefficient a?* are expressed in a. m. u A2,
The coefficients aff are related to the / (= SA) matrix by

ai* =2y my *(BRl%:+ %k
K .
af = =2% mioRli (o # B) ®
F3

where oY, f% and yg represent the equlibrium Cartesian coordinates and my the mass
of the K™ atom. The Dy, Dg and D,x values calculated are given in Table IV.

TABLE 1V
Rotational distortion constants of borine carbonyl in MHZ
Present work Ref. [18] Ref. [6]
T
Dy 0.2153 0.1770 =
Dk 2.1062 — 1.7054
Dk 0.4486 0.3900 ==

6. Coriolis coupling constants

The Coriolis coupling constants, according to Meal and Polo [14] are given in terms
of the / matrix as

¢=IMT;, a=x0y2z2 )]
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M7, M? and M? are as defined in reference [14]. The { elements calculated are given in
Table V,

TABLE V

Coriolis coupling constants of borine carbonyl

’ Present work Ref. [4]
gs | 0.1238 0.13
le 0.1152 0.17
B 0.5849 , 0.56
Ls ‘ 0.2119 | 0.17
1y
g 1.0358 — 41 =1.03
2 | | hl

7. Results and discussion

In the present study, the internal coordinates, symmetry coordinates and the molecular
parameters used are the same as the ones used by Sundaram and Cleveland [6]. The
elements of the kinetic energy matrix obtained are in general the same as the ones obtained
by them.

As seen from equations (3) and (4), the mixing is predominant between S; and S5, and
S, and S,. This indicates the presence of strong interaction between the C = 0 stretch
and the BH; symmetric stretch. Also there is considerable mixing between the B = C
stretch and BH; bending modes. This result is in good agreement with the results of normal
coordinate analysis by Bethke and Wilson. ’

The electronic structure of borine carbonyl has been discussed by Gordy et al. The
resonant structures postulated by them are as follows:

(I) H;B~—C = 0+; (II) H,B~—C = 0; (IlN) HYB~-=C =0; (IV) HyB- = C+—0~
and (V) H;BCO.

According to Gordy et al., the (V) structure contributes the most (50 percent)
towards stability and this explains the low stability of BH3CO. In this case the borine
group is loosely bound to the C == 0 group. This will result in the boron atom tending
to have a planar sp? hybridization while the other structures lead to tetrahedral sp? hybrid-
ization. The value of 113°52 for the HBH angle is indicative of the intermediate state.

These facts are well represented in the force constant calculations. As seen from
Table II, the value of the C = 0 stretching force constant is 21.613 mdynes/A, which is of
the order expected for a double bond, indicating the predominance of the siructure 11T,
The B-H stretching obtained here is 3.64 mdynes/A, where the B-H distance is 1.194 A,
which is consistent with the values of 3.60 mdynes/A' and 2.848 mdynes/A obtained from
diborane [15] and borohydride ions [16], whose bond lengths are respectively 1.2 A and
1.255 A, Tt can be observed from the above force constant values that as the nuclear
seperation of the B~H bond increases the B—H stretching constant decreases which is
to be expected. No such conclusion can be drawn the HBH bending constants.



344

“The positive sign of the bond-bond interaction term, f,,, implies that as one B-H
bond is stretched, the other contracts. As a B-H bond is stretched, a change in hybridiza-
tion towards the sp3 configuration would decrease the B-H bond strength and produce
a negative interaction constant. On the other hand, as one B-H bond is lengthened, ionic
repulsion between the hydrogens would allow the other two bonds to shorten, resulting in
a positive interaction constant. As f,, is found to be positive, the B-H stretch is most
strongly influenced by ionic or other repulsion terms while the hybridization effect -is
comparatively small.

The negative stretch-bend interaction term, fra» is probably due to an increasing
contribution from structure (V) during the BC stretch, which would result in both greater
sp? boron hybridization and less mutual hydrogen repulsion. Both of these should decrease
the H-B-H bending constant, producing a negative interaction constant. Similar explana-
tions can be given for the positive stretch bend interaction constant, fgs. In general, the
set of force constant values obtained by us compares favourably with those obtained by
previous workers. ‘

The mean amplitudes of vibration, calculated using the L matrix obtained from this
Green’s function procedure, compares well with the corresponding values calculated by
Venkateswarlu and Purushothaman [17], as shown in Table I1I. No experimental values
are available for this molecule.

Rotational distortion.constants of borine carbonyl have been reported by Strandberg
et al. [18] and by Gordy et al. [2]. The Dy value obtained here, 0.2153 MHZ, is in agree-
" ment with the value of Strandberg et al. The value of Dy, 0.4486 MHZ compares well
with the value reported by Gordy et al. No experimental values are available for comparing
the Dy value. However, this is also in good agreement with the calculated value of Sundaram
and Cleveland. These facts are shown in Table IV.

The Coriolis sum rule derived by Cowman [3] for axially symmetric YX,ZW molecules
is, for the fundamental vibrations of the E species

C+C+C+C—I“+1—B+1
5T 6667 8—213 =54

where I, and Iy are the moments of inertia about axes which lie along and perpendicular
{o the symmetric axis respectively, and 4 (= A/ 8n2cl,) and B are the corresponding rotation-
al constants. The structure of borine carbonyl has been determined from the microwave
spectra of the normal and deutrated compounds by Gordy et al. From their results, the
calculated values of 4 and B are 4.17 and 0.29 cm™*, respectively. This gives X{; = 1.03.
From the theoretical expressions 4y = 2(4-B)—24 for the separation of successive Q
maxima, one obtains {5 = 0.13; {s=0.17; ¢, =0.56 and {g = 0.17. Our values are
in fairly good agreement with those values and the ¢ sum rule is also obeyed as shown
in Table V.

