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I. Introduction 

Numerous studies have been published on "electron 
donor-acceptor (EDA) complexes" concerning their struc
tures, bonding characteristics, and spectroscopic, electric, and 
other physical properties.1 A particularly interesting and dif
ficult theoretical question concerns the origin of stabilization, 
i.e., the relative importance of electrostatic and charge transfer 
forces in the ground state of the complex. As is evident from 
Mulliken's characterization of these complexes as "charge-
transfer complexes", earlier work was predicated on the belief 
that the stabilization was principally due to the charge transfer 
force.2 Later Hanna et al.3 argued that in benzene-halogen 
complexes the electrostatic interaction, in particular the 
quadrupole-induced dipole interaction, is the principal binding 
force. Mulliken and Person have proposed that the electrostatic 
forces are likely to dominate the binding only in weak EDA 
complexes.4 Quantum chemical calculations should be able 
to provide insight for this important problem. 

The energy and charge distribution decomposition analyses 
have been successfully used for the elucidation of the origin of 
hydrogen bonding in ground and excited states.5-11 The 
method of Morokuma and co-workers5-9 decomposes the in
teraction energy AE, utilizing clear definitions within the 
molecular orbital framework, into energy components— 
electrostatic ( £ E S ) , exchange repulsion ( £ E X ) , polarization 
( £ > L ) , charge transfer (E CT), and the coupling term 
( £ M I X ) -

These interactions may be conceptually viewed in the fol
lowing manner. ES is the classical interaction between the 
undistorted charge distributions on the monomers A and B, 
including dipole-dipole and all higher order terms. PL is the 
energy change resulting from the distortion of electron clouds 
of one monomer by the presence of the other and vice versa. 
EX is a direct consequence of the Pauli principle which dictates 
that electrons on the two molecules not occupy the same por-

(26) It was pointed out from quite a general viewpoint that the interaction of the 
charge-transfer and donor-excited states was much larger than that of the 
charge-transfer and acceptor-excited states for contact donor-acceptor 
pairs: J. N. Murrell, J. Am. Chem. Soc, 81, 5037 (1959). 

tion in space. CT is the interaction of occupied MO's of A with 
vacant MO's of B and vice versa and causes electron dereal
ization and charge transfer. MIX is the sum of various coupling 
terms between the above-mentioned components and is de
livered as a difference between the total interaction energy AE 
and the sum of the above four terms. 

It has been found that near the equilibrium geometry of most 
hydrogen bonded complexes the electrostatic and charge 
transfer (both attractive) energies and the exchange repulsion 
are the three major contributors of nearly comparable mag
nitude, one part of the attraction cancelling with the repulsion. 
It has also been recognized that the electrostatic interaction 
alone is often sufficient to predict the relative direction with 
which the proton donor and the acceptor approach each 
other. 

Considering the fact that numerous ab initio studies have 
been carried out for hydrogen-bonded complexes,5-9,12-13 it 
is surprising that only a handful of ab initio calculations have 
been published for EDA complexes.914-22 The energy de
composition analysis has recently been applied to several weak 
n-7r and 7r-ir type EDA complexes, including (CN) 2 CO-H 2 O, 
( C N ) 2 C = C ( C N ) 2 - H 2 O , H 2 C O - C 2 H 4 , and ( C N ) 2 C O -
C6H6. For the first two complexes, the electrostatic energy was 
found to be by far the most important contributor near the 
equilibrium geometries.15 In the latter two, which are very 
weak complexes, the electrostatic, charge transfer, exchange 
repulsion, and dispersion energies are all of approximately 
equal importance.16 

In order to gain additional insight into the nature and origin 
of bonding in EDA complexes, we have performed energy and 
charge distribution analyses for the ground state of the 
"strong" complexes, OC-BH 3 , H 3 N-BH 3 , (CH 3 )H 2 N-BH 3 , 
(CH 3 ) 3 N-BH 3 , and H 3 N - B F 3 . Previous calculations for 
some of these systems include: Fujimoto, Kato, et al. (OC-BH3 

and H 3N-BH 3 ) , 1 8 Armstrong, Perkins, et al. (OC-BH3 , 
H 3 N-BH 3 , and H 3N-BF 3) , 2 0 Veillard (H 3N-BH 3 ) , 2 1 and 
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Palke (H3N-BH3) . 2 2 In the present paper we present a detailed 
analysis for each of the individual complexes as well as com
parisons between similar complexes. In section II we present 
briefly computat ional methods and geometries. Section III 
focuses on the results for O C - B H 3 including energy, force and 
electron density decomposition, the effect of back donation, 
angular dependency, and various modes of approaches. In 
section IV we present results for borazane and its derivatives 
and include comparisons with the O C - B H 3 complex and the 
protonated complexes of amines. Section V is a short general 
discussion. 

II. Computational Methods and Monomer Geometries 
All calculations were performed within the framework of 

closed-shell single-determinant ab initio L C A O S C F - M O 
theory, using the G A U S S I A N 70 programming system.2 3 T h e 
split-valence 4 -3 IG basis set was used with the suggested 
s tandard scale factors.2 4 This set is flexible enough to give a 
reasonable est imate of interaction energies; however, it does 
have a tendency to overestimate the polarity of the isolated 
molecules. This is reflected in exaggerated dipole moments 
and, consequently, overestimates in the electrostatic interac
tion.6-9 

Monomer Geometries. In all calculations it was assumed that 
the geometries of isolated electron donors, C O , N H 3 , N H 2 -
C H 3 , and N ( C H 3 ) 3 , w e r e not altered upon complex formation. 
Taken from experiments are: for C O , r ( C O ) = 1.13 A; 2 5 for 
N H 3 ( C 3 1 ) , / - (NH) = 1.0124 A and Z H N H = 106.67 0 ; 2 6 and 
for N ( C H 3 ) 3 (C 3 1 ) , r ( C N ) = 1.451 A, /-(CH5) = 1.109 A, 
r ( C H a ) = 1-088 A, Z C N C = 110.9°, Z N C H 8 = 111.7°, 
/ N C H a = 110.1°, Z H 3 C H 8 = 108.1°, and z H a C H a = 
108.6 0 , 2 7 where the H s is on a symmetry plane and two H a ' s 
are not. Methylamine was assumed to have the same geometry 
as t r imethylamine, except that r ( N H ) = 1.0124 A. For B H 3 
and B F 3 two geometries were studied, a planar (D3/ ,) config
uration, which is the most stable monomer configuration, and 
a pyramidal (C3,,) configuration, which is the expected con
formation in the complexed forms.26 The geometries used were: 
for BH3(Z)3/,), r(BH) = 1.19 A;22-28 for B H 3 (C 3 0 ) , r (BH) = 
1.19 A and ZHBZ = 106.3° (Z is the C3t, axis); for BF 3 (D3/,), 
/ - ( B F ) = 1.30 A; for BF 3 ( C 3 , ) , / - ( B F ) = 1.38 A a n d Z F B Z = 
107.9 A. All these are based on theoretical studies except for 
the last two, which were taken from experimental results for 
F 3 B - N H 3 . 

Energy Decomposition Analysis. The energy decomposition 
analysis was performed with the method of Morokuma 5 and 
Kitaura and Morokuma. 8 The electron distribution was sep
ara ted into components using the method of Y a m a b e and 
Morokuma. 7 The formal aspects of these schemes have been 
described elsewhere; however, the practical procedures which 
we followed are summarized in the Appendix, in part to answer 
several inquiries. The decomposition of the energy into £ E S , 
EPL, EEX, and £ C T + £ M I X necessitates only two S C F cal
culations using a s tandard S C F program. T h e decomposition 
of £ C T and £ M I X requires a special S C F program based on 
M O ' s rather than AO's . The analysis described above is ap
plicable only if one assumes that the monomer geometries do 
not change upon formation of a complex. If the effects of in
tramolecular geometry changes are explicitly considered, the 
method proposed by Umeyama , Ki taura , and Morokuma is 
required.29 Within the Har t ree-Fock framework the dispersion 
energy cannot be taken into account. In the strong E D A 
complexes being studied in this paper the dispersion energy is 
not expected to be a significant contribution to the total in
teraction. Individual energy components are more sensitive to 
the choice of basis functions and geometry optimization than 
the total interaction energy. Nonetheless, our past experience 
shows-that general qualitative features of a decomposition are 
not strongly dependent on the basis set.6-9 

