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Abstract: As a simple yet strongly binding electron donor—acceptor (EDA) complex, BH3NH; serves as a
good example to study the electron pair donor—acceptor complexes. We employed both the ab initio valence
bond (VB) and block-localized wave function (BLW) methods to explore the electron transfer from NH; to
BHs. Conventionally, EDA complexes have been described by two diabatic states: one neutral state and
one ionic charge-transferred state. Ab initio VB self-consistent field (VBSCF) computations generate the
energy profiles of the two diabatic states together with the adiabatic (ground) state. Our calculations evidently
demonstrated that the electron transfer between NHs; and BHjs falls in the abnormal regime where the
reorganization energy is less than the exoergicity of the reaction. The nature of the NH;—BH; interaction
is probed by an energy decomposition scheme based on the BLW method. We found that the variation of
the charge-transfer energy with the donor—acceptor distance is insensitive to the computation levels and
basis sets, but the estimation of the amount of electron transferred heavily depends on the population
analysis procedures. The recent resurgence of interest in the nature of the rotation barrier in ethane prompted
us to analyze the conformational change of BH3NHs, which is an isoelectronic system with ethane. We
found that the preference of the staggered structure over the eclipsed structure of BH3;NH3; is dominated
by the Pauli exchange repulsion.

variations of geometrical and electronic characteristics along
¢ the donor-acceptor distance in a few doneacceptor com-
d pIexelsi including BRNH3; at the MP2(fc)/6-313G(2df,p)
vel:
LeIn general, Pearson’s hard and soft acid base (HSAB)
gPrinciple provides a qualitative guideline to understand the
relative stabilities of doneracceptor adduct®,and Mulliken

Introduction

Electron donor-acceptor (EDA) complexes, which are boun
together by the dative bond and also called partially bonde
molecules, have been the subjects of active research due to thei
peculiar chemical and physical propertieshe bond strength
in EDA complexes is about the average of strong covalent bon
and weak van der Waals bond. Usually EDA complexes are
brightly colored or semiconductors in the solid state, and these (6) (a) Peyerimhoff, S. D.; Buenker, R. J. Chem. Phys1968 49, 312. (b)

f : _ Dill, J. D.; Schleyer, P. v. R.; Pople, J. &. Am. Chem. Sod.975 97,
physical properties are related to the eIeptron transfer nature 5,55 350, (c) Eceggen, 1Chem. Phys.1992 162 271-284. (d)
from the donor to the acceptor. A typical class of EDA EJr)neyellma, H.; Morokuma, KJ.CAhm. Chﬁm. Sod997963928, 72%&722(%

: - ; ; e) Holme, T. A.; Truong, T. NChem. Phys. Lettl 15 53-57.
complexes involves electron-deficient boranes as Lewis acids Sakai, S.J. Phys. Chem1995 99, 9080-9086. (g) Glendening, E. D.;
and electron-rich amines as Lewis bases. As a matter of fact, Etrelameseé. /J%J-P %hemdl]’hysllgy éga gggggggg (h lefpprLCh’ 2._;
the boron-nitrogen dative bond, which is the classical example  giancke. P, NJ. Phys. e 938 100 15070 doggs) Cvancke, A
to demonstrate the electron transfer from the lone nitrogen pair (7) Jongs, V.; Frenking, G.; Reetz, M. I.Am. Chem. S0d994 116, 8741~
to the vacant orbital on boron, has important physiological (g) () Branchadell, V.; Sbai, A.; Oliva, Al Phys. Chemi995 99, 6472
activities? The simplest system in this category is fHs, 6476. (b) Allendorf, M. D.; Melius, C. FJ. Phys. Chem. A997 101,

R . . ' 2670-2680. (c) Bauschlicher, C. W. J.; Ricca, Bhem. Phys. Letil995
which has been extensively studied experimentaflyand

237, 14—19. (d) Anane, H.; Boutalib, A.; Tomas, B. Phys. Chem. A
computationally®~19 Most recently, HorVth et al. analyzed the

1997, 101, 7879-7884. (e) Anane, H.; Boutalib, A.; Nebot-Gil, I.; Tomas,
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/ _ : A 2002 106, 9065-9070. (g) Barrios, R.; Skurski, P.; Rak, J.; Gutowski,
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proposed that an acitbase adduct is formed by the charge are mainly controlled by electrostatic dipeldipole interactions
transfer from the HOMO of the base and the LUMO of the instead of the dihydrogen interactiof¥s.

acid in the framework of molecular orbital (MO) thedyThe To gain insight into the electron transfer from the donor to
intriguing issues in the doneiacceptor adducts are how to probe  the acceptor, it would be of particular importance if we can
the magnitude of electron transfer from a donor to an acceptor quantitatively express the ground and the first excited states in
and whether this magnitude in one way or another is related t0 terms of the neutral (no-bond) and ionic (dative) resonance

the bond strength, geometrical variation, and physiochemical strycturesl and2 and establish the novel structerproperty

properties. Although earlier works indeed showed the linear

relationships with the structural weight of the ionic struct?re

correlation between the degree of charge transfer and theag the extent to which electron transfer has occurred in denor

dissociation energ¥, recent works suggested otherwigedzrom

acceptor complexes can be measured by the ratio of the

the experimental perspectives, nuclear quadrupole couplingrobapilities of dative and no-bond structures in the ground state,

constant®16and vibrational frequenciéShave been found to
be correlated to the charge-transfer effect.

In terms of resonance theory, BNH;3; can be well described
by the following two resonance structures (or diabatic states):

H H H H
H/In,,,‘ . / Hllm..‘ e @& /
B Ny, BNy,
[\ [\
H H H H
1 2

i.e., T/T1. It has been also presumed that due to the strong
interaction between these two diabatic states,s;MHg is
colorless* Whereas it is difficult to derive a wave function for
a resonance structure with the framework of MO theory, valence
bond (VB) theory employs HeitlerLondon-Slater-Pauling
(HLSP) function, which was proposed 60 years &§¥,to
describe a resonance structure, and the molecular states are
superimpositions of all possible HLSP functions.