One of the authors (G. S.) is grateful to the University Grants Commission, Govern-
ment of India, New Delhi, for financial assistance in the form of a Junior Research Fellow-
ship award.
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APPENDIX
Product rule: A; species

o 2 on [(emx +d3)[ed3]
il ol ol = wlwlnin?
R R 107 4 024 Q2+ Q2+ (emy + d2) ]

i2 i2 2 i2 i2 i2 j2 i2 j2
T 1 13 1 i i 1 1 3
{

. 2
10205 + 07 0, 04 + 07 030, + 0505 0L} =

2. .2 2~2 2 2 2~12 2 2 2n12 2 2 2~72
01070304 + 0100303 + 07030,05 + 0303003 + ]
2.2 2, 2 2 2 3 3 2.2 2 247 32
+ (010303 + 0iwi0; + wlviok + wioin?) (emy+dy)/eds ;

= _ [QF+ 03 +03+ 0% +(emy+d2)[ed?] J

2 {2 iz §2 i2 2 iz 2 2 q2 iz §2
{010 + 0705 + 0} 0} + 0i ol + 050} + ol o} =
2.2, 2. 2, 2 2yn2 2.2, 2 2, 2 2\n2 2.2, 2 2. 2 29h2
{w1w2+w1w3+w2w3}Q4+{w1w2+w1w4+a)2w4}Q3+{w1w3+w1a)4+w3w4}Q2+

2

emy+d

2 2 2 2 2 2n12 2.2 2 2 2 2 2. 2 2 2 2 2 X1 %4

+ 0203+ W05 + 030,07 + {0103 + 010 + O] 0] + V303 + 02wk + win? T
ey

(9} + 03+ Q3+ Q% +(emy +d2)/ed?]
{0f + 0% + 0 + 0} =

{(0} + 03+ 03)0% + (0} + 0} + 0202+ (0? + w2 + w2) Q% +
+(03 + 03 + )0} + (0 + 0 + 0} + »2) (emy+d3)[ed3}
[Q1+ 05+ Q5+ 0 +(em,+d2)jed?]

where

. {@e . "_\/MZ} L
d, d,d; \/1+a2,

0, = {\/3me1,&, \/meW b} 1

dd, dsyd, \/1 +'b2’
0, = {\/mxmz \/% Cﬁa} L
> dud, d J1va®
0, = {\/mwmz b \/3mymy Sﬂ} 1
* dad, did, \/1+b2

d; = (mX+3mYCﬁZ)1/2; d, = (mg+3my)'/2;

dy = (mx+mz+3my'?; and d, = (my+mx+my+3my)'2,
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Product rules: E species

CO?(D::O)I;CO? . wgwéw%wg e [sz{IY+ lzd_ﬁ"'IYdi]/IYd_i -
(D2 + D2 + D2 + D)+ [emy{Iy+1°d5} +1yd3 ) /I yd5

i2 iz 2 i2_ 2 {2 i2 2 2 22 2
C()5w6w7 +a)5a)6608 +w5w7w8 +CU6CU7C()8 =
(P oloiw? + Prololol + Piolioio; + Pioinio?)+
[emy{Iy+1%d3} +14d3]
I,d2
o(P2 + D%+ O+ &) + [emy Iy + IPdi +1,di] /Iy

[w30g(@] +w3) + wjef(0s + of)]

w‘;w‘; + co'szco'72 + a)’szco'g2 + co‘sza)'-,2 + a)igw’; + w'72w’82 ==
e 02 [ 0302 + 0F) + 0lwd]+ PH[0X(0] + 0f) + 0T ] + B3 [ wi(we + wg) + wews ]+
+ P 0302 + 0D)0iw?] + [emy{Iy + Pd3} + Iyd3] Tydi[ w3 (wg + w7 + o) +
o] +wp) +oTog]
(@ + P2+ D2+ BF) + [emy{Iy+ 1d3} + Iyd5]/1yds

of +of +of +of =
£®%(02 + w2 + 02) + PH0F + 02 + 0F) + D] + 0F + 0F) + Py(ws + 05 + 0T +
[emy{Iy+12d3} +1yd3]
Iyd2
(@2 + B2+ P2+ D)+ [emy(Iy +12d7) + I3 ] Iyd:

(02 +0i+wi+wd)

where

]

J3my S, c~3m my S> 1
o (555

ds dsds \/1+c2
o <\/3me¥ S3 c/3my Sp> 1
2 dsds ds \/l+c2
\/%;v 2d \/mwmxmz 1
Vmy IyPdyg Pdg Ji+d?

<2 Jmymgmy DS d3myv ) 1
o, =7 ——
Pd; Vmy Iy - Pdg/ N1+d*
ds = @mx+3mySp'?;  de = (d3—myxSp)'"?;
dq; = [Pz(mW+mz)—ZmeZ(mX+3mY)D2], S = [(mx+3my)l —3myrC;],
] = [3erC,,+mZR+mW(R+'D)]/d4; v = [mylr(di—mxS5)—2mxlyCy)

2S2
and Iy = {mW(R+D—-1)2+mXZZ+3mY l:(l—rCﬁ)2+ i 5 B] +mZ(R—l)2}'
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