A word of warning is in order against overinterpretipg the 
energy decomposition results presented in this paper. Energy 
components are more sensitive to geometry optimization and 
the basis functions than is the total interaction energy. Com
ponents depend particularly strongly on the intermolecular 
separations, so that care has to be taken when two different 
relative orientations or complexes are compared. Since the 
4 - 3 I G basis set overestimates the polarity of component 
molecules, the contribution of ES tends to be overemphasized. 
Previous exper iences 5 - 1 ' suggest that qualitative conclusions 
derived from the analysis are rather insensitive to the basis set 
used. When the intermolecular separation is small and the 
interaction is strong, the coupling term £ M I X can become as 
large as the absolute values of the other individual components. 
EMIX is calculated as the residue left behind when the sum of 
components ( £ E S + -EPL + EEX + £ C T ) is subtracted from the 
total interaction energy AE. Since PL and C T terms are each 
calculated in the absence of all other interactions except ES , 
the included term tends to "overreact" in order to at tain 
maximum stabilization. The large and positive £ M I X reflects 
the fact that the E X - C T , E X - P L , and C T - P L coupling terms 
must compensate for the overestimate of PL and CT. One may 
argue that when the coupling term is as large as the absolute 
values of the other components, some significance of the 
analysis is lost. The interaction is too strong to decompose 
meaningfully into components. W e feel that each individual 
component is still as meaningful as its definition implies: it is 
the interaction in the absence of all other components except 
ES . One should not, however, fail to take into account the 
contribution of M I X when one analyzes a strong interaction, 
because it may change quali tat ive characterist ics of the de
composition. 

Calculation of Force Components. In the analysis of the 
bonding of complexes, it is convenient to calculate derivatives 
of energy components along the approach pa th of interacting 
molecules. The derivatives are obtained by fitting an energy 
component to a continued fraction, which is then differentiated 
analytically.3 0 A continued fraction is given by 

CN{R) = (^)(£IC£Z*I>) (^EA) 

/aN(R - RN)\ 

where a\ is evaluated recursively: 

a, = 
1 

R/-R1+1 
1 + 

tai~\{Ri+\ - Ri-\)\ 
1 + 

(a,-2(Ri+\ -R1-2) 
\ 1 + ) - ( -

Ql(Rl+I - / ? ] ) ^ 

[E(Ri)ZE(R1+I)], 

with 

a, = [[E(R1)ZE(R2)] - \}/(R2-Ri) 

The continued fraction goes through each of the input points 
\E(Ri), I = 1,2, •••, N + Ij and is numerically stable for a wide 
range of R. The derivative of the continued fraction may be 
evaluated analytically: 

JCN(R) -E(R1) 

AR 
Z2 

J 
( 1 + Z 1 ) 2 I + Z 2 

Zi «1 -
1 +Z- [-Tf 

<*N-1 

Z4 

•aN\ ")]] 
where 

Zl = (^JjM) (. ai+i(R - R,+ x)\ 
1+ ) 

• a N (R - R* 

Umeyama, Morokuma / MO Studies of Electron Donor-Acceptor Complexes 



7210 

Table I. Energy Decomposition Analysis for the Complex OC-BH3 as a Function of R = /-(C-B), C3t, Approach* 

A£ 
ES 
EX 
PL 
CT 
MIX 

R, A 1.37 

-15 .7 
-110.5 

217.0 
-196.4 
-211.5 

285.8 

1.57 .63" .77 2.00 2.30 2.50 2.70 3.00 

-27.9 
-70.0 
118.8 
-82.2 
-89.5 
95.0 

-28.5 
-60.9 
98.9 

-61.8 
-68.3 
63.6 

•24.5 
•42.2 
63.3 
•33.0 
•40.3 
27.4 

-17.8 
-23 .0 

30.0 
-11 .5 
-19 .7 

6.3 

-11.3 
-10.4 

10.6 
-3.1 
-9.5 

1.2 

-8.4 
-6.3 
5.2 

-1.4 
-6.3 
0.5 

-6.3 
-4.0 
2.5 

-0.7 
-4.3 
0.2 

-4.1 
-2.2 

0.8 
-0.3 
-2.5 

0.1 

! Equilibrium values obtained from a parabolic fit of calculations at 1.37, 1.57, and 1.77 A. * Values given are in kilocalories per mole. 

.H O 
,><H Y 

R \ H R \ 

,-H 

H 

Table II. Truncated Interaction Energy A£tr and Equilibrium 
Separation /?e

tr for OC-BH3, C31. Approach 

O , 'u M 

( B ) °AC--vBf" ( E ) C - 0 - - < H 

l . 5 7 A \ H R \ u 

HH 

(C) O - C — - - - B 
I 

H 

C M 

(F) O B. 
R \ 

H 

Figure 1. Various modes of approaches between OC and BH3. 

III. Borane Carbonyl (OC-BH3) 

A. Energy Decomposition Analysis. First, we examined the 
interaction energy components as functions of the intermo-
lecular separation R = /-(C-B) as the B end of pyramidal BH3 
(prepared in advance) approaches the C end of C = O , main
taining the overall C^ symmetry (Figure IA). The results are 
shown in Table I. The interpolated equilibrium separation R 
= 1.63 A is in good agreement with the experimental value of 
1.57 A.25 The stabilization energy, AE = —28.5 kcal/mol, at 
the minimum relative to CO and pyramidal BH3 plus the en
ergy, 17.0 kcal/mol, required to form a pyramidal BH3 from 
a planar BH3 yield a net energy of reaction of — 11.5 kcal/mol 
for the formation of the complex. An experimental value is 
A//°3oo = —18.8 kcal/mol.31 In order to compare the theo
retical result with the experimental value more quantitatively, 
one must include the zero point energy difference and the 
correlation corrections.20 We will not carry this out, because 
the comparison per se is not the goal of the present paper. 

At the equilibrium separation all three attractive compo
nents, ES, PL, and CT, are large and of a comparable mag
nitude. They are all essential for stabilization of this complex. 
At this, as well as at smaller separations, the coupling term 
EMIX is found to be positive and as large as each attraction 
term. This result may be explained in the following manner. 
The polarization and charge transfer terms are each calculated 
in the absence of all other interactions except electrostatic (see 
Appendix). Consequently, when R is small and the interaction 
is strong, the included term tends to "overreact" in order to 
attain maximum stabilization. The positive nature of isMix 
reflects the fact that the EX-CT, EX-PL, and CT-PL cou
plings must compensate for the overestimate of PL and CT. 
At a larger intermolecular separation 2.7-3.0 A, where weak 
complexes typically have their maximum stabilization, the 
importance of various interactions is quite different. The two 
principal contributors there are ES and CT. The large CT 
stabilization at the 2.7-3.0 A range is rather unique to this 
strong complex. Weak complexes typically have a negligible 
CT at such a distance.>5'16 

As a vehicle for demonstrating the critical importance of 
each attractive component, we plotted as a function of R the 
interaction energy A£ t r in which one attractive component 

AE1' Re1', A A£e
tr, kcal/mol 

AE 
AE-EES 

A£"-EpL 
A £ - E C T 

1.63 
2.71 
2.28 
2.55 

-28.5 
-2.3 
-8.2 
-2.2 

(ES, PL, or CT) was omitted. The equilibrium Re
tr and the 

corresponding truncated interaction energy A£ e
t r for each 

truncation are given in Table II as well as the untruncated 
equilibrium distance and interaction energy. It is evident from 
the table that the complex without PL is also rather weak. 
Though the truncation does not take MIX into account, its 
effect on Re

lT is expected to be small because MIX is not im
portant near /?e

tr- We may conclude, therefore, that all three 
attractive components are essential for formation of this strong 
complex. 

B. Force Decomposition Analysis. The energy decomposition 
analysis enables one to determine the contribution of individual 
energy components to the total interaction energy for a given 
geometry. It does not allow, however, a determination of which 
components are responsible for the attractive force which 
causes the intermolecular separation,R, to decrease and the 
interaction energy to become more negative. This requires the 
calculation of the components of energy gradient in the di
rection of intermolecular approach. As was described in the 
previous section, this was accomplished by analytical differ
entiation of a continued fraction fit to the interaction potential. 
The components of the total force are shown in Figure 2. At 
the equilibrium separation (Re ~ 1.63 A) the total force (F — 
—d&E/dR) must be zero. Consequently, the repulsive force 
is balanced by the attractive force: — dE^x/dR — dEMwdR 
= -dEEs/dR - dEpL/dR - dECj/dR. Near Rc the relative 
importance of the attractive forces are dES ~ 20% (d denotes 
a force), ^PL ~ 40%, and dCT ~ 40%; the two short-range 
components being more important than the long range dES. 
At a larger separation (R ~ 2.70 A), the relative contributions 
are dES ~ 46%, dPL ~ 12%, and dCT ~ 42%. As was noted 
in section IHA, the significance of dC7 even at this large 
separation is an indication of the uniquely important role of 
CT in this strong complex. 