Recently, we developed the block-localized wave function
(BLW) method that incorporates the advantages of both VB
and MO theoried>?7 j.e., the physical intuition of the VB

For the first structure where no bond exists between the two theory and the computational efficiency of the MO theory. This

moieties, the nitrogen lone pair completely retains in the amine
moiety, and the interaction between BldAnd NH; does not

BLW method provides the possibility to study various resonance
structures (or diabatic states) at the cost of Hartfeeck (HF)

involve the electron-transfer effect and thus falls in the category computations. On the basis of the BLW method, an energy

of the van der Waals physical interaction. For the second
structure, however, the nitrogen lone pair in Nslnow equally
shared by the acceptor Bldnd forms a typical covalent (dative)
bond. According to the PaulirgWheland ruled8°the neutral
resonance structuré should be more stable than the ionic
structure2. Consequently, the ground state for the complex is
a linear combination of the no-bond and dative structures, with
less importance of the latter ionic structure.

BH3NHs is isoelectronic with ethane, but the bond strength
(31.1 kcal/mol) is only one-third of the lattét The contribution
from the ionic resonance structure is highlighted by the high
dipole moment (5.216 DY suggesting that there is a significant
charge transfer from NHto BHs. The consequence of the
intermolecular electron transfer is that the hydrogen atoms in
the NH; moiety carry a fraction of positive charge, whereas
those in the BHmoiety carry negative charges. The interaction

between hydride atoms and protons forms unconventional

B—H%~---0"H—N bonds%2* which may play a primary role in

crystal packing and supramolecular assembly in molecular

aggregationd? although Merino argued that the aggregations

(13) Mulliken, R. S.; Person, W. Bviolecular ComplexesViley: New York,
1969

(14) Gurjanova, E. N.; Goldstein, I. P.; Romm, |. Bonor—Acceptor Bond
Wiley: New York, 1975.

(15) Townes, C. H.; Dailey, B. Rl. Chem. Phys1949 17, 782.

(16) (a) Lucken, E. A. CNuclear Quadrupole Coupling Constanscademic
Press: London, 1969. (b) Gordy, W.; Cook, R.Nlicrowave Molecular
Spectra Wiley: New York, 1984.

(17) Thompson, W. H.; Hynes, J. J. Am. Chem. So200Q 122 6278-6286.

(18) Pauling, L. CThe Nature of the Chemical Borgtd ed.; Cornell University
Press: Ithaca, NY, 1960.

(19) Wheland, G. WResonance in Organic Chemistiyiley: New York, 1955.

(20) Haaland, AAngew. Chem., Int. EA.989 28, 992-1007.

(21) (a) Richardson, T.; de Gala, S.; Crabtree, R. H.; Siegbahn, P. E.AMm.
Chem. Soc1995 117, 12875-12876. (b) Cramer, C. J.; Gladfelter, W. L.
Inorg. Chem1997, 36, 5358-5362. (c) Custelcean, R.; Jackson, JCRem.
Rev. 2001, 101, 1963-1980.

(22) Yokoyama, T.; Yokoyama, S.; Kamikado, T.; Okuno, Y.; Mashiko, S.
Nature2001, 413 619-621.

decomposition scheme that can partition the intermolecular
interaction energy into various energy terms such as electrostatic,
exchange, polarization, and charge transfer has been pro-
posed.?28.29This energy decomposition scheme is very similar
to Stevens and Fink’s reduced variational space anaysis.

In this work, we employed the modern ab initio VB
method”-31:3%to study the EDA complex BiiNH3 and elucidate
the nature of the electron-transfer interaction in terms of the
two-state modet We will use both the VB and BLW methods
to explore the variation of electron transfer along the denor
acceptor distance. Similar to ethane, at the equilibrium geometry
BH3NHj; prefers a staggered structure, and there is a substantial
rotation barrier from the staggered to the eclipsed structure.
Since controversies linger regarding the nature of the rotation
barrier in ethané? BH3NHj3 is an excellent example to extend
our exploration on the roles of the hyperconjugation and steric
effects in the rotation barrier.

(23) Merino, G.; Bakhmutov, V. I.; Vela, Al. Phys. Chem. 2002 106, 8491~
8494,

(24) Murrell, J. N.; Kettle, S. F. A.; Tedder, J. Mhe Chemical BondWiley:
New York, 1978.

(25) Mo, Y.; Peyerimhoff, S. DJ. Chem. Phys1998 109, 1687-1697.

(26) Mo, Y.; Zhang, Y.; Gao, . Am. Chem. S0d.999 121, 5737-5742.

(27) Mo, Y.; Song, L.; Wu, W.; Cao, Z.; Zhang, Q. Theor. Comput. Chem.

2002 1, 137.
(28) Mo, Y.; Gao, J.; Peyerimhoff, S. 0. Chem. Phys200Q 112 5530-
5538.
(29) Mo, Y.; Subramanian, G.; Gao, J.; Ferguson, D.IMAm. Chem. Soc.
2002 124, 4832-4837.
0) Stevens, W. J.; Fink, W. KChem. Phys. Lett1987, 139, 15-22.
1) (a) Wu, W.; Wu, A.; Mo, Y.; Zhang, QSci. China (Chinese Ed)995
B25 1247;(English Ed.)1996 B39, 456. (b) Wu, W.; Wu, A.; Mo, Y.;
Lin, M.; Zhang, Q.Int. J. Quantum Chenl998 67, 287—297. (c) Wu,
W.; Mo, Y.; Cao, Z.; Zhang, Q. IValence Bond TheonyCooper, D. L.,
Ed.; Elsevier: Amsterdam, 2002; Vol. 10, p 143.
(32) Wu, W.; Song, L.; Mo, Y.; Zhang, Q. XIAMEN99 An ab initio valence
bond (VB) program, Xiamen University, Xiamen, China, 2000.

