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The origin of the borazane complex, which is composed of NH3(Csy) and BH3(Csy),
was studied from a quantum-chemical point of view. Calculations were carried out
by the ab initio method. A double zeta basis set with polarization functions (4-31G**)
and a single zeta basis set (STO-3G) were used. In order to identify the origin of the
complex, energy decomposition analyses were carried out at the molecular orbital level.
Among the MO-MO interactions which contribute to charge transfer {CT) in the complex
formation, the following are significant in the order indicated. _

CTH,N, 38,-BH,, 33, > CTH.N,30,-BH,,50, > CTH.N,50,BH,, 20, > CTHN, 2eBH,, 1e
As for the repulsion energy, A;~A, and valence-valence MO interactions were significant.
HOMO-HOMO interaction was dominant in exchange repulsion. Moreover, valence-core
MO interaction and E-E MO interaction could not be negtected:

On the other hand, it appeared that the internal rotation barrier of the complex
might originate from le-le MO interaction. Therefore the same analysis was applied
to ethane, disilane, methylsilane, H,B-CH,~ and H;N-CH *. These quantitative analyses
showed that the le-le MO interaction is the most important component in the internal
rotation barrier of these compounds and complexes.

Keywords rotation barrier; borazane; molecular complex; molecular orbital;
ammonia complex; boron complex; ethane; energy decomposition; structure; MO

Fujimoto ¢t al. studied the origin of the charge transfer and bond formation between
boron hydride and ammonia in borazane complex, expanding the Slater AO into three
Gaussian functions.? They reported that HOMO of NH,; and LUMO of BH, are significant
in the chemical interaction based on estimation of the electron occupation number of isolated
molecules, and configuration analyses, including the charge transfer and polarized states.
Umeyama and Morokuma then performed energy decomposition analysis, force decomposition
analysis, and charge decomposition analysis using a 4-31G basis set.® The origin of the
interaction energy of the borazane was electrostatic energy and charge transfer energy. The
interaction force originated from electrostatic force (56%,), charge transfer force (249,), and
polarization force (209%). The borazane complex thus appears to belong to the class of
“charge controlled” complexes.

In this paper, the following points were studied.

(1) Although the electrostatic interaction energy (699%,) was larger than the charge
transfer energy (209,) according to the paper by Umeyama and Morokuma,® calculations
with a 4-31G basis set® usually overestimate electrostatic interaction energy due to overes-
timated dipole moment.” In order to confirm the “charge controlled” interactions assigned
to borazane, calculations (4-31G**)® including d-orbitals on carbon and boron atoms and
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p-orbitals on hydrogens were carried out. In the calculations for HF-CIF complex and H,O
dimer the usefulness of the polarization functions has already been shown.”

(2) The wave function of the complex can be written by using a combination of various
electron configurations, including charge transfer and polarized states, as follows:?

37 diet pl
¥ =Co¥+ CLCo¥p + >, Cq¥q + 2.C¥, + ooeeee )
P q T

where ¥, is the state in which neither electron transfer nor electron excitation takes place,
ct means a single electron transfer configuration, dict implies transfer of two electrons, pl
denotes a locally excited configuration of a single electron in one of the two reactants. In
the equation the coefficients correspond to the contributions of the states to the complex.
However, the contributions are not quantitatively known. In this report, the contribution
of the unoccupied MO’s in the charge transfer process is quantitatively described by analysis
of the intermolecular charge transfer MO interactions.

(3) The rotational barrier between the eclipsed and staggered structures of borazane
was explained by the difference of exchange repulsion.® In order to identify the origin
of the exchange repulsion, energy decomposition analysis at the MO level was carried out.

(4) The method used in (3) was applied to identify the origin of the internal rotation
barrier of the H;X~YH; molecule.

Method

All calculations were performed within the framework of a closed-shell single determinant of the ab
initio LCAO MO-SCF theory, using the GAUSSIAN 70 program.® The split-valence 4-31G basis set was
used with the suggested standard scale factors.® This set has a tendency to overestimate the polarity of
the isolated molecules.” This is reflected in an exaggerated dipole moment, and consequently in an over-
estimated electrostatic interaction. Therefore, the larger 4-31G** basis set which includes one set ot polari-
zation functions on each atom (p function with the exponent a=1.1 for a hydrogen atom and d function
with «=0.8 for other atoms) was used. The IBMOLH program has been used for evaluation of the integrals
for the 4-31G** set.