C. Electron Density Decomposition and Population Analyses. 
As an aid for analysis, the changes of components of a and x 
atomic gross population at R = 2.70 and 1.57 A are shown in 
Table III. The CT and PL density maps at R = 2.70 A are 
shown in Figure 3 and all the component density maps at R = 
1.57 A are presented in Figure 4. 

As is seen in Table III, at a separation of 2.70 A, a charge 
transfer of 0.06 e takes place from CO to BH3, predominantly 
from the C atom to the B atom. This is also clearly demon
strated in the CT density map of Figure 3. The population 
analysis indicates that no significant transfer of ir electrons 
occurs at this separation. A large polarization occurs within 
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1.5 2.0 2.5 
DISTANCE {fa 

Figure 2. Force components along the separation R for the complex OC-
BH3 in the C30 approach as functions of R = r(C—B). 

Table III. Change of Components of Gross Atomic Population in 
the Complex OC-BH3, C3t- Approach" 

Oa 
TT 

C(T 
TT 

B(T 
7T 

H(T 
TT 

BH3(T* 
TT 

Oa 
•K 

C(T 
•K 

Ba 
•K 

Ha 
w 1 
BH3(T* 
ir 

EX 

-0 .000 
0.000 
0.000 

-0.000 
-0.002 
-0.000 

0.0Ol 
0.000 
0.0 
0.0 

-0 .004 
0.007 
0.004 

-0.007 
-0.048 
-0 .002 

0.016 
0.0Ol 
0.0 
0.0 

PL CT + MIX 

R = 2.70 A 
0.018 

-o.oio 
-0.018 

0.010 
-0.013 
-0.011 

0.004 
0.004 
0.0 
0.0 

R= 1 
0.138 

-0.011 
-0.138 

0.011 
0.419 

-0.035 
-0 .140 

0.012 
0.0 
0.0 

0.010 
-0 .003 
-0.068 

0.005 
0.056 

-0.001 
-0.001 
-0.000 

0.058 
-0.002 

.57A 
-0.089 
-0 .012 
-0.227 

0.107 
-0.144 

0.021 
0.153 

-0.038 
0.316 

-0.095 

Total 

0.028 
-0 .013 
-0.086 

0.015 
0.041 

-0.011 
0.006 
0.003 
0.058 

-0 .002 

0.045 
-0.016 
-0.361 

0.111 
0.227 

-0.016 
0.030 

-0.026 
0.316 

-0.095 

0 Positive and negative values indicate an increase and a decrease, 
respectively, of electron population upon complex formation. b The 
sum for all the atoms of BH3. The sums for CO are negatives of the 
BH3 values. 

CO, resulting in the polarization along the bonds —5+5C - 6-
+ 6O-5+5, as was typically observed in many hydrogen-bonded 
and protonated complexes.710 This is accompanied by a 
smaller polarization of BH3. At the separation 1.57 A, corre
sponding to a near equilibrium geometry, as is expected from 
the large interaction energy terms of Table I, large changes of 

0.0 1.0 2.0 30 4.0 
Figure 3. Component electron density maps for the complex OC-BH3 at 
r(C—B) = 2.70 A in the C31 approach. Full lines indicate density increases 
and dotted lines indicate decreases. Contours indicated are, successively, 
±1, ±3, ±5, ±7 X 1O-4 (Bohr-3). The coordinates are in angstroms rel
ative to the boron atom and the plotting is made for an HBCO plane. 

component atomic population take place. An extensive po
larization of BH3 and CO and a large charge transfer can be 
observed in Table III and Figure 4. The CT density map 
(Figure 4) at this separation is very different qualitatively from 
that at 2.70 A (Figure 3). Here the electron density has ac
cumulated in the entire B-C intermolecular region, suggesting 
formation of a strong <y bond. It is interesting to note that in 
almost all the cases in Table III the ir-atom population changes 
have an opposite sign to the corresponding cr-atom population 
changes. This is probably, as will be discussed later, due to the 
dual characteristics of CO, having a C - +O polarity for a 
electrons and a C + - 0 polarity for ?r electrons. The population 
analysis suggests that at this separation 0.32 e of <J charge is 
transferred from CO to BH3 and 0.10 e X 2 of -K charge is 
back-donated from the BH3 to CO. The donation and back-
donation will be analyzed more in the next section. 

D. Charge Transfer and Back-Donation. In analyzing energy 
components of molecular interactions, it is sometimes infor
mative to further separate the charge transfer energy into the 
contribution of CT from A to B and that from B to A. This type 
of analysis should be particularly appropriate here due to the 
apparent complexity of the charge transfer interaction in 
H3B-CO. The energy decomposition scheme of Kitaura and 
Morokuma can handle this situation.8 By including only the 
block connecting the occupied MO's of A and the vacant MO's 
of B as well as the diagonal block in the Hartree-Fock matrix, 
one can obtain C T A ^ B - The Bocc -*• Avac and diagonal blocks 
gives C T B ^ A - The inclusion of both Aocc —* Bvac and Bocc - * 
Avac blocks as well as the diagonal block leads to the total CT 
which has been used in the previous sections. The difference 
between CT and C T A - . B + C T B - A should be called a coupling 
term C T M I X between the two CT directions. Therefore, Ecr 
~ £ C T A - B + £CTB-A + £CTMIX- Similarly, the GT component 
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-i.n o.o i.o 2.0 3.0 
T 1 1 1 r 

Figure 4. Component electron density maps for the complex OC-BH3 at r 
±1, ±5, ±9, ±13 X 10~3 (Bohr"3). For other details, see Figure 3. 

Table IV. Further Decomposition of Charge Transfer Energy in 
the C31 Complex OC-BH3 at Various Separation R = /-(C-B)" 

CT 
CToC-BH3 

CToC—BH3 

CTMIX 

R A 1.77 

-40.3 
-12.7 
-26.5 
-1.1 

2.00 

-19.7 
-4.9 

-14.2 
-0.5 

2.30 

-9.5 
-1.5 
-7.8 
-0.2 

2.70 

-4.3 
-0.4 
-3.9 
-0.0 

" Values given in kilocalories per mole. 

of the electron density may be further divided into three 
terms 

PCT = PCTA-B + PCTB-A + PCTMIX 

Such an analysis of the charge transfer interaction has been 
performed for the OC-BH 3 complex in the C31, approach at 
various intermolecular separations R = /"(C-B). As is seen in 
Table IV, at a large separation the CT energy is predominantly 
due to charge transfer from CO to BH3. Near the equilibrium 
separation, the OC ->• BH3 forward charge transfer is still the 
most important term, although the back donation from BH3 

to CO does make a significant contribution. An estimate of the 
relative importance at equilibrium (R ~ 1.63 A) is OC -»• 
BH 3 /OC *- BH3 ~ 2 / 1 . Though this magnitude will depend 
sensitively on the basis set, this probably is the first semi
quantitative demonstration of the importance of back-donation 
from the strongly hyperconjugating TT orbital of BH3 to the low 
lying T* orbital of the carbonyl group. 

The two CT components of the electron density map are 
shown in Figure 5. The charge transfer from CO to BH3 is 
found to be predominantly within the a framework, while the 

I.57A 

— 1 1 1 1 1 

-1.0 0.0 1.0 2.0 3.0 
'•••B) = 1.57 A in the C3t approach. Contours indicated are, successively, 

back charge transfer from BH3 to CO is principally within the 
7T framework. This is reflected in the changes of a and T pop
ulations in Table III. 