(33) Mo, Y.; Wu, W.; Zhang, QJ. Chem. Phys2003 119

(34) Mo, Y.; Wu, W.; Song, L.; Lin, M.; Zhang, Q.; Gao,Angew. Chem., Int.
Ed, in press.
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Methodologies

Ab Initio VB Method. The most significant difference between the
MO methods and VB methods is that in MO theory all orbitals are
orthogonal, whereas in VB theory all orbitals are nonorthogonal. Often,
the VB orbitals are restricted to a fraction of the whole space of basis

functions. For example, they are often expanded in the basis functions

of only one atom or a functional group. Since a molecule or reaction

process can be described by a few resonance structures and each

resonance structure is represented by a HLSP function, which is the
linear combination of 2 Slater determinantsn{ is the number of

covalent bonds in the target system), the molecular states are expresse

as linear combinations of VB functions.
For the case of BENH3, the VB wave functions for the neutral)(
and ionic @) resonance structures are defined as

1)
)

¢, = NlA[KBKNOBHloBHZOBHBUNHAONHSO'NHGONL]

@, = N, AKgK\ 0B, 081,08H,0NH,ONH,ONH,ONE)
whereN; and N, are normalization factors is an antisymmetrizer,
andKg andKy are the core 1s orbitals for boron and nitrogen atoms,

respectively g in the above equations represents the following bond
function:

g = Alg(Dp2Ia(L)B(2) — ST} ®)

In the above equatiory and are spin functions, ang; and ¢; are
group orbitals that are expanded in either the;Bibiety (X= B) or

the NH; moiety (X = N):
¢ = ZH Cikk
ke 3

The primes in eq 2 highlight that bond orbitals in eqs 1 and 2 are

(4)

the development and applications of the modern ab initio VB methods
grew with a few practical codes availaBfe&®Work by numerous groups
has demonstrated the capability of the VB methods to gain unique
insights into chemical properties and reaction processes, albeit in small
systems’3° Most recently, we developed a novel algorithm and
implemented it into our code, Xiamen99, which makes the current
computations feasibig:31:32
The adoption of group orbitals in this work excludes the introduction
of the basis set superposition error (BSSE), which plagues the
computation of intermolecular interactions, since no orbital is allowed
to extend beyond one monomer. The energy difference between the
VBSCF and the neutral resonance structure reflects the coupling
between the neutral and ionic resonance structures and can be attributed
to the electron-transfer stabilization energy
Ev® = E(2VBSCF)— E(®,) 7)
Since the bond orbitals i, are localized on either the BHor NH;
monomer only, the relaxation of these bond orbitals wholly results from
the external field imposed by the interacting partner. Thus, we can
define the polarization energy as

EV B

pol — E((Dlo) - E((Dl)

®)
where @,° is constructed with the optimal orbitals in the monomers
without further optimization.

Block-Localized Wave Function—Energy Decomposition (BLW—
ED) Analysis. The BLW method is aimed to derive a resonance
structure wave function which requires much less computational
resources than the ab initio VB meth&d? In the BLW method, all
electrons and basis orbitals of a molecular system are partitioned into
a few subgroups. Each molecular orbital in a subgroup is a linear
combination of the primitive basis functions restricted in that particular
subspace. This is in sharp contrast to the orbitals in MO methods that

optimized simultaneously and are not necessary to be identical. In otherare expanded or delocalized over the whole system. As a consequence,

words, different orbitals for different structures (or breathing orlsfitéls
are adopted in this work. VBSCF computations with all possible

in a BLW, which is constructed with a Slater determinant, orbitals in
the same subgroups are constrained to be orthogonal, but those in the

resonance structures are comparable with the CASSCF method in thedifferent subgroups are nonorthogonal.

MO theory?” The fundamental difference between eqs 1 and 2 lies in
the bond functionsy. andons. one denotes a nitrogen lone pair orbital,
while ong represents a central bond between boron and nitrogen.

Once we define the wave functions for the neutral and ionic
resonance structures, the wave function for the EDA complex- BH
NHs is expressed as

¥ =C o, +CD, (5)

and the structural weights of the neutral and ionic structure can be
defined as

T,= C12 +C,CSp, (6a)

T,= sz +C,CSp, (6b)

whereS;, is the overlap integral between the two resonance structure
wave functions.

On the basis of the above description, we can see that the ground(38)
state is computed with two resonance structures, and the computation

may be termed as 2VBSCF since all coefficients are optimized self-
consistently and simultaneously.The difficulty in the ab initio VB
method lies in the evaluation of overlap and the Hamiltonian matrix
elements among VB functions. During the past decade, the interests in

(35) (a) Hiberty, P. C.; Humbel, S.; Byrman, C. P.; van Lenthe, J.KChem.
Phys.1994 101, 5969-5976. (b) Hiberty, P. C.; Shaik, Sheor. Chem.
Acc.2002 108 255-272.

(36) Hiberty, P. CTHEOCHEM1997, 398—399 35-43.

(37) Raimondi, M.; Cooper, D. LTop. Curr. Chem1999 203 105-120.
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For the case of BENH3 the BLW corresponds to the neutral
resonance structureand is defined as
BLW _ A
v = A(‘DBH3‘I’NH3) ©)
where @y, is a successive product of the doubly occupied MOs in
the XHs moiety (X= B or N). Since orbitals in eq 9 are block-localized
in either BH; or NH; and orbitals in the corresponding HF wave
function WH are extended in both B+-and NH;, the energy difference
betweenWBW and WHF after the basis set superposition error (BSSE)
correctiorf! reflects the electron-transfer effect. In other words, the
electron-transfer stabilization can be conveniently defined as
AE, = E(W") — E(¥®Y) + BSSE (10)
The electron density difference betwe@§-"V and WH* measures the
magnitude of electron transfer from Nib BHs.