Energy decomposition analysis was performed by the method of Kitaura and Morokuma.” The mecha-
nics of the calculations of energy and charge distribution components have been summarized in the paper
of Umeyama and Morokuma.® The interaction energies at the MO level between A, symmetry MO’s and
E symmetry MO’s set were calculated by the generalized method of Umeyama and Morokuma.) A; MO’s
are 0 MO’s, and E MO’s are = MO’s. ,

AE is the interaction energy in the complex formation, and can be divided as follows.

4E = ES 4+ EX + PL + CT + MIX,

Where ES is electrostatic energy, EX is exchange repulsion, PL
is polarization energy, CT is charge transfer energy and MIX
is coupling energy. EX was separated into two parts, X +EX’, Ha.

EX =X + EX’

Where X(—>K) is an attractive contribution of exchange Hg
integrals, and EX’ (overlap) the repulsive contribution of the /
overlap integrals. ’

‘When 4p is the total electron density change on atoms, 4

dp = pex + prL + pcremix ¢/
H
where ppx is the change due to EX, ppL is due to PL, and b /Y
Z 4

pcramix is due to CT-+MIX.

The relative magnitude of CT from the electron donor ED
tc the electron acceptor EA and that from EA to ED is of Fig. 1, Structure of the Borazane
interest with regard to the nature and origin of the electron Complex

7) H. Umeyama, K. Morokuma, and S. Yamabe, J. Am. Chem. Soc., 99, 330 (1977).
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) K. Kitaura and K. Morokuma, Int. J, Quantum Chem., 10, 325 (1976).

NII-Electronic Library Service



1628 Vol. 27 (1979)

donor-acceptor (EAD) complex. If CTux.pH, is the charge transfer energy from NH, to the BH; molecule,
the difference between CT and CTmn.BH,+CTHxN BH, is called the coupling term CTwmix,

CT = CTun.sH, + CTay.BH, + CTMmix

Another method of dividing the CT interaction is to consider CT between the MO’s with irreducible representa-
tion A; (EDa—EAjs;» and EAp—EDa*) and CT between the MO’s with irreducible representation E (EDg—
EAgpr and EAg—EDgx) separately. A, MO’s are symmetric with respect to the B-N bond axis as shown in
Figure 1, and these MO’s are not degenerate. Degenerate E MO’s of the isolated molecules, NH, and BH,
are transformed to symmetric and antisymmetric MO’s with respect to the xz plane by the opera-
tions, 1/4/ 2 (¥1+¥,) and 1// 2 (¥,—T,).

Monomer Geometries In the calculations, it is assumed that the geometry of the isolated electron
donor, NH,, is not altered upon complex formatlon The geometry of NH3(Csv) is #(NH)=1.0124 A and
< HNH=106.67°.> For BHj, a single geometry was studied: a pyramidal (Cs) configuration, which is
the expected conformation in the complexed form. The geometry is #(BH)=1.19 A and <HBZ=106.3°
(Z is the Csy axis),® The distance between B and N is optimized at 1.70492 A.»  For the structure of ethane,
the experimental values were used.' For disilane and methylsilane, the geometries were obtained from
the table by Sutton.® For HN-CH*; and H,;B-CH™;, the NH, and BH, parts are the same as in H,N— BH,,
and the CH*; and CH™, parts are the same as those of ethane. The distance between C and Nis 1.474 A,
which is that found in CH ;NH,, and the distance between B and C is 1.56 A which is the value in (CHj);B.

In calculations of the rotational barrier, the rigid-rotor approximation was applied.» Calculations
were carried out using a HITAC 8700 and 8800 machines in the Tokyo University Computer Center and an
IBM 370-158 in Mitsubishi Chemical Industries Ltd. 12

Results

MO levels of BH;(C,,) and NH,(C,,) including polarization functions in a basis set are
'shown in Table I together with the results obtained using a 4-81G basis set. MO levels
with 'both the 4-31G and 4-31G** basis sets are very. 51m11ar The total electron densities of
‘the isolated molecules are shown in Table II. In comparison with the results using a 4-31G
basis set, the total electron. densities of nitrogen and boron obtained using 4-31G** decreased.
On the other hand those of hydrogens in BH; and NH; increased. Thus, by including the
polarization functions, the electrons in NH; are moved from the nitrogen to the hydrogens,
and the electrons in BH, are moved from the boron to the hydrogens. The changes of