E. Angular Dependency near the Equilibrium Separation. For 
better understanding of the origin of interactions in molecular 
complexes, it is extremely useful to establish for the OC-BH 3 

complex that the C31, geometry is the most stable one and why 
that is the case. In order to study this problem we examined 
conformations in which the C-O axis was skewed from the C31. 
axis by an angle a. These rotations were such that the C atom 
remained on the C3t axis of the BH3 moiety withR = r(C—B) 
= 1.57 A and such that OC-BH were in a staggered configu
ration. This is illustrated in Figure IB. Results of stabilization 
energy and energy decomposition relative to the C3^ approach 
(a = O) are shown in Table V. The C3r geometry is found to 
be the most stable, in agreement with experiments,26 and the 
energy increases quadratically with a. It is clear from Table 
V that the stability of the C3t- approach is primarily due to a 
more favorable electrostatic interaction and, to a lesser extent, 
to the charge transfer interaction. The loss of ES with a can 
be understood in terms of the peculiar electron distribution of 
CO. In the ground state of CO,32 whose electron configuration 
is o-'°7r4, triple bonding T electrons are polarized toward the 
oxygen atom (with the 4-31 set, the x-electron population for 
each of x and y direction on C is 0.47). The six valence a 
electrons, on the other hand, form a C-O a bond, an O lone 
pair, and a C lone pair, leaving a substantial negative net a 
charge on C (with the 4-31 set, the net a charge on C is — 8 -
—0.66 and that on O is +8). The charge distribution of CO, 
therefore, may be schematically represented as: — 8C+i'-
~S'0+S. The electrostatic interaction is most favored when the 
electron deficient B end of BH3 approaches the C end of CO 
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Figure 5. Density maps of forward and back charge transfer components 
for the complex OC-BH3 at /-(C-B) = 1.77 A in the C^ approach. 
Contours indicated are, successively, ±0.5, ±2.0, ±3.5, ±5.0 X 10~3 

(Bohr-3). For other details, see Figure 3. 

along the extension of the OC axis. As a increases, the B atom 
approaches more closely toward the positive •K side of CO, re
sulting in a decrease in the electrostatic stabilization. The re
duction of the charge transfer interaction upon a deviation 
from C3,- orientation may be attributed mainly to the decrease 
of overlap between the highest occupied Sa MO of the electron 
donor CO and the lowest vacant 3ai (a) MO of BH3. Table 
V indicates that as a increases the exchange repulsion at first 
decreases and then increases after a ~ 60°. The initial decrease 
may be interpreted as resulting from a decrease in the overlap 
between <r-electron clouds of CO and BH3. Its eventual in
crease is probably due to the overlap of electron clouds of the 
oxygen atom with those of the BH bonds. 

F. Planar BH3 Approaching CO. The BH3 molecule is pre
dicted to be planar in the isolated molecule, whereas it is py
ramidal in the complex. A method has been proposed to carry 
out energy decomposition along the reaction coordinate on 
which constituent molecules change geometries as they ap
proach each other.29 It is rather tedious, however, to find the 
reaction coordinate in a multidimensional space. Instead, a 
series of calculations was carried out for an approach of planar 
BH3 to the C end of CO maintaining the overall C3 r symmetry 
(Figure IC). The results of the calculations are shown in Table 
VI with the reference isolated monomers being CO and BH3 
(Z)3/,). This case may be considered an extreme reaction path, 
where rigid reactant molecules first form a complex and then 
relax their geometries, whereas calculations in Table I are the 
other extreme, where reactants first change themselves to the 
anticipated complex geometries and then form a complex. The 
reference of energy decomposition in Table I was CO + BH3 

(C31). It is evident from Tables I and IV that the greater mo
lecular interaction for pyramidal BH3 at large separations 
(2.7-2.3 A) is the result of a decrease in the exchange repul-

Table V. Relative Energy Decomposition Analysis for the 
Complex OC-BH3 at Various Rotations (a) of the Oxygen Atom 
from the C3l, Axis at the Separation 1.57 A" 

30° 60° 90° 

AA£ 
AES 
AEX 
A(PL + MIX) 
ACT 

10.2 
12.8 

-3.5 
-8.8 

9.6 

41.6 
42.7 
-8.5 

-20.9 
28.3 

91.5 
59.6 
18.2 

-19.7 
33.5 

" Energies are in kilocalories per mole relative to the C31- (a = 0) 
values. 

Table VI. Energy Decomposition Analysis for the Complex OC-
BH3, where BH3 Remains Planar at Various Separations R = 
r(C-B),a Ci11 Approach 

R, A 1.57 2.30 2.70 

AE 
ES 
EX 
PL 
CT 
MIX 

5.3 
-88.4 
180.5 

-112.3 
-146.9 

172.4 

-2.8 
-10.8 

17.8 
-2.3 
-8.6 

1.2 

-3.0 
-3.5 

4.3 
-0.4 
-3.4 

0.0 

Values given in kilocalories per mole. 

Table VII. Energy Decomposition Analysis for the Complex OC-
BH3 for the Approach of Figure ID, where CO Is Perpendicular to 
the Cic Axis and C Is on the C3t, Axis, at Various Separations R = 
/-(C-B)" 

R 

AE 
ES 
EX 
PL + MIX 
CT 

A 1.57 

63.6 
-10.4 
137.0 
-6.9 

-56.0 

1.90 

23.4 
-0.4 
46.7 
-4.2 

-18.7 

2.30 

7.2 
3.0 

11.4 
-0.6 
-6.6 

2.70 

2.3 
2.6 
2.6 

-0.1 
-2.7 

3.10 

0.9 
1.7 
0.5 

-0.1 
-1.2 

" Values given in kilocalories per mole. 

sion. All other interaction components are nearly independent 
of what form of BH3 is considered. Though the situation is not 
very clear at a shorter distance (1.57 A), the exchange repul
sion still appears to be the principal difference between Tables 
I and VI. We may conclude that BH3 prefers the pyramidal 
structure in the complex in order to reduce the exchange re
pulsion. 

G. Various Modes of Approaches. In most of the previous 
sections we assumed a mode of approach in which CO ap
proaches from the C end collinearly to the B atom of BH3. In 
order to examine whether this is the most favored approach 
and, if so, why, we now examine three other modes of ap
proaches, as illustrated in Figures ID-F . 

Table VII shows the results for the approach of Figure 1D, 
where the CO is perpendicular to the C31, axis of BH3 and C 
is on the C3,- axis with an OC-BH in a staggered conformation. 
This geometry, near the equilibrium separation, was also in
cluded in section HIE. A comparison of the results in Tables 
VII and I reveals that the perpendicular approach is less fa
vored than the collinear approach. The instability is principally 
due to the lack of electrostatic attraction, supplemented in part 
for smaller separations by a decrease in the charge transfer 
stabilization. As was discussed in section HIE, the electrostatic 
repulsion is caused by interaction of the electron-deficient x 
side of the carbon atom and the electron-deficient end of 
BH3. 
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Table VIII. Energy Decomposition Analysis for the Complex CO-BH3, 
Various Separations ?̂ = Z-(O-B)c 

where CO Is on the C^ Axis and O Is Approaching BH3, at 

R, A 1.60 1.90 2.04"" 2.30 2.70 3.10 

AE 
E ES 

EEX 
EPL 
ECJ 
£MIX 

AA£<> 
AES 
AEX 
APL 
ACT 
AMIX 

-3 .0 
•42.7 
72.5 
•23.3 
•27.1 
17.7 

•25.0 
•22.3 
35.9 
•48.4 
•51.4 
60.0 

- 7 . 3 
-19 .0 

24.0 
- 5 . 0 
- 9 . 6 

2.4 

-13 .4 
-10 .9 

17.8 
-13.1 
-16.7 

9.5 

-7 .8 
-12.7 

12.0 
-1 .2 
- 5 . 3 
-0 .6 

-7 .3 
- 8 . 0 
14.2 

-8 .4 
-12.3 

5.6 

-5 .9 
- 7 . 3 

5.1 
-1 .0 
- 3 . 0 

0.3 

-5 .4 
-3 .1 

5.5 
-2 .1 
-6 .5 

0.9 

- 3 . 9 
-3 .5 

1.0 
- 0 . 4 
- 1 . 2 

0.1 

-2 .4 
-0 .5 

1.4 
- 0 . 4 
-3 .1 

0.1 

-2 .5 
- 2 . 0 

0.2 
-0 .1 
-0 .5 

0.0 

- 1 . 0 
0.2 
0.4 

-0 .1 
-1 .5 

0.1 

a Energy minimum obtained from a parabolic fit. * Difference of energy terms between the CO-BH3 complex (this table) and the OC-BH3 
complex (Table I). The values of Table I are fitted to rational fractions to obtain values at various R. c Values given in kilocalories per 
mole. 