(a)Valence Bond Theorgooper, D. L., Ed.; Elsevier: Amsterdam, 2002.
(b) Cooper, D. L.; Gerratt, J.; Raimondi, Nilature 1986 323 699. (c)
Cooper, D. L.; Gerratt, J.; Raimondi, MChem. Re. 1991, 91, 929. (d)
McWeeny, R.nt. J. Quantum Chenl999 74, 87—96. (e) McWeeny, R.
Int. J. Quantum Chenl988 34, 25. (f) Gallup, G. A.; Vance, R. L.; Collins,
J. R.; Norbeck, J. MAdv. Quantum Cheni982 16, 229-272. (g) Dijkstra,
F.; van Lenthe, J. HJ. Chem. Phys200Q 113 2100-2108.

(39) (a) Hiberty, P. C.; Byrman, C. B. Am. Chem. Sod.995 117, 9870~
9880. (b) Lauvergnat, D.; Maitre, P.; Hiberty, P. C.; Volatron]JFPhys.
Chem.1996 100, 6463-6468. (c) Shaik, S.; Shurki, AAngew. Chem.,
Int. Ed.1999 38, 586-625. (d) Mo, Y.; Wu, W.; Zhang, Ql. Phys. Chem.
1994 98, 10048-10053. (e) Mo, Y.; Lin, Z.; Wu, W.; Zhang, Q. Phys.
Chem.1996 100, 6469-6474.

(40) Mo, Y.J. Chem. Phys2003 119 1300-1306.

(41) Boys, S. F.; Bernardi, AVol. Phys.197Q 19, 553-566.
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Similar to the VB treatment, we can examine the polarization effect 120
using the wave functions of monomeltB(E’(HS andd)ﬁ,HQ by defining a
zero-order BLW as ~ 100
>
R 80
WELWO = Al @f),) (11) £
T 60
Subsequently, the polarization energy is defined as = 40
& H;B :NH;
AE,, = E(WP0) — E(wPY) (12) & 20
TR
In fact, on the basis of the BLWED, the HF intermolecular BH;NH; complex
interaction between BiHand NH; can be broken down into geometry =20
distortion (AEgs), electrostatic AE.), exchange repulsionAEey), 1 2 3 4 5

polarization AEy.), and charge-transfeAEc) energy terms:

RBN (A )

Figure 1. Ab initio VB energy profiles for the diabatic states (blue and

) ] ) ) red lines) and adiabatic state (black line) with the 6-31G(d) basis set.
whereAEgi is the distortion energy of the monomers, corresponding

to the ch.ange from the equilibrium geometrigs of isolqted MONOMES the \/BSCF/6-31G(d)//MP2/6-31G(d) level. In all VB calculations,
to those in the EDA complex. The electrostatic energy is evaluated by oo |ocalized orbitals were adopted to distinguish the two resonance
defining a Hartree product of the two monomer Slater determinants g ctures.

Similarly, the BLW—ED analysis was conducted at the MP2/6-31G-
(d) geometries. To examine the basis set dependency, however, we
also performed MP2/6-3#1G(d,p) optimizations followed by the
BLW—ED analysis. Since the BLW corresponds to the diabatic state
where the electron transfer between 8&hd NH; is prohibited, the
population analysis on the BLW as well as the HF wave function
elucidated the amount of electron transferred from the donor to the
§ acceptor. Various population analyses, including the Mulliken analysis,
natural population analysis (NPA)and dipole-moment-based analysis
were employed to estimate the amount of electron transferred from
the donor NH to the acceptor BH
Throughout the work, geometry optimizations and the calculations
of the primitive integrals that were required for VB and BLW
calculations were performed with the Gaussian98 soft#fardile VB
and BLW calculations were performed with in-house codés.

AE. ;= AEgy+ AEg+ AE, + AE,, + AE,  (13)

pol

H__ 0 0
g = (I)BH3 <I>NH3
and

AE, = E(¥") - E(®3,,) — E(DR,) 14)
The exchange repulsion energy origins from the antisymmetry o
electrons between two monomers:

AE,, = E(WB""0) — E(w™) (15)
The definition of the electrostatic and exchange energy terms are
identical to the Morokuma decomposition schefia. comparison with
the Morokuma scheme, the BLW decomposition method exhibits much
less dependency on the basis set used in the calculation. With theResults and Discussion
introduction of an additional electron correlation energy contribution

term, AEcor, the BLW—ED analysis can be further extended to higher Two-State Modgl for BHsNHa. Energy profiles for the
levels. For example, at the MP2 level, the intermolecular interaction Neutral statel and ionic state? together with the ground state

between two monomers is were derived at the VBSCF/6-31G(d)//MP2/6-31G(d) level and
shown in Figure 1. The energy curve for the ground state is
very similar to those obtained with MO metholisalthough

the equilibrium N-B distance £1.70 A) is slightly longer than
high-level MO theoretical level computations (1.664 and 1.656
A at the MP2/6-31G(d) and MP2/6-3+15(d,p) levels, respec-
tively) and experimental data (1.6576%A and the binding
energy between Niand BH; (—23.9 kcal/mol) is somewhat
underestimated compared with the value at the MP2 level with
6-31G(d) (28.2 kcal/mol) or 6-311G(d,p) (—27.5 kcal/mol)

AEyp, = AByg + AE+ AE, + AE,, + AE, + AE,, (16)
where the terma\Ees AEey, AEpy, and AE are identical to those in
eq 13, butAEgi is the energy required to distort the monomers at the
MP2 level, andAE.. reflects the difference between the vertical
interaction energies computed at the MP2 and HF levels.

Computational Details

Most computational studies on electron donacceptor complexes
have focused on the equilibrium geometries of electron deacceptor

complexes, and the effects of computation levels have been well
understood. Horith et al!! demonstrated that the MP2(fc)/6-3&6-

(43) (a) Foster, J. P.; Weinhold, &. Am. Chem. S0od.98Q 102, 7211-7218.