TaBLE I. MO Levels in a. u. of the BH, (Csy) and NH, (C,y) Parts
Using 4-21G and 4-31G** Basis Sets

NH, BH,

MO 4-31G 4-31G** MO 4-31G 4-31G**
de 1.287 1.200 de 1.239 1.171
6a; 1.246 1.160 6a; 0.912 0.890
5a, 1.060 1.040 © Bay 0.747 0.747
3e 0.974 0.930 3e 0.670 ~0.661
2e 0.323 0.326 4ay 0.324 0.327
4ay 0.221 0.227 . % 0.318 0.320

. 3a; 0.070 0.072
3a; —0.414 —0.419 le —0.483 —0.483
le —0.623 —0.618 2a; —0.709 —0.706
2a, —1.145 —1.132 la —7.601 —7.597

la; —15.509 —15.517

10) E. Sutton, “Tables of Interatomic Distances and Configuration in Molecules and Ions,” The Chemical
Society, London 1958.

-11) ‘G. Herzberg, “Electronic Spectra of Polyatomlc Molecules,” Van Nostrand Remhold New York, N.Y.,
1968.

12) The IBM computer was used in calculations mcludlng po1ar1zat1on functions.
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Tasre II.  Change of Components of Gross Population in the Complex
H,N-BH,; C3y Approach at » (N---B)=1.705 A
Using a 4-31G** Basis Set

a) QEX ©PL OCT+MIX A4p
4-31G?»
H 0.702 0.003 —0.086 0.001 —0.082
N 7.894 —0.010 0.257 —0.188 0.059
B 4.807 —0.042 —0.062 0.036 —0.067
H 1.064 0.014 0.021 0.050 0.085
BH, 0.0 0.0 0.187 0.187
4-31G** ' '
H 0.755 0.003 —0.080 0.010 -0.067
N 7.736 —0.010 0.239 —0.257 —0.028
B 4.712 —0.039 —0.032 0.030 —0.041
H 1.096 0.013 0.011 0.066 0.090
BH, 0.0 0.0 0.229 0.229

Positive and negative values indicate an increase and a decrease, respectively, of
electron population upon complex formation. The sum of the atoms is BH;. The
surmns for NH; are negatives of the BHj values.

a) Total electron densities from the data for the two isolated molecules.
b) Reference 3.

components of gross populations in the complex are shown in Table II. The exchange
repulsion decreases the populations of N and B, and it increases those of the hydrogens of
NH, and BH,. The population changes were larger in BH; than in NH;. Because of the
effects polarization functions, the electrons are moved from the hydrogens to N in NH;, and
from B to the hydrogens in BH;. Due to the charge transfer and coupling effects, the
electrons are moved from NH; to BH;. In total, the populations of NH; and B decrease
due to the intermolecular interaction, and those of the hydrogens in BH; increase. The
calculations with the polarization functions gave larger 4p and p¢r+yix 0f BH;, and smaller
pex and Ppr.

Table IIT shows the results of the energy decomposition calculations. The interaction
energy was 40.9 kcal/mol. The stabilization energy originated from electrostatic (60.6%),
charge transfer (21.99,), and polarization (17.569,) energies. Therefore the dominant contribu-
tor to the stabilization was the electrostatic interaction energy. This result was in agreement
with that using a 4-31G basis set.¥ The interaction energy using 4-31G** was smaller than

TasirE III. Interaction Energy and Energy Decomposition
Analysis in kcal/mol of Borazane at » (N:--B)=1.705 A
Using a 4-31G** Basis Set

4-31G®» 4-31G** Difference
AE —44.7 —40.9 3.8
ES —-92.9 —81.2 11.7
EX 86.9 85.9 —1.0
(Overlap) (187.2) (180.1) (=7.1)
(—S'K) (—100.3) (—94.2) 6.1)
PL —17.2 —23.5 —6.3
CT —27.1 —29.3 —-2.2
CTy,nonm, —19.4 —21.6 —2.2
(0 ee— —7.4 —7.4 0.0
CThx —0.3 —-0.3 0.0
MIX 5.6 7.3 1.7

a) Reference 3.
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that using 4-31G by 3.8 kcal/mol; this destabilization was mainly due to the difference in
ES. Since the 4-31G calculations overestimate ES, the ES term will be most affected. It
should be noted that PL was increased by inclusion of the polarization functions by 6.3
kcal/mol. This confirms the significance of the polarization functions for the interaction
energy of the complex. CT was increased by 2.2 kcal/mol with the inclusion of polarization
functions; the contribution of the polarization functions to CT was thus rather small. CT,
CTyyn-r, and CTyypu, are shown in Table III. CTyx and CTyy.pw, using 4-31G** are
the same as those obtained using 4-31G. Onthe other hand CTy,y.sx, increases by 2.2 kcal/
mol in a similar comparison. The ratio CTy,y-pu,/CTa,ncpn, Was 2.9. This value shows that
the charge transfer from NH, to BH; is three times larger than that from BHz to NH,;. That
is, CTy,n-pu, Was 749, of CT.