Table IX. Energy Decomposition Analysis for the Complex CO-
BH3, where O Is on the C3l, Axis and CO Is Perpendicular to the 
C3c Axis, at Various Separations R = r(0—B)" 

AE 
ES 
EX 
PL + MIX 
CT 

R, A 2.30 

1.7 
-2 .8 
10.4 

-0 .6 
-5 .2 

2.70 

-0 .1 
-0 .1 

2.3 
-0 .1 
- 2 . 3 

3.10 

- 0 . 3 
0.3 
0.5 

- 0 . 0 
-1 .1 

" Values given in kilocalories per mole. 

Next we examine two approaches of the O end of CO to 
BH3. Since CO is slightly polar with the polarity C + O - , 3 2 the 
approach of BH3 to the O end may be more favorable. Table 
VIII lists the results of calculations for the collinear approach 
of O to the B end of pyramidal BH3 maintaining C3[; symmetry 
(Figure IE). The CO-BH3 complex is found to be most stable 
at an intermolecular separation of around 2.04 A with AE = 
—8 kcal/mol. Since the energy difference between a pyramidal 
and planar BH3 (17 kcal/mol) must be added (see section 
IIIA), the CO-BH3 complex is not bound with respect to the 
monomers. In order to facilitate a comparison between the 
OC-BH3 complex and the CO-BH3 complex, the differences 
of interaction energy components between the former (Table 
I) and the latter (Table VIII) at the same separationsR are 
also shown in Table VIII. It is clear from these results that the 
instability of the OC-BH 3 complex relative to CO-BH 3 is 
principally due to a decrease in the charge transfer stabilization 
supplemented by a decrease in the electrostatic and polariza
tion stabilization. There is a decrease in the exchange repulsion, 
which, in part, compensates for the other effects. The smaller 
CT stabilization may be attributed to two factors: that the 
highest occupied a orbital of CO has a much larger distribution 

on C (MO coefficients for Is, 2s, 2s', 2ptT, and 2p</ orbitals are 
-0 .14 , 0.20,0.71, -0 .42 , and - 0 . 1 3 , respectively) than on O 
(likewise, 0.01, -0 .04 , -0 .07,0.27, and 0.19), so that the CT 
interaction on the O side is less favored; the atomic orbitals on 
O are smaller than those on C, so that at an identical separation 
the O-B pair would have less overlap than C-B. The smaller 
ES may be attributed to the fact, as discussed in section HIE, 
that O has a substantial positive net a charge and a small 
negative net ir charge, while C has the opposite charges. Ap
parently the a charge controls the ES stability. The smaller EX 
repulsion is presumably a result of the smaller overlap men
tioned above. 

The second approach of O studied here is along the C-$v axis, 
while keeping CO perpendicular (staggered) to the C31,. axis 
(Figure 1 F). Results in Table IX can be compared with Table 
VIII corresponding to Figure 1E and Table VII corresponding 
to Figure ID. This perpendicular approach is less stable than 
the collinear approach of Table VIII mainly because of less ES 
stabilization and more EX repulsion, with more CT stabili
zation partially compensating the difference. Both perpen
dicular approaches which we considered were found to be re
pulsive. Of the two, this approach (O on the C3r axis) is less 
repulsive than that of Table VII (C on the C3i; axis) due to a 
more favored electrostatic interaction. 

IV. Borazane (H3N-BH3) and Derivatives: CH3H2N-BH3, 
(CH3J3N-BH3, and H3N-BF3 

A. Distance Dependency. In borazane, N H 3 and BH3 are 
experimentally known to be pyramidal, staggered, and oriented 
such that the complex maintains an overall C3„ symmetry. 
Therefore, we first carried out the energy decomposition be
tween pyramidal N H 3 and BH3 in the C3„ approach as func
tions of the B-N separation, R = r (N-B) . Results are shown 
in Table X. An energy minimum is found at i? = 1.7Os A with 
a stabilization energy of 44.7 kcal/mol. This distance is in 

Table X. Energy Decomposition Analysis for the Complex H3N-BH3 at Various Separations R = /-(N-B)" 

AE 
ES 
EX 
PL 
CT 
MIX 

R, A 1.46 

-33.8 
-160.7 

192.8 
-54 .0 
-67 .4 

55.5 

1.56 

-42 .0 
-129.2 

140.2 
-33 .3 
-45 .6 

25.8 

1.66 

-44.66 
-103.0 

101.0 
-21 .0 
-31 .6 

9.8 

1.705 

-44.68 
-92 .9 

86.9 
-17 .2 
-27.1 

5.6 

1.86 

-41 .6 
-64.8 

50.9 
-9 .0 

-17 .4 
-1 .2 

2.30 

-25.7 
-24 .6 

10.1 
- 2 . 3 
-7 .8 
-1 .1 

2.70 

-15 .0 
-11 .9 

2.2 
- 1 . 0 
-4 .1 
- 0 . 2 

" Values given in kilocalories per mole. 
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Table XI. Truncated Interaction Energy A£'tr and Equilibrium 
Separation Rc

tT for H3N-BH3, C30 Approach 
Table XII. Change of Components of Gross Atomic Population in 
the Complex H3N-BH3, Civ Approach" 

AE" Rf, A AEe", kcal/mol 

AE 
AE-E Es 
A£-£pL 

AYi-TiCT 

1.70 
2.54 
1.96 
2.01 

-44.7 
-4.6 

-33.5 
-26.3 
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Figure 6. Force components along the separation R for the complex 
H3N-BH3 (C31,, staggered) as functions of R = r(N-B). 

reasonable agreement with the experimental value R = 1.56 
A.2 6 3 3 By adding the energy (17.0 kcal/mol) required to form 
a bent BH3 from a planar BH3 the net energy of complex for
mation (-27.7 kcal/mol) is obtained. The experimental value 
for the heat of formation of this complex is not available. 
However, AJV0300 for (CH3)3N + BH3 — (CH 3 ) 3 N-BH 3 is 
—31.5 kcal/mol.31 Since the methyl substituent effect is small 
both for the experimental heat of formation (ATZ(Me3N-BH3) 
- AiZ(MeH2N-BH3) = 0.2 kcal/mol31) and theoretical en
ergy of formation (A£(Me 3 N-BH 3 ) - AiS(H3N-BH3) = 
—0.6 kcal/mol, as will be discussed in section IVD), this 
agreement is considered to be reasonable. A more accurate 
comparison with the zero-point energy and correlation cor
rections (see section IIIA) will not be attempted here. 

Near the equilibrium separation ES is the principal con
tributor to the stabilization, with CT and PL playing a less 
significant role. The relative importance of ES, CT, and PL 
at a larger separation (~2.70 A) is quite similar to that near 
the equilibrium. We note in comparison that in OC-BH 3 , all 
three attractions were large, of comparable magnitude, and 
essential contributions to the bonding. Table XI shows the 
equilibrium separation Re" and the stabilization energy ATiV 
at /?e

t r , which are obtained when a truncated interaction AE" 
(the total interaction energy AE minus a component) is used 
as the potential function. The lack of ES would make the 
complex unstable to dissociation, but the absence of PL or CT 
would still retain the complex's strong binding. This is in re
markable contrast with the OC-BH 3 complex, where the ab
sence of any attractive component would make the complex 
unstable (Table II). 

EX PL CT + MIX Total 

H 
N 
B 
H 
BH3 

H 
N 
B 
H 
BH3 

0.000 
-0.000 
-0.002 
0.001 
0.0 

0.003 
-0.010 
-0.042 
0.014 
0.0 

R = 2.70 A 
-0.020 
0.061 

-0.128 
0.043 
0.0 

-0.007 
-0.038 

0.047 
0.004 
0.059 

R = 
-0.086 
0.257 

-0.062 
0.021 
0.0 

1.70 A 
0.001 

-0.188 
0.036 
0.050 
0.187 

-0.027 
0.023 

-0.083 
0.047 
0.059 

-0.082 
0.059 

-0.067 
0.085 
0.187 

" Positive and negative values indicate an increase and a decrease, 
respectively, of electron population upon complex formation. * Sum 
of all the atoms of BH3. The sums for NH3 are negatives of the BH3 
values. 