(b) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899~
926

(2df,p) level is sufficient to study the electron-transfer effect in a wide (44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

range between 1.5 and 10 A of the doracceptor distance. Since
the ab initio VB method is comparable with the CASSCF method and
computationally demanding, we employed the 6-31G(d) basis set to
run VB computations. To derive the energy profiles of both neutral
and ionic states (eqs 1 and 2) for BYH;, we first optimized the
geometry of the complex with constraing@—N) distance at the MP2/
6-31G(d) level, followed by two 1VBSCF computations. The energy
profile for the ground state of BilH; was subsequently computed at

(42) Kitaura, K.; Morokuma, Kint. J. Quantum Chenil976 10, 325-340.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(45) Mo, Y., Gao, J.Block-Localized Wee Function (BLW,) version 1.0;

University of Minnesota: Minneapolis, MN, 2000.
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as well as at the QCISD/aug-cc-pVTZ levelZ9.4 kcal/moty). — 100
However, it should be noted that the latter optimizations are 2
conducted for the dimer with the contamination of the BSSE — 80
effect. The interesting features with the modern ab initio VB S
calculations are the energy curves for the diabatic states which ‘© 60
are unavailable from MO theory-based methods. For the neutral E
resonance statk the energy curve purely reflects the nonbonded g 40
interactions which include the conventional van der Waals k3] 20
(mainly the electrostatic and exchange) interactions, because g
there is no electron penetration between the two monomers. The @ 0

shallow and flat minimum area corresponds to the weak 1 2 3 4 5
attraction between Niand BH;, which can be well fitted by

many potential functions such as the Lennard-Jones form. We Rgy (A)

found that the m'n'mum is-5.2 keal/mol at th(_a, sepa_ratlmN Figure 2. Structural weights of the diabatic states along the deaoceptor
= 2.33 A. For comparison, the covalent radii for nitrogen and distance based on the VBSCF/6-31G(d) computations.

boron are 0.75 and 0.82 A, respectively, and the van der Waals

radius for nitrogen is 1.55 A, but it is not available for boron 150
due to the lack of experimental dafaHowever, it is certain

that the equilibrium distance in the neutral resonance structure
(2.33 A) must be shorter than the sum of van der Waals radii

for nitrogen and boron due to the electrostatic interactions, —
because nitrogen is an electronegative atom and boron is an  5q
electropositive atom, as compared with hydrogen atoms.

The energy curve for the ionic resonance structure is of a
deep well which is the characteristic for electrostatic interactions,
and the minimum locates &y = 1.51 A. The two diabatic
potential energy surfaces cross Ry = 1.39 A, and their
relative position indicates that the electron transfer fromgNH
to BHjz falls in the inverted or abnormal region as the
reorganization energyis smaller than the exoergiciphE°|,4748 -100
as illustrated in Figure 1. In the polar media, the ionic structure
will be much more significantly stabilized than the neutral
structure and its energy surface will shift downward, and -150
eventually the electron transfer from Nikb BHz; may fall in 1 2 3 4 5
the normal regionA > |AE°)).

The most surprising feature in Figure 1 perhaps is the strong Rgn (A )
coupling between the neutral state and the ionic state in the Figure 3. Variation of various energy terms with respect to the denor
binding region, even when their energy difference is very acceptor distance computed with the 6-31G(d) basis set.
substantial. For instance, at the equilibrium geometry of the
complex, the energy difference between the two diabatic statesgeometries?284° Although we have demonstrated that the
is 40.0 kcal/mol, but the coupling ener@/ between the two ~ BLW—ED analysis is much more stable than Morokurfa’s
states relative to the more stable neutral state amounts to 29.with the variation of basis sets, studies on the case of\BH
kcal/mol. As a consequence, the current electron-transfer procesgvith 6-31G(d), 6-313G(d,p), and cc-pVTZ basis sets revealed

—— Electrostatic
—— Exchange

100 —— Polarization
—— Charge-transfer
—— Correlation

m

—— Distortion
— Total

-50

Energy (kcal/

can be classified as being “adiabatfg”. a moderate increasing of the polarization energy with the
Figure 2 plots the structural weights of the two diabatic state €nlargement of the basis set while the sum of the electrostatic
with respect to the distance between Nahd BHs. With the and Pauli exchange energies decreases at the same magnitude.

approaching of the donor and acceptor, the structural weight of In other words, the charge-transfer energy term is essentially

the neutral resonance structure decreases dramatically, whered§dependent of the basis sets. To examine the dependence of

that of the ionic state increases reversely. This figure highlights individual energy terms on the doneacceptor distance, we

the occurrence of the charge transfer from the donor to the €xplore here the detailed energy profiles with respect to the

acceptor. separation between Ntand BH; at the MP2 level with 6-31G-
Energetic Analysis and Electron-Transfer Effect We have ~ (d) and 6-313G(d,p), as shown in Figures 3 and 4, respectively.

examined the interactions in many dor@cceptor complexes Virtually, both figures are very similar, suggegting the basis
including BHsNH3 with various basis sets at their equilibrium ~ S€t depgndency IS very mode§t and at least will not affect our
discussions and conclusions in a noticeable way. Clearly, the

(46) Bondi, A.J. Phys. Chem1964 68, 441-451. electrostatic attraction is a long-range interaction, while the Pauli
(47) (a) Marcus, R. AJ. Chem. Phys1956 24, 966-978. (b) Marcus, R. A. i i
3. Chem. Physi956 24 979-989. (c) Marcus, R, AJ. Chem. Phyd.965 exc_hange repulsion §tarts to pla_y a role |n_the van d_er Waals
43, 679-701. (d) Marcus, R. A.; Sutin, NBiochim. Biophys. Acta985 regime 3 A). Thus, in accord with conventional theories, the

811, 265-322. (e) Newton, M. D.; Sutin, NAnnu. Re. Phys. Cheml984

35, 437-480. (f) Farazdel, A.; Dupuis, M.; Clementi, E.; Aviram, A.