Among the charge transfer components from NH; to BH, CT through A; MO’s
(CTuyn,a,-8m,,4,) and that through E MO’s accounted for 95%, and 5%, respectively, as shown
in Table IV. The CT coupling between A; MO’s and E MO’s was zero. Among the charge

Tasre IV. Energy Decomposition Analysis in kcal/mol of
CT and EX’ at the MO Level for Borazane Complex
Using a 4-31G** Basis Set

Referred Ratio
NH, BH, CT term o)
(1) = A+E A+E —29.3
2) — AHE A+E —21.6 @)+ @3) 74
3) «— A+E A,+E —-7.4 @)+ @3) 26
@ — A A, —20.6 4+ ®) 95
6) — E E —1.0 4)+6) 5
(6) «~— A A, —4.9 6)+ (7) 66
(7) <« E E —-2.5 6)+ (7) 34
8 — 3a 3a, —17.8 3) 86
9 — 38a 4a, -0.2 3) 1
(10) — 3a, 5a, —-7.6 3) 37
(11) « 4a, 2a, —0.1 (6) 2
(12) «— ba, 2a, —-3.9 (6) 31
(13) «— 2e 1e —1.3 @ 53
(14) <« 3e 1e —-0.1 ) 3
(15) «— 4e le —0.5 ©) 20
, Referred Ratio
NH, BH, EX term o
(16) A+E A+E 180.1
17) A, A, 154.2 (17) + (18) 85
(18) E (le) E (1e) 27.0 17 + (18) 15
19) A, valence A, valence 112.8 (19) + (20) + (21) + (22) 75
(2a, and 3a,) (2a,)
(16) 63
(20) A, core (1a,) A, core (1a,) 0.0 (19) + (20) + (21) 4 (22) 0
(21) A, valence A, core 34.1 (19) + (20) + (21) + (22) 23
(2a; and 3a,) (1ay)
(16) 19
(21) + (22) 90
(22) A, core A, valence 3.6 (19) + (20) + (21) + (22) 2
(la,) (2a,)
(21) + (22) 10
(23) 2a, 2a, 30.1 19) 27
(24) 3a, 2a, 87.9 (19) 78
(HOMO) (HOMO) (16) 49
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transfer components from BH, to NH,, CT through A; MO’s and that through E MO’s
accounted for 66%, and 349%,, respectively. The CT coupling between A; MO’s and E MO’s was
—0.1 kcal/mol.  Since CTy,y,a,-m;,a, Was 95%, of CTy,n.pn,, this term was analyzed at the
MO level. CTyuy,se,-pm,,5, Was the largest contributor (86%). CTagn,se,-ms,5e, Was the
second largest (37%). In CTuu,a;cnmzar CTagy,sapcnns,20, Was the largest contributor (819%).
In CTy,n,eesuse Clugy,zecnng,e Was 3%, and CTy,y,seenm;,e Was the second largest (209;).
The order in MO-MO interactions contributing to CT was CTg,y,sa,-8m3,30; > C Tagn, 0,885,581 >
CTy,n, 50,815,200 >CTrgn, 2ecig,iee  Lhus the contribution of MO-MO interaction to CT was
clarified.

EX’ was separated into E and A; contributions. EXiy s -pusa, and EXyw e sms,e
were 85%, and 15%, respectively. Although the repulsion energy between the two A; MO’s
sets is dominant, the repulsion energy between the two E MO’s sets cannot be neglected.
The repulsion energy between valence and valence MO’s sets was 75%, in A; MO’s sets and
639% in EX’. In EX’ the repulsion energy between valence and core (Is) MO’s sets was 25%,
of which 90% was EX{,vaienco—ug,core-  OinCE the repulsion energy between the valence
MO’s set in NH; and the core MO in BH, was 199, in EX’, the valence-core repulsion energy
is significant. The repulsion energy between core and core MO’s in both molecules was zero.