In Figure 6 the components of the force — A AEI AR as a 
function of the intermolecular separation R are shown. Near 
Rt ~ 1.70 A, the relative importance of the attractive com
ponents is dES ~ 56, d?L ~ 20, and dCT ~ 24%, and at a 
larger separation R ~ 2.70 A, the contributions are dES ~ 66, 
JPL ~ 7, and dCT ~ 26%. This means that the electrostatic 
force remains the principal bonding force as one moves from 
a large separation to the equilibrium distance. In OC-BH 3 , 
quite contrary to this complex, both CT and ES were important 
binding forces at a large separation, and CT and PL became 
the dominant binding forces near equilibrium (Figure 2). 

The decomposition analysis of electron distribution and gross 
atomic population was carried out for the complex at the sep
arations of 2.70 and 1.70s A. The component gross populations 
are shown in Table XII and the component electron density 
maps at 2.70 and 1.70s A are shown in Figures 7 and 8, re
spectively. The population analysis at 2.70 A and the com
parison with Table II indicate that the electron population on 
B decreases in the order OC-BH 3 > BH3 (pyramidal) > 
H3N-BH3. The increase in OC-BH 3 over the isolated BH3 is 
due principally to CT + MIX, while in H 3 N-BH 3 a similar 
increase is overshadowed by a large decrease resulting from 
PL (which is due to the larger polarity of N H 3 than that of 
CO). The increase in the electron population on H in BH3 of 
H 3 N-BH 3 over that in the isolated pyramidal BH3 is also ac
countable as a PL effect. The comparable absolute magnitude 
of CT interaction between OC-BH 3 and H 3 N-BH 3 at this 
distance can be seen in the CT stabilization energy (—4.3 
kcal/mol for OC-BH 3 in Table I and -4 .1 kcal/mol for 
H 3N-BH 3 in Table X) as well as in the CT component density 
maps in Figures 3 and 7. The increased importance of polar
ization in going from OC-BH 3 to H3N-BH3 is not obvious in 
the PL stabilization energy, which is small in magnitude, but 
is clear when the PL component density maps in Figures 2 and 
7 are compared. As usual,7 the PL map shows a sequential 
bond polarization H - 5 + 5 B - — 5 + 5 N - 5 + 5 H . 

Near the equilibrium geometry the reorganization picture 
of the electron distributions is not as simple as at a large in
tramolecular separation because the interaction is so strong. 
Nevertheless, several interesting features can be recognized 
in Figure 8 and Table XII. The EX effect is local as usual,8 

resulting in a small population change of the type H—<5B+<5-
••+5N—<5H. The CT picture in Figure 8 is quite different from 
that for OC-BH 3 in Figure 3. The CT interaction in H 3 N -
BH3 near the equilibrium separation is not as strong as in 
OC-BH 3 , as can be seen in Tables I and X. This is clearly re-
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Figure 7. Component electron density maps for the complex H3N-BH3 
at r(N—B) = 2.70 A in the C31. staggered approach. The plot is for an 
HBNH plane. For other details, see Figure 3. 

fleeted in the less complete buildup of CT charge in the inter-
molecular region in Figure 8 than in Figure 4. The PL effect 

is more complicated. There is a strong polarization of NH3 
which enhances the polarity -5+5N-5+5H already existing 
in the monomer. The polarization of BH3 at this distance is 
smaller in magnitude than at a larger distance (2.70 A), as is 
seen in Table XII. Furthermore, the direction of BH3 polar
ization H+5-5B in OC-BH3 is opposite to that found in this 
complex, as may be seen by comparison between Tables III and 
XII and Figures 4 and 8. The difference in direction is due to 
the polarity difference between NH3 (with polarity N-5+5H) 
and CO (with a polarity C-5+50 and T polarity C+5-50). 

An interesting question is the significance of the back-
donation from BH3 to NH3 to total CT stabilization. Calcu
lations at the equilibrium R = 1.7O5 A give CT = -27.1, 
CTH3N^BH3 = -19.4, CTH 3 N-BH 3 = ~7.4, and CTMix = 
—0.3 kcal/mol. Although the relative contributions of these 
terms may sensitively depend on the basis set used, it is safe to 
conclude that there is a substantial contribution of the BH3-* 
NH3 back-donation to the stabilization. The ratio between the 
back and forward donation contributions CTH ,N—BH3/ 
CTH 3N^BH 3 ~ 1/2.6 is not as large as the same ratio in the 
OC-BH3 complex, C T 0 C - B H 3 / C T 0 C - B H 3 ~ 1/2. Further
more, the relative importance of CT energy to the stabilization 
of the complex H3N-BH3 is rather small, and therefore, the 
significance of the back-donation in this complex is much less 
than it is in the OC-BH3 complex. 

B. Rotational Barrier. In the energy decomposition analysis 
we compare the energy of the complex with that of the pyra
midal NH3 and pyramidal BH3 in the same configuration as 
in the complex. If one assumes that the configurations OfNH3 
and BH3 and the equilibrium /-(B-N) are the same in the 
eclipsed conformation as those in a staggered conformation, 
the difference in the stabilization energy, AE, between the 
staggered and eclipsed conformations is nothing but the barrier 
to internal rotation, and hence the differences of energy com
ponents should be the contributions of components to the 
barrier. The results of such calculations at /-(B-N) = 1.70s 
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Figure 8. Component electron density maps for the complex H3N-BH3 at r (N-B) = 1.70 A in the C31- staggered approach. The plot is for an HBNH 
plane. For other details, see Figure 4. 
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Table XIII. Energy Decomposition of Rotational Barrier of 
H3N-BH3" at /-(N-B) = 1.7O5 A 

Staggered 

-44.7 
-92.9 

86.9 
(187.2) 

(-100.3) 
-17.2 
-27.1 

5.6 

Eclipsed 

-43.2 
-93.2 

88.5 
(190.1) 

(-101.6) 
-17.3 
-26.5 

5.3 

Difference 

1.5 
-0.3 

1.6 
(2.9) 

(-1.3) 
-0.1 

0.6 
-0.3 

a Values given in kilocalories per mole. 

A are shown in Table XIII. No experimental value for the 
rotational barrier of borazane is available, but calculated 
values, including geometry optimization, generally fall between 
1.9 and 3.1 kcal/mol.20-22-34 

From Table XIII it is clear that the barrier is essentially 
caused by the difference in exchange repulsion, while a smaller 
contribution to the barrier by CT is largely cancelled out by 
the contributions of ES, PL, and MIX. In the energy decom
position scheme of Kitaura and Morokuma the exchange en
ergy EX can be further decomposed into two terms by the use 
of appropriate model Hartree-Fock operators.8 One is a neg
ative (attractive) contribution (—2,-4000Sy^Af,;/0) of exchange 
integrals (called X = ESX - ES in ref 8) and the other is the 
positive (repulsive) contribution from the overlap integrals 
(called EX' in ref 8). Table XIII shows these two exchange 
terms separately. The exchange integral contribution favors 
the eclipsed form, since B-H and N - H bonds are closer to one 
another in the eclipsed form, resulting in a greater attraction. 
This proximity of B-H and N - H bonds in the eclipsed form 
gives rise to a large overlap repulsion, however, which over
comes the above-mentioned attraction. Therefore, we conclude 
that the requirement that B-H and N - H electron distributions 
must be distorted and orthogonalized to satisfy the Pauli 
principle causes the rotational barrier. 

The importance of the exchange interaction to the rotational 
barrier has been pointed out for ethane and methanol by 
Sovers, Kern, Pitzer, and Karplus in terms of bond orbitals.35 

Christiansen and Palke36 by the use of localized orbitals and 
Levy et al.37 by the use of bond orbitals recently have shown 
that the orbital orthogonality is the predominant factor for the 
barrier of ethane. We feel that an energy decomposition 
method, based on model Hartree-Fock operations, has ad
vantages over other methods in that it does not require bond 
orbitals or localized orbitals to obtain the exchange contribu
tion and that contributions of other energy components (ES, 
CT, and PL) are obtained as well on the same footing as EX. 
An application of the energy decomposition analysis to the 
barrier for internal rotation in various compounds including 
ethane will be presented elsewhere.38 

C. Angular Dependency near Equilibrium Separation. In 
order to examine the reason why this complex prefers a C-$v 

symmetry, we tilted one or both of BH3 and NH 3 from the C\. 
position at the equilibrium separation /-(N-B) = 1.70s A in 
the staggered form. The local C31, symmetry for BH3 and NH 3 

was maintained during the tilt. The tilt angles, a and /3, of NH 3 

and BH3, respectively, are defined in Figure 9, where the 
positive directions shown by the arrows move one proton (in 
the plane of the paper) toward the interaction region and the 
other two protons away from it. Results of calculations are 
shown in Table XIV. The tilt a = 0 - a ^ 0 destabilizes the 
complex due mainly to a reduction of the ES stabilization. 
Presumably this is a result of the N lone pair electrons no 
longer being directed toward the positively charged B atom. 
This effect occurs regardless of the sign of a and the magnitude 

H 

*H 
Figure 9. Tilts, a and /3, of the C^ axes of NH3 and BH3, respectively, 
from the N-B axis. The arrows define the positive directions of tilts. 