Am. Chem. Sod99Q 112 4206-4214. (49) Fiacco, D. L.; Mo, Y.; Hunt, S. W.; Ott, M. E.; Roberts, A.; Leopold, K.
(48) Mikkelsen, K. V.; Ratner, M. AChem. Re. 1987 87, 113-153. R. J. Phys. Chem. R001, 105, 484-493.
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150 Table 1. Equilibrium Geometries of BH3NH3 at Various
—— Electrostic Theoretical Levels?
—— Exchange Ren Ren Ruu OHBN OHNB
100 — Polarization MP2/6-31G(d) 1.664 1210 1.020 1045 111.1
—— Charge-transfer MP2/6-31HG(d,p) 1.656 1.208 1.017 104.7 111.2
Correlation HF/6-31G(d) 1689 1209 1004 1043  110.9
50 e HF/6-311-G(d,p) 1.680 1.210 1.003 1046 1108
— Distortion BLW/6-31G(d) 2295 1191 1.003 954  111.7
——Total BLW/6-311+G(d,p) 2.607 1.190 1.001 93.3 111.1

2 Bond distances are given in angstroms, bond angles are given in

Energy (kcal/mol )
o

degrees.
-50 60
—— VB/6-31G(d)
50 —— BLW/6-31G(d)
-100 . —— BLW/6-311+G(d,p)
g 40
-150 :é
1 2 3 4 5 £ 30
Ren (A) Lut 20
Figure 4. Variation of various energy terms with respect to the denor ‘?
acceptor distance computed with the 6-303(d,p) basis set. 10
van der Waals interaction can be well described by the balance
between the electrostatic attraction and the Pauli exchange 0
repulsion, which varies exponentially with the approach of the 1 2 3 4 5
donor and acceptor. However, the Pauli exchange repulsion
increases with the shortening of the donacceptor distance Rgn (A)
ata magpltude much Iarger. than the electrostatic stabilization Figure 5. Comparison of the charge-transfer stabilization energies along
and dominates the overall interaction betweengNidd BH the donor-acceptor distance derived from the ab initio VB and BLW
rapidly when the distance is shorter than 1.5 A. approaches.

Interestingly, both the polarization energy and charge-transfer
stabilization energy increase absolutely in an exponential pattern,
although both are important only at short distances. In the
binding regime Ren > 1.5 A), the charge-transfer effect is more
important than the polarization. As a matter of fact, at the
equilibrium, the magnitude of the charge-transfer stabilization
is the same as the overall interaction energy.

With the deactivation of the electron transfer betweernzN
and BH;, the geometrical optimization with the BLW metH8d

Table 1. Whereas we found that the-B distance in the BLW
optimizations is much longer than the MP2 or HF results, the
large fluctuation with the basis sets reinforces our discussion
in the last section about the flatness of the van der Waals energy
surface in the bottom area. The van der Waals distances between
NH3z and BH; are 2.295 and 2.607 A with the 6-31G(d) and
H 6-311-G(d,p) basis sets, respectively, in accord with 2.33 A
from the ab initio VB method and 6-31G(d) basis set (Figure
can result in a complex where the van der Waals interaction 1)- Compared with the stable monomers, the computed van der
rules. It is worthwhile to note that the BLW optimization in  //aals energy is 5.80 or 3.74 kcal/mol with the 6-31G(d) and
the current case is identical to the SCF-MI (self-consistent field 6-311—_|-G(d,p) basis ;et. If we do pot account for the distortion
for molecular interaction) method which was developed by energies consumed_m the formation of van der_WaaIs complex
Gianinetti, Raimondi, and their co-work&and implemented ~ °f BHsNHs, the vertical van der Waals energy is 7.71 or 4.45
into the GAMESS-US softwar®, although the SCF-MI was ~ Kcal/mol with the 6-31G(d) and 6-3%15(d,p) basis set.
proposed to find a BSSE-free solution and the charge-transfer. Because our main interest in this work is the charge transfer

energy term defined in the present BEVED approach as eq in the electron doneracceptor complex B§NH3, we compared
10 would be completely assigned to the BSSE contribution. In the charge-transfer stabilization obtained with the ab initio VB

our opinion, the SCF-MI or BLW method provides an ideal and BLW methods in Figure 5. Obviously, the energy profiles

approach to estimate the van der Waals interactions amonga;]re alhmost |dent|;:a|. This indicates tha(; our ipprohact:l to de:ve
systems where the electron transfers are screened out. Wél® charge-transfer energy is independent of both the methods

conducted BLW optimizations on BNH; and compared the and basis sets. The artifact of the basis set will be reflected
optimal geometries with those derived at the MP2 and HF levels primarily in other energy terms such as the polarization,

where the charge transfer is permitted. Results are compiled in€leéctrostatic, and Pauli exchange energies. o
A more interesting, yet less physical issue, is the estimation

(50) (a) Gianinetti, E.; Raimondi; Tornaghi, Ft. J. Quantum Chenfl996 of the amount of charge transferred from the donor to the

60, 157-166. (b) Famulari, A.; Gianinetti, E.; Raimondi, M.; Sironi, M. H H
Int. J. Quantum Chen998 69, 151158, _acceptor. Although the concept_ of partial charge in molecules
(51) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M. iS nonphysical and the computational determination is very much

S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus, TR i ;
T'L. Dupuis. M.: Montgomery. J. AJ. Comput. Chern.993 14, 1347 depgndent on _the methods, often it is mtumv_e to d_enve the
1363. partial charges in order to generate a physical picture illustrating
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the flowing of electrons apart from the immediate utilization in 1
molecular mechanics. Numerous procedures to perform popula-
tion (or charge) analysis have been proposed and extensively 08
reviewed?? Here we adopt the popular Mulliken analysis (MA) '
and the natural population analysis (NPA) to generate the partial =
charges for atoms. The NPA is known to be insensitive to the © 06
basis set. Since the intermediate wave functi§#" defined "cg
as eq 9 corresponds to the state where the electron transfer °
between NH and BH; is deactivated, the population analysis —~ 04
o
should find a net zero flow of electrons from Nkb BHs. This <
is indeed the case in the Mulliken analysis, where the overlap 02
integrals are equally partitioned to the paring atoms. However,
in most other procedures such as the NPA, the analysis is _—
conducted on the overall electron density of the complex, and 0 * -
a nonzero flow of electrons will be found WB-W. While this 0 1 2 3 4 5
origin requires further investigation, for the time being we
simply take this amount as the residual charge transfer and Rgy (A)
deduct it from the value in the delocalized wave functigf. 10 Figure 6. Estimation of the amount of electron transferred from NH3 to
In other words, we defined the amount of electron transferred BH3 with various schemes (NPA: natural population analysis; MA:
as Mulliken analysis; DMA: diople moment analysis) and basis sets (solid
line: 6-31H-G(d,p); dashed line: 6-31G(d)).
Aq= qBHs(IPHF) N qBHs(lpBLW) - although it is still very insightful to conduct such an analysis
qNH3(1pBLW) — qNH3(1pHF) (17) for a ser.ies of doneracceptor systems with the same method
and basis sef49
where ggp, OF i, is the population derived from the wave Nature of the Rotation Barrier in BH 3NH3. Recently, there