EX},x, momo_pms,momo  constituted 78% of EXj .y a pm,,s, and 49% of EX'. The
contribution of HOMO-HOMO interaction was large. Accordingly, A;-A; MO interaction
and valence-valence MO interaction were significant. HOMO-HOMO interaction was domi-
nant in these interactions. The valence-core MO interaction and E-E MO interaction could
not be neglected.

TaBLe V. Energy Decomposition of the Rotational Barrier
in kcal/mol for HyN-BH; at # (N---B)=1.705 A
Using an STO-3G Basis Set

Staggered Eclipsed Difference frolrines‘f};sl(}
AE —64.5 —62.9 1.6 1.5
ES —57.9 —58.1 —0.2 —0.3
EX 58.0 59.5 1.5 1.6
(Overlap) 115.1 117.6 (2.5) (2.9)
(—>K) —57.1 —58.1 (—=1.0) (—1.3)
PL —2.0 —2.1 —0.0 —0.1
CT —38.7 —38.0 0.6 0.6
MIX —23.9 —24.2 —0.3 —~0.3

EX’ (Overlap)

H,N BH,
Staggered Eclipsed Difference

le le 20.6 23.2 2.5
2a; 2a1 24.0 24.2 0.2
3a1 2a; 58.6 58.4 —0.2
2a; and 3a1 2a1 79.4 79.4 —0.0
2a; and 3a; lax 12.2 12.2 0.0
lex lex 10.3 11.6 1.3
lesr lexs 10.3 11.6 1.3

le, of NH,: 2p,=0.593, Hq=H;=—2H,=0.248.

le, of BHj: 2py=—0.515, —2H,=H,=H.=0.261.
le,r of NH,: 2py=—0.515, Hy=0, Hp=—H.=—0.451.
le,r of BHy: 2py=—0.593, H=0, Hq= —H;=0.429.
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Energy Decomposition of the Rotational Barrier at the MO Level

Umeyama and Morokuma reported that the rotational barrier of borazane is essentially
caused by the difference of overlap integrals in exchange repulsion.’® In this study energy
decomposition of the rotational barrier was performed at the MO level. The results are
shown in Table V. The differences between the interaction energies of eclipsed and staggered
structures correspond to the rotational barrier. Calculations were carried out using an

STO-3G basis set, since the results obtained with an STO-8G basis set are in good agreement

staggered

eclipsed

with those using a 4-31G basis set.’® Calculations
of the rotational barrier using an STO-3G basis
set did not show basis set dependency. Next, EX’
was analyzed at the MO level. The results are
also shown in Table V. AEX} x4, vatencopis,core
AEXﬁsN,Alvalence-BHs,Alvmence were zero, where A,
valence means ¢ MO’s in valence MO’s and core
means an MO in which the coefficient of 1s AO
islarge. Although these repulsion terms (greatly)
contributed to EX’ of borazane complex forma-
tion, they are not the cause of the rotational

barrier. The rotational barrier was attributed to
EXf;x,10-8m5,1e-  That is, the repulsion energy
between E irreducible representation MO’s was
the dominant contributor. Accordingly, the bar-
i~ S~ rier is apparently caused by the orthogonality of
: @ @ @ intermolecular:le-le MO’s that is required be-
g - tween BH and NH orbitals on opposite ends of

o the molecules. The BN bond does not participate
significantly in the rotational barrier. Figure 2
shows E MO’s of BH; and NH; in the staggered
and eclipsed structures. Since E MO’s are degen-
erate, two pairs are described. The repulsion
energies of these pairs are also shown in Table V.

staggered

—I—\\
@\ + -

\,\ g

\
1

,/

+

eclipsed

Fig. 2, E Symmetry Molecular Orbitals
(Pseudo =z MO’s) of BH,; and NH,

Approach to the Rotational Barrier of Ethane

Morokuma and Umeyama reported, after analysis of the rotational barrier of borazane,®
that the internal rotation barrier of ethane is determined in principle by the overlap terms
of the exchange repulsion (EX’).*® Moreover, they stated that the processes of the ion-ion
interaction CHgt-CHj~ and the radical-radical interaction CH,~CH, both give the same results
concerning the origin of the rotational barrier. The results using a 4-31G basis set were
very similar to those using an STO-3G basis set in their paper. In our study, energy decom-
position analysis of EX’ was performed at the MO level. Table VI shows the results. The
overlap repulsion between le MO’s was the dominant contributor. Sovers ¢f al. concluded
by using simple bond-orbital Hartree-Fock and Hartree product wave functions that the
orbital orthogonality determines the rotational barrier of ethane.!® Christiansen and Palke,
using a partially antisymmetrized wave function (the valence-bond method),