Table XIV. Relative Energy Decomposition Analysis for the 
Complex H3N-BH3 at /-(N-B) = 1.7O5 A for Various Tilts of End 
Groups6 

AA£ 
AES 
AEX 
APL 
ACT 
AMIX 

a" 0° 
0 10° 

2.4 
-1.3 

5.0 
-2.2 
-1.7 

2.7 

0° 
-10° 

2.3 
-1.2 

4.5 
-2.1 
-1.6 

2.6 

10° 
0° 

1.4 
1.6 

-0.0 
-0.9 
-0.1 

0.8 

10° 
10° 

5.0 
1.4 
5.5 

-2.3 
-2.1 

2.5 

-10° 
-10° 

4.7 
1.5 
4.9 

-2.3 
-2.0 

2.6 

10° 
-10° 

2.6 
-0.6 

4.1 
-3.8 
-1.4 

4.4 

" a and /3 are tilt angles of H3N and BH3, respectively, from the Civ 
staggered symmetry, as defined in Figure 9. * The energy in kilo-
calories per mole relative to (a, Q) = (0, 0). 

of /3. The only exception is when a and /3 are both nonzero and 
are of opposite sign. This results in a very small change in the 
total energy change due to cancellation of PL and MIX. The 
tilt /3 = 0 — /3 7̂  0 destabilizes the complex rather substan
tially due to an increase in the EX repulsion complemented by 
changes in all other components. This is presumably a result 
of increased overlap between the N lone pair and the B-H 
electrons. 

D. Methyl Substituent Effect. We have recently attributed 
a large methyl substituent effect of the proton affinity of NH 3 

principally to the difference in polarization energy, though the 
proton affinity itself is found to be predominantly electrostatic 
and charge transfer in nature.10 In connection with this it is 
interesting to note that the observed N-methyl substituent 
effect on the interaction energy of N H 3 - B H 3 is very small 
(A#°273 = -17 .5 kcal/mol for CH 3 H 2 N-BH 3 , -18 .9 kcal/ 
mol for (CH 3 ) 2 HN-BH 3 , and - 1 7 . 3 kcal/mol for 
(CH3)3N-BH3 in the gas phase).31 Table XV shows the results 
of calculations of TV-methyl substituent effects for the 
H 3 N-BH 3 complex at /-(N-B) = 1.7O5 A. The table also lists 
similar results for the proton affinity of NH 3 , taken from ref 
10. The calculated methyl substituent effect for the H 3 N-BH 3 

is very small (~1 kcal/mol), in good agreement with experi
ment. Successive methylation OfNH3 increases the polariza
tion stabilization, i.e., stabilizes the complex by supplying 
electrons upon the approach of BH3. The electrostatic stabi
lization decreases as the number of methyl groups increases, 
consistent with the decrease in electron density on the N atom. 
The charge transfer stabilization increases with methyl sub
stitution. These trends are very similar to the proton affinity 
case, although the actual magnitude is smaller here because 
BH3 has only a fractional net positive charge whereas H + has 
a unit charge. However, an increase in the exchange repulsion 
almost completely cancels out the above mentioned changes, 
giving rise to a very small overall methyl substituent effect. The 
increase in exchange repulsion obviously comes from the in
teraction between CH 3 groups and B-H bonds. In the case of 
proton affinities, the attacking H + does not have electrons and, 
therefore, there is no exchange repulsion, which leaves the 
polarization effect without cancellation, resulting in a large 
overall substituent effect. 

E. H3N-BF3. BF3 is usually considered to be a stronger acid, 
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Table XV. Energy Decomposition Analysis for Amine Methyl Substitution Effects for the H3N-BH3 Complex and the Protonated 
Complex H3N-H+" 

r(N-B) = 1.705 A H3N-BH3* CH3H2N-BH3^ (CH3)3N-BH/ 

AE -44.7 -0.8 -0.6 
ES -92.9 -1.2 0.1 
EX 86.9 4.4 8.5 
PL -17.2 -5.0 -15.1 
CT -27.1 -1.4 -3.3 
MIX 5.6 2.4 9.2 

,-(N-H+) = 1.02 A H3N-H+* CH3H2N-H+^ (CH3)3N-H+r 

AE -221.9 -8.5 -17.8 
ES -99.8 3.3 14.9 
PL -27.4 -12.8 -38.0 
CT -88.3 -3.4 -10.3 
MIX -6.5 4.4 15.6 

" Proton affinity results taken from ref 10. EX = 0. Values given in kilocalories per mole. * Components of stabilization energy for this complex. 
To compare with experiment for H3N-BH3, the energy difference + 17.0 kcal/mol between a pyramidal BH3 and a stable planar BH3 has 
to be added to A£. c Difference between this complex and H3N-BH3 or H3N-H+. 

Table XVI. Energy Decomposition Analysis for the Complex 
H3N-BF3 (C3r Staggered) and Changes from H3N-BH3 at 
Various Separation R = /-(N-B)'' 

AE" 
ES 
EX 
PL 
CT 
MIX 

AAE b 

AES 
AEX 
APL 
ACT 
AMIX 

R, A 1.60 

-71.5 
-142.3 

136.3 
-42.7 
-52.7 

29.9 

-28.1 
-24.2 

12.9 
-14.6 
-13.3 

11.3 

2.70 

-26.0 
-20.5 

2.6 
-1.5 
-6.1 
-0.4 

-11.0 
-8.6 

0.4 
-0.6 
-2.0 
-0.2 

a The bending energy AE^0 = 33.0 kcal/mol required to form py
ramidal BF3 from the stable, planar BF3 has to be added to obtain the 
energy of complex formation. * AAE = Af(H3N-BF3) — 
A£(H3N-BH3). Same for components. The difference in the bending 
energy, AA£b = 33.0 - 17.0 kcal/mol has to be added for a com
parison of the energy of complex formation. Values given in kilo-
calories per mole. 

and hence a stronger electron acceptor in EDA complex for
mation, than BH3. In order to compare contributions of energy 
components between the two complexes, calculations for the 
H3N-BF3 complex were performed for the staggered C^0 ap
proach of NH3 and pyramidal BF3 at the intermolecular 
separations R = /-(N-B) = 2.70 and 1.60 A. The results are 
shown in Table XVI. Since it requires 33.0 kcal/mol to prepare 
a pyramidal BF3 from a planar BF3, the net AE for the com
plex formation at 1.60 A (a near equilibrium geometry) is 
about —39 kcal/mol. Archibald, Armstrong, and Perkins ob
tained AJF = —34.8 kcal/mol and — Ai¥caicd = 42 kcal/mol, 
which is about 13 kcal/mol greater than an experimental es
timate -AH = 31 kcal/mol.20b The greater stability of the 
H3N-BF3 is principally the effect of increased ES, with PL and 
CT being smaller contributions. The above effects are partially 
negated by EX, MIX, and the difference in the deformation 
energy of the monomers. The increased role of ES in the 
H3N-BF3 complex may be attributed to the fact that BF3 is 
more polar than BH3. The same polarity also increases CT by 
making the lowest vacant BF3 <r orbital lower in energy (0.021 
Hartree vs. 0.070 in BH3). The increase in both the PL stabi

lization and the EX repulsion may be attributed to the large 
number of electrons in BF3 than in BH3. 

V. Conclusions and Discussions 
The conclusions obtained for the OC-BH3 complex are 

summarized as follows: 
(i) This is a strong complex with all three attractions, ES, 

PL, and CT contributing significantly and almost equally to 
the stabilization. Lack of any one of them would make the 
complex unstable. 

(ii) A significant relative contribution of CT even at a large 
intermolecular separation is unique to this complex. 

(iii) Near the equilibrium geometry the contribution of the 
OC •«— BH3 back CT stabilization is very significant. (CToc-
-»BH3/CToc^BH3 ~ 2/1). 