function WBLW or WHF, Experimentally, the charge-transfer Nas been a resurging interest in the nature of rotation barriers
effect is estimated on the basis of the nuclear hyperfine N Small molecules such as ethane, initiated by a series works
parameter6 However, we have found that the polarization DY Goodman and co_-worke?%.Conventlonally, it is believed

of the monomers (especially the Lewis acids) and the charge-that the Pauli repulsion between the two methyl groups leads
transfer effects contribute almost equally to the variation of tO the stabilization of the staggered confornffe! Later, a
dipole moment in a Lewis acigbase adduct compared with ~NYPerconjugation model was proposed to explain the rotational
the sum of dipole moments of separated monorfeA%As a barrier of around 3 kcal/mol in (_athaﬁ%lr_l the hyperconjugation
result, the experimental estimation may significantly overesti- Model, itis demonstrated that interaction betwegn occupied
mate the degree of charge transfer. On the basis of the dipole0rbitals in one methyl group anef,, antibonding orbitals in
moment data, we propose a dipole moment-based analysisthe other methyl group dominantly favors the staggered

(MDA) to measure the magnitude of charge transferred: conformer. Goodman’s group furthered the hyperconjugation
theory and claimed that the eclipsed structure would be preferred

_ ﬂHF — ﬂBLW if hyperconjugation interactions were screened out. Apart from

Aq= Ran (18) the main competing steric repulsion and hyperconjugation

models®® there are other explanations for the origin of the ethane
whereuHF anduBW are the dipole moments f&#HF andWwBLW, rotation barrie®’ Importantly, we note that the hyperconjugation
respectively. Figure 6 plotted the charge-transfer effect with explanation is put forward based on post-SCF analyses where
respect to the donetacceptor distance with the three procedures the lack of relaxation for the localized bond orbitals may notably
and two basis sets. Compared with the MA and MDA, the NPA overestimate the hyperconjugative stabilizafl®rOur most
shows negligible basis set dependency. Remarkably, howeverfecent study with both BLW and ab initio VB methods, which
we found a significant dependency of the estimation of the are able to self-consistently derive the localized orbitals and
charge transfer on the population analysis schemes. Whereagvave functions, concluded that the hyperconjugative interaction
the Mulliken scheme shows a monotonic increase of the

(53) (a) Goodman, L.; Gu, Hl. Chem. Physl1998 109, 72—78. (b) Goodman,

magnitude of charge transfer with the shortening of thes NH L. Gu, H.; Pophristic, V.J. Chem. Phys1999 110, 4268-4275. (c)
and BH; distance, both the natural population and dipole Goodman, L.; Pophristic, V.; Weinhold, Acc. Chem. Red.999 32, 983~
. 993. (d) Pophristic, V.; Goodman, INature 2001, 411, 565-568.
moment-based sche_mes reveal a maxima of the amqunt 0f(54) Sovers, O. J.; Kern, C. W.; Pitzer, R. M. Karplus, 8.Chem. Phys.
electron transferred in the range of 1.7 to 1.8 A. A rational 1968 49, 2592-2599.
. . (55) (a) Brunck, T. K.; Weinhold, FJ. Am. Chem. Sod979 101, 1700—
estimation of the amount of electron transferred may be based 1709. (b) Reed, A. E.; Weinhold, Fsr. J. Chem1991, 31, 277—285.

i i F BLW (56) (a) Houk, K. N.; Rondan, N. G.; Brown, F. Ksr. J. Chem.1983 23,
on the glectron density Fﬂfference betwaEHF andWB-W, The 59, (b) Houk, K. N.- Rondan. N. G.. Brown. F. K.. Jorgensen. W. L.
comparison between Figures 5 and 6 suggests that the study of  madura, J. D.; Spelmeyer, D. . Am. Chem. Sod.983 105, 5980~
_ i i 5988. (c) Bickelhaupt, F. M.; Baerends, EAhgew. Chem., Int. E@003
the electron-transfer effect may focus on the energetics, WhICh 22 41832188, (d) Weinhoid, FANgew. Chem.. Int, E@Q003 42, 4188
show much less dependency on both the method and basis set, 4194.

i (57) (a) Allen, L. C.Chem. Phys. Letfl968 2, 597. (b) Payne, P. W.; Allen,
rather than the evaluation of the amount of electrons transferred, L"C. In Modern Theoretical Chemistrgchaefer. H. F. Ill, Ed.: Plenum
Press: New York and London, 1977; Vol. 4, pp-2B08. (c) Bader, R. F.
(52) (a) Wiberg, K. B.; Rablen, P. R. Comput. Chenl993 14, 1504-1518. W.; Cheeseman, J. R.; Laidig, K. E.; Wiberg, K. B.; Breneman].@&m.