¥ = (Ads,b1s.9cc)(Aden, bor.ben,)(Abem, bom, fon,)
reported that the orthogonality of CH orbitals on opposite ends of the molecule, which is
required by the Pauli principle, causes the barrier.!® Moreover, Morokuma and Umeyama,

13) K. Morokuma and H. Umeyama, Chem. Phys. Letts., 49, 333 (1977).
14) O.]. Sovers, C.W. Kern, R.M. Pitzer, and M. Karplus, J. Chem. Phys., 49, 2592 (1968).
15) P.A. Christiansen and W.E. Palke, Chem. Phys. Letts., 31, 462 (1975).
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using the generalized energy decomposition method,® reported that the rotational barrier of
ethane could be calculated by using the partially antisymmetrized MO wave function.!®
¥ = (Adcn, )(Adcn) or (Aden, )(Aden,’)

Since bonding or antibonding interaction between vicinal hydrogens is brought about
by the need for orbital orthogonality and normality, Pople and Santry attributed the rotational
barrier to the bonding-antibonding nature of vicinal hydrogen atoms in staggered ethane.l®
In Table VI of this paper, moreover, it was confirmed that le-le in H,C—CH,* is quantitatively
dominant as an MO interaction.

TasLe VI. Energy Decomposition of the Rotational Barrier
in kcal/mol for Ethane at the MO Level
Using an STO-3G Basis Set

CH,~ CH,* Staggered Eclipsed Difference
le le 37.8 42.3 4.6
2a; 2a, 39.8 40.2 0.4
3ay 2a; 174.1 173.8 —0.3
lex lex 18.8 21.2 2.4
leas leq 18.8 21.2 2.4

Rotational Barriers of H;Si-SiH;, H,C-SiH;, H,N-CH,*, and H,B-CH,~

The internal rotational barriers for H;X-YH, molecules were next analyzed. Table VII
shows the energy decomposition of the rotational barrier of disilane. The main contributor
to the rotational barrier was exchange repulsion. Since the overlap term is dominant in EX,
it was analyzed at the MO level. The MO interactions between valence pseudo = MO’s of
SiH,;~ and SiHg" accounted for the overlap term. Since the conclusions from the molecular
decompositions of ethane into CHy~ and CHg* and into CHy* and CHj* were the same, only the
decomposition into SiHg~ and SiHjt was performed. Therefore the smaller separation between
the localized pseudo = MO’s in the opposite SiH bonds of the eclipsed form gave rise to a
larger repulsion due to the orthogonality requirement than in the case of the staggered form.

Tasre VII. Energy Decomposition of the Rotational
Barrier in kcal/mol for Disilane
Using an STO-3G Basis Set

Staggered Eclipsed Difference
AE —372.80 —372.27 0.53
ES —212.44 —212.32 0.11
EX 53.98 54.21 0.23
(Overlap) (102.20) (102.53) (0.34)
(—>K) (—48.21) (—48.32) (—=0.11)
PL —10.65 —10.62 0.03
CT —133.82 —133.73 0.09
MIX —69.88 —69.81 0.07
SiH;~ SiHg*+ Staggered Eclipsed Difference
4a; and 5a1 4a 70.00 69.92 —0.08
2e 2e 3.25 3.67 0.43

16) J.A. Pople and D.P. Santry, Mol. Phys., 9, 301 (1965).
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Tasre VIII. Energy Decomposition of the Rotational Barrier in kcal/mol
for Methylsilane Using an STO-3G Basis Set

H,C-— SiH,*+ H,C+—SiH,~

Staggered Eclipsed Difference Staggered Eclipsed Difference

AE —401.3  —400.0 1.3 —452.9  —451.7 1.3
ES ~300.1  —300.0 0.1 —252.4  —252.7  —0.2
EX - 83.1 84.2 1.1 128.6 129.2 0.7
(Overlap) (158.6)  (160.3)  (1.7) (244.9)  (246.0)  (1.0)
(—S'K) (=75.4) (=76.1) (—0.6) (—116.4) (—116.7) (—0.4)
PL —20.6  —20.6  —0.0 —11.1 ~11.0 0.1
CT —79.2  —78.7 0.5 —143.1  —142.9 0.2
MIX —84.6  —85.0 —~0.4 —174.9  —174.4 0.5
ays—a,’s 88.8 88.8 0.0 20.5 20.6 0.1
e —e 13.4 15.2 1.7 11.4 12.6 1.3

In the combination between CH;~ and SiHj the selected MO’s are 2a, and 3a,
for CH;~ and 4a, for SiHy*.