(iv) The noncollinear approach of CO is less favored than 
the collinear (C3;,) approach principally due to a decrease in 
ES stabilization. 

(v) Pyramidal BH3 is the favored conformation in the 
complex predominantly because of an increase in EX repul
sion. 

(vi) The approach of the O end of CO is less favored than 
that of the C end mainly due to a decrease in CT stabiliza
tion. 

The conclusions obtained for the H3N-BH3 complex and 
its derivatives are summarized as follows: 

(i) The strong binding in the H3N-BH3 complex is princi
pally due to ES. The lack of ES would make the complex un
stable to dissociation; however, the absence of PL or CT would 
still retain the complex's strong binding. 

(ii) There is a substantial contribution of the ^N*— BH3 
back CT stabilization (~—7 kcal/mol), but its significance to 
the total stabilization is not critical. 

(iii) The barrier to the internal rotation of H3N-BH3 is 
essentially due to the difference in EX between the two con-
formers. Of the two terms in EX, the overlap repulsion term, 
not the exchange integral term, is responsible for the bar
rier. 

(iv) A tilt of the Civ axes of NH3 and BH3 from the N-B 
axis destabilizes the complex by reducing ES stabilization and 
increasing EX repulsion, respectively. 

(v) The iV-methyl substituent effect on the stability of 
H3N-BH3 is small, due to a cancellation between an increase 
in EX repulsion and an increase in PL stabilization. This is in 
contrast to the proton affinity case, where a large methyl 
substituent effect is due to an increase in PL stabilization. 
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Program 

Regular SCF 
program" 

Special program'' 

Iterations/ 
matrix 

elements 
included 

1st cycle* 
SCF* 

Diagonal^ 
Diagonal + 

A —• A d) 

Docc * "vac J 
A «->• R d ) 
rtOCC D o c c ( 
Avac ** B v a c ) 
A —» R <t ) 
Docc *" A v a c ) 

Totald 

With 
differential 

overlap 

ES+ EX 
A£ = ES + PL + CT + MIX 

ESX = ES + X 

ESX + EX' 

ESX + CT 

A£ = ES + PL + CT + MIX 

Without 
differential 

overlap 

ES 
ES+ PL 

ES 

ES+ PL 

=» 
=» 

-

=> 

=> 

_, 

=> 

Terms 
obtained 

ES, EX 
A£ PL. CT + MIX 

ES, Xe 

PL 

EX" 

CT 

A£, MIX 

" Method of Morokuma.57'9 * The number of iterations. 
= X + EX'. 

Method of Kitaura and Morokuma.8 d The matrix elements included. e EX 

(There is no cancellation because the proton has no electrons 
and, therefore, no EX.) 

(vi) The H 3 N-BF 3 complex is stronger than the H 3 N-BH 3 

complex, principally due to an increase in ES stabilization. 
Binding of these strong EDA complexes can be compared 

with that of weak EDA complexes we have analyzed, including 
(NC) 2 CO-

>F2.
39 In weak 

(NC) 2 CO-OR 2 , ( N C ) 2 C = C ( C N ) 2 - O R 2 , 
C6H6 ,1 6 H 3 N - F 2 , H 3 N - C l F , and R 2 CO-
complexes, the attraction (ES + PL + CT) at a large separa
tion (~3 A) is relatively small, so that the exchange repulsion 
balances out with the attraction, preventing the donor and the 
acceptor from approaching closer. In strong complexes, there 
is a particular orientation of the donor and the acceptor, which 
gives rise to a large attraction and a small exchange repulsion 
and allows the molecules to approach closer and bind more 
strongly. The origin of the strong attraction at a large sepa
ration should usually be electrostatic or electrostatic plus an
other term or terms, since ES is the longest range interaction. 
For the amine-borane complexes it is essentially ES and for 
the OC-BH 3 complex it is ES and CT. The importance of CT 
at a large intermolecular separation is a unique feature that 
makes the complex of the relatively less polar CO very 
strong. 

In the present paper the effects of basis functions are not 
examined. A recent systematic comparison of various basis sets 
for hydrogen-bonded complexes indicates that an addition of 
polarization functions (p orbitals on the hydrogen atom and 
d orbitals on the first row atoms) to the present 4-3IG basis 
set corrects the overestimate of ES by reducing the polarity of 
individual monomers. It is found, however, that the other 
components are hardly affected by polarization orbitals.38 

These results lend support to the semiquantitative significance 
of the energy decomposition analysis described in the present 
paper. 
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Appendix 

Procedures of Energy and Charge Decomposition Analy
sis 5-9,29 In the most basic form of analysis, it is assumed that 
each component molecule has a closed shell configuration and 
retains its original geometry when the complex is formed. We 
usually use the following procedures to calculate the energy 
components (Table XVII). 

(1) Calculate SCF-MO's (MO°'s) for isolated molecules. 
The sum of energy of the isolated molecules is called Zs0. 

(2) At the geometry of interest, calculate AO integrals and 
save them on a tape. 

(3) Schmidt orthogonalize MO°'s and use them as the initial 
guess in the standard SCF procedure. The wave function and 
energy in the first cycle (before diagonalization) are 

^ 3 , Ei = EQ + ZS ES + £ E X 

and the wave function and energy after the SCF is converged 
are 

^ 4 , E4 = E0+ AE 

= Eo + Zs E S + EEx + Ecr + EP]_ + ZSMIX 

where ES, EX, CT, PL, and MIX refer to electrostatic, ex
change, charge transfer, polarization, and coupling terms, 
respectively, and AE is the total interaction energy. 

(4) Drop from the AO integral tape all the one- and two-
electron integrals involving a differential overlap between the 
component molecules. 

(5) Use the new integral tape and the MO°'s as the initial 
guess in the standard SCF procedure. The first cycle gives 

* ! , £ • , =EQ + EES 

and the converged SCF gives 

^ 2 , E2 = E0 + Zs Es + £ P L 

The above procedures, which use the standard SCF proce
dure twice, lead to the decomposition of AE into Zs E s , £ E X , 
£ P L , and ECj + ZsMix-

(6) In order to obtain ZsCT separately, which requires a 
specially written program, follow the procedure of Kitaura and 
Morokuma.8 Transform the Hartree-Fock and overlap ma
trices from the AO basis to the MO 0 basis and keep only in
teraction matrix elements connecting the occupied MO's of 
a molecule A with the vacant MO's of the other molecule B and 
the vacant MO's of A with the occupied MO's of B, in addition 
to the diagonal blocks. Repeat the process until the SCF is 
reached. The first cycle gives 

^ 5 . E5 = E0 + EEsx 

and the converged SCF yields 

Sf6, E(, = E0 + Zs Esx + ECT 

where ESX refers to the electrostatic plus a portion (exchange 
integral part) of the exchange term.8 ECT is obtained as the 
difference between Zs6 and Zs5. 
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(7) For the electron distribution decomposition analysis, use 
the method of Yamabe and Morokuma.7 From the wave 
functions {\I>/, / = 1,2, •••, 6} obtained above, construct the 
one-electron density matrices (p,|, which can be decomposed 
into individual contributions. 

Pl = P] + PPL 

P3 = Pl + PEX 

PA = P] + Ap = pi + PEX + PCT + PPL + PMIX 

Pi = p] 

Pd = P\ + PCT 

Here p\ is the unperturbed density matrix. One way of pre
senting a component density matrix is a contour map as a 
function of the coordinates on a particular plane in space. 
Another is the component gross population on AO r, such 
that 

N/ ' = (p/O-S/O),, 

where j = EX, CT, PL, and MIX and the superscript indicates 
that the matrices are in the AO basis. One may also calculate 
the change in the dipole moment due to each component of 
interaction from the corresponding component of p. 

(8) To obtain identical results, steps 3 and 4 can also be 
carried out by using the special program of Kitaura-Moro-
kuma,8 as can be seen in Table XVII. 

(9) If one wants CT to be further separated into CTA-»B, 
CTB^A, and CTMIX, carry out calculations including only the 
diagonal +(A0Cc ~* Bvac) blocks in the special program to 
obtain CTA^B- Diagonal +(Bocc -* Avac) gives C T 6 ^ A - The 
difference between CT and CTA-^B + CTB^A is CTMIX-
Similarly PL can be separated into PLA, PLB, and PLMIX-

(10) The method can be extended with appropriate care to 
open shell-closed shell and open shell-open shell interac
tions.6,39 
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