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An interaction energy decomposition method has been used to investigate bonding interactions in a series of

Lewis acid-base complexes. It was found that the bonding interaction of these-tlacoceptor complexes
can be divided into two main groups. The first involves weakly interacting complexes, which have characteristic
interaction energies of-39 kcal/mol and monomer separations of-2%1 A. The second group consists of
strongly bonding complexes, which have bonding energies of greater than 20 kcal/mol with short interaction
distances (1.62.0 A) between the donor and acceptor molecule. The bonding interactions of group | complexes

are primarily electrostatic in nature, whereas charge polarization and charge transfer between the two interacting

monomers dominate the interaction in group Il complexes. A good linear relationship is observed between

the charge-transfer energy and the amount of charge-transfer from the donor to the acceptor species.

Interestingly, the total bonding energy also correlates linearly with the polarization energy and charge-transfer
energy. Thus, a correlation between the total binding energy and charge transfer may also be observed.

Introduction this analysis provide insights into the interplay of electron

. . . . transfer, charge polarization and electrostatic interactions in
Lewis acid and base complexes are characterized by interac- ge p

. ) . . . determining the bonding character of a donacceptor com-
tions that lie between the bonding and nonbonding regimes and, lex2! Recently. this enerav decomposition method has been
thus, are of considerable interest in the understanding of the P'€X: enty, gy decomp . .
chemical bond=* This is illustrated by the remarkable observa- applied to interpret molecular dipole moments in a series of

. . nitrogen-boron and nitrogensulfur complexeg2 which have
tions that the bond length of the —BF; adduct is 1.58 . 4
A in the gas phasé clogse 0 a féﬁi/)d%rmecsi chemical bond been experimentally studied by the Leopold gré$* 26 The

between boron and nitrogéyhereas M—BF; has an observed energy decomposition results revealed specific contributions to
bond distance of 2.88 Acorresponding to interactions of a the ¢po_|e moment of the doneacceptor. adducts from
van der Waals complex. Furthermore, medium effects are alsopolarlzatlon and charge-transfer effects. In this paper, we extend

critical in determining the bonding character of Lewis aeid the analysis to provide insight on the nature of the bonding

.__interaction in these complexes.
base complexes due to enhanced charge transfer and polariza- . ! . .
In the following, we first briefly summarize the energy

tion. For example, in solid state, X-ray and neutron diffraction decomposition method used in the present analysis. This is

experiments reveal an-S distance of 1.771 A for sulfamic followed by results and discussion. The paper concludes with
acid HsN—S0;;2° however, the bond length is increased to a Y S - pap
a summary of major findings of this work.

value of 1.957 A from the microwave spectroscopic experiment.
The latter is also consistent with computational studies, giving
a predicted value of 1.9321.972 A at the HF/6-33G(2d) and
CISD/6-31G(d) level of theori?—12 (1) Energy Decomposition.The total interaction energy

These intriguing systems have been a subject of continuing (AEin) for a bimolecular complex, DA, is defined as the
experimental and theoretical studiéThe key question inthese  difference between the energy of the complex and the sum of
investigations is the nature of the interaction between a donorthe energies of the two separated monomers, D and A.
and an acceptor molecule, and the correlation between chargeComputationally AEi,: can be separated into a Hartrefeock
transfer with bonding characters such as interaction energy and(HF) interaction energy tern\Er, and a correction component
bond lengtht This interest stems from the original proposal due to electron correlation and dispersion effects. The latter is
by Mulliken > who related the formation of donercceptor approximated by the MollerPlesset second-order perturbation
complex to the degree of charge transfer from the highest theory (MP2),AAEwve2. Thus,
occupied molecular orbital (HOMO) of the donor to the lowest
unoccupied molecular orbital (LUMO) of the acceptor. Although AE = AEy + AAEp, 1)
a linear correlation between bonding energy and the amount of ] ] ) )
charge transferred has been observed for certain compléxes, The Hartree-Fock interaction energy is determined as follows:
this relationship does not exist in other systes. o rrro o

The primary goal of this study is to investigate the effects of AEe = Bl W(DA)] — B3 W°(D7)] —
charge transfer and charge polarization on the formation and EX[WO(A°)] + AEgsee (2)
stability of Lewis acid and base complexXésie employ an
energy decomposition method, recently developed in our whereAEgsseis the Boys-Bernardi counterpoise (CP) correc-
laboratory, to determine specific energy terthiindings from tion for the basis set superposition error (BSSH W (DA)]
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is the Hartree-Fock energy of the complex DA, are[W°- @3, = A{D[D,A]} = A{W°(D)W°(A)} (8)
(D°)] and E[W°(A°)] are, respectively, energies for monomers
D° and A at their equilibrium geometries. and
Electron correlation and dispersion interactions are ap-
proximated by MP2, andAEyp, is the difference between the AE,, = E(®g,) — E(PR[D.A)) 9)

MP2 and HF interaction energy:
» It is important to notice in eq 8 that molecular orbitals on the

AAEyp, = [EypoDA) — Eypo(D°) — two individual monomers are nonorthogonal, and the evaluation
oV _ of the exchange energy by eq 9 must take this fact into account.
Bupa(A*)] — ABye + ABgsse (3) The polarization energy is determined by optimizing the

In eq 3, Ewps(DA), EwpsD°), andEwpAA°) are MP2 energies nonorthogonal wave function of eq 8 using the BLW method.

for t_he complex and |nd|V|du_aI monomers. Equation 3 also AE = E(®p,) — E(D3,) (10)
implies that the BSSE correction is the same at the MP2 level

as that at the HF levéf However, it should be emphasized \yhere the wave functio®p, is defined as follows:

that this assumption is not always fulfilled, particularly when

small basis sets are used. The present treatment should not O, = A{P(D)P(A)} (11)
affect the discussion on the trend of energy decomposition
analysis. It should be noted that in the BLW optimization step, the

In the present energy decomposition method we employ a expansion of molecular orbitals of each monomer are restricted
block-localized wave function (BLW) technigé#© that has to be over basis functions that are located on atoms of that
been described previously. Then, a series of intermediate wavemonomer. The orbital optimization is carried out in the presence
functions are constructed to represent various charge statesof the field of the other monomer with nonorthogonal orbital
Thus, the HF interaction energy is partitioned into a sum of overlap. Therefore, the degree sign is removed from the
geometry distortion AEgs), electrostatic AE.9, exchange polarized monomer wave functions.
repulsion AEey), polarization AEpe), and charge transfeAEc) Finally, removing the restriction of molecular orbital expan-
terms: sion space in eq 11 leads to the optimized HF wave function of

the DA dimer. The energy change accompanying this process
AEye = Ay + AE+