(b) Sigfridsson, E.; Ryde, Ul. Comput. Chen998 19, 377—395. Chem. Soc199Q 112 6530-6536.
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Table 2. Energy Variations between the Staggered and Eclipsed 3
Conformers of BH3NH3z Based on the BLW Energy Decomposition —— Bectrostatic
Analysis (kcal/mol) Exchange
basis set structure AEq, AEe, AEy AEg AEq —— Polarization
— — — — 2 Charge-transfer

6-31G(d) staggered —93.5 106.9 —20.5 28.0 35.1 —Total

eclipsed —94.0 109.3 —-20.6 -274 -32.6

AAE -0.4 24 -0.2 0.7 25

6-311+G(d,p) staggered —91.9 119.0 —28.6 —32.1 —33.6
eclipsed -923 1215 -288 -315 -31.1
AAE -04 25 -02 07 26

Energy (kcal/mol )

between the two methyl groups in ethane accounts for only one-
third of the total torsional barrier in ethane, and the steric
repulsion dominates the preference of the staggered conformer

o

over the eclipsed conformét. A - A=
As an isoelectronic system with ethane, 8HH3 provides -1 :
an ideal example to examine our findings in the case of ethane. 90 60 30 O 30 60 90
The advantage in the case of B¥Hs is that two moieties can
be completely separated in the intermediate BLW, whereas in Rotation angle (degree )

ethahe t.he covalent bond between tw.o carbon atoms limits theFigure 7. Relative energy variations around the rigid rotation at the HF/
application of the BLW method. The disadvantage in the study 6_311+é(d’p) level.
of the rotation barrier in BENH3 is that the hyperconjugative
interactions betweenny and of,, and betweervgy and oy, diabatic states (resonance structures), modern ab initio VB
are included in the large charge-transfer energy term which is computations can be used to study the two-state model, which
overwhelmed by the N~ B dative bond energy, which would has been proposed for the electron deraeceptor (EDA)
be very sensitive to the bond lengths. Consequently, the complexes, at the quantitative level. We employed the VB
fluctuation of the dative bond strength may significantly perturb method to plot the energy surfaces of the two diabatic states,
the estimation of the hyperconjugative stabilization. To minimize including one neutral no-bond state and one ionic electron-
the fluctuation, we start from the optimal staggered geometry transferred state, for the typical EDA complex g¥Hs. The
at the MP2 level and keep all structural parameters unchangedrelative positions of these two diabatic state energy profiles
except the rotation angle around-Bl bond. In this way, we manifest that the electron transfer betweensldhid BH; belongs
can be certain that the & B o bond is conserved in the rotation  to the abnormal region in electron transfer theory since the
process. The subsequent BLW energy analyses on the staggeret&organization energy is even less than the reaction energy.
and eclipsed conformers of BNH3 with both the 6-31G(d) Although at the equilibrium geometry of the complex the ionic
and 6-31%G(d,p) basis sets generate the energy variations from State is much less stable than the neutral state, the coupling
electrostatic, exchange, polarization, and charge transfer, whichbetween them is very strong. In fact, this has been anticipated
are compiled in Table 2. to explain the colorlessness of the compoéhBor example,
Although individual energy terms slightly fluctuate with the ~ at the B-N distance of 1.66 A, the energy difference between
basis set, the differences of all energy terms between thethe two diabatic states is 35.8 kcal/mol, but the coupling energy
staggered and eclipsed conformers show negligible basis sebetween the two states relative to the more stable neutral state
dependency. This allows us to reliably survey the nature of the reaches 31.0 kcal/mol, and the structural weights of the neutral
rotation barrier. Similar to the case of ethane, we found that and ionic states are 59.4 and 40.6%, respectively.
the charge-transfer effect prefers the staggered structure. If the The nature of the doneracceptor interaction can be well
N — B o bond is truly conserved, the charge-transfer energy probed by our developed BLW energy analysis. Interestingly,
change comes from the hyperconjugation effect betweep NH we found that the charge-transfer stabilization versus the gonor
and BH. Both the electrostatic and polarization interactions acceptor distance is essentially invariant for either VB or BLW
slightly favor the eclipsed structure, in accord with the different method with either 6-31G(d) or 6-3%5(d,p) basis set.
natures of the hydrogen atoms in the two moieti&sFigure 7 However, the estimation of the electron transferred froms NH
further shows the details of all energy variations in the process to BHs is less successful since it heavily depends on the
of rotation. Evidently, both Table 2 and Figure 7 reveal that population analysis procedures. A promising approach may be
the Pauli exchange repulsion dominates the rotation barrier inthe population analysis on the electron density difference
BH3NH; and that its magnitude is interestingly the same as the between the HF and BLW wave functions, rather than on the
overall barrier. If we sum the electrostatic, exchange, and HF and BLW electron densities followed by a deduction.
polarization terms as the steric effect, we can reasonably Our approach can further be applied to the exploration of
conclude that the steric effect plays the driving force in the the nature of the rotation barrier in BNH3, which is isoelec-
rotation barrier around the-BN bond and the hyperconjugative  tronic with ethane. Although conventionally the preference of
interaction plays a secondary role. In other words, the nature the staggered conformer over the eclipsed conformer of ethane
of the rotation barrier in BENH3 is the same as that in ethatfe. ~ was attributed to the repulsion between the two adjacent methyl
groups, recent studies claimed the hyperconjugation effect
between the two groups is the origin of the rotation barrier.
Because the VB theory is superior to the MO theory in the Since the interaction between two monomers can be probed in
aspect that the former can distinctively define the individual detail with the BLW method, we feel that the BLW analysis

Conclusions
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on the staggered and eclipsed structures ofNBt} can shed tion slightly favor the eclipsed structure. This conclusion is in
light on the controversy over the nature of rotation barriers. accord with our recent studies on ethane.
With rigid rotations, we calibrated the changes of all energy

terms along the way and found that although the charge-'[ransferv\/estern Michigan University (Y.M.). We are grateful to the

effect where the hyperconjugation effect is included indeed \ . i
favors the staggered structure, the Pauli repulsion dominatesI&nerous support from the National Natural Science Foundation

the rotation and is essentially responsible for the preference ofOf China (Nos. 20225311 and 20021002).
the staggered structure, while both the electrostatic and polariza-JA039778L
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