In the combination between CHy+ and SiHj;, the selected MO is 2a, for CHy+ and
4a, and 5a, for SiH;~.

Table VIII shows the energy decomposition of the rotational barrier of methylsilane.
Two molecular decompositions into CH;~ and SiHz+ and into CHz™ and SiH,~ were taken into
account. In both cases, the main contributor to the exchange repulsion was EX. The
overlap term contributed to EX. Analysis at the MO level showed the significance of the
MO interactions between valence pseudo w MO’s of the CH, and SiH, groups. Accordingly
the conclusion for methylsilane was the same as for ethane and disilane.

Although experimental values are not available for H,N-CHz+ and HyB-CH,—, these
rotational barriers were studied in order to confirm the conclusion that the internal rotation
barrier of an HyX~YH; type molecule originates from the MO interactions between pseudo
7w MO’s localized in —XH and —YH bonds. Table IX and X shows these results. It is clear
that the overlap term in EX is most significant, and it is attributed to the pseudo » MO’s
interactions between BH; and CH;~, and between NH, and CH,*.

TasrLe IX. Energy Decomposition of the Rotational
Barrier in kcal/mol for H;N-CH,* Using
an STO-3G Basis Set

Staggered Eclipsed Difference
AE —171.1 —168.5 2.7
ES —141.8 —141.9 —0.2
EX 139.2 141.5 2.3
(Overlap) (266.3) (270.2) (3.9)
(—>K) (—127.1) (—128.6) (—1.5)
PL —10.2 —10.2 0.0
CT —71.3 —70.5 0.8
MIX —87.0 —87.4 —0.4
H;N CH,+ Staggered Eclipsed Difference
2a; and 3a; 2a; 173.8 173.8 —0.0
le le 47.6 51.5 3.9
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TaBLe X. Energy Decomposition of the Rotational
Barrier in kcal/mol for H;B-CH,~ Using
an STO-3G Basis Set

Staggered Eclipsed Difference
AE —170.4 —165.3 5.0
ES —148.4 —148.5 —0.1
EX 133.9 138.1 4.2
(Overlap) (263.3) (270.3) (7.0)
(—>K) (—129.4) (—132.2) (—2.8)
PL —12.0 —-12.0 0.0
CT —43.3 —42.1 1.3
MIX —100.5 —100.9 —0.4
H,B CH,- Staggered Eclipsed Difference
2a;  2a; and 3ay 158.9 159.1 0.2
le le 38.4 45.4 7.0

Thus, from the results for H,N-BH;, H;C-CH,, H,Si-SiH,;, H,C-SiH,;, H;N-CH,*, and
H,B-CH,, it can be concluded that the internal rotation barrier of an H;X-YH; molecule
is quantitatively attributable to the pseudo = MO’s interactions between the opposite parts,
~XH and -YH, of the molecule.

Conclusion

1. MO energy decomposition showed which MO-MO interactions are significant for CT
of borazane complex. The order was

CTa.N, 38,8H,,32, > CTH,N, 32,581,520, > CTHN,52,-BH,,20, > CTH,N, 2eBH,, le.

2. In the intermolecular overlap repulsion of borazane, the order in the valence MO’s

was
EX#,x,30,~BH,, 28, > EX,N,20,-BH,, 22, > EX#,N, 16~BH,, 16

The overlap repulsion between the core MO of BH, and the valence MO’s of NH, could not
be neglected.

3. The internal rotation barrier of borazane originates from the overlap repulsion
between le MO’s of NH; and of BH,;.

4. The origin of the internal rotation barrier of ethane is also attributable to 1e MO’s
Interactions.

5. From the results for H,N-BH,;, H,C-CH,, H;Si-SiH,;, H,C-SiH,, H,N-CH,;~, and
H,B-CHj*, the internal rotation barrier of an H;X—YH, molecule is attributable to the pseudo
7z MO’s interactions between —XH and —YH bonds of the molecule.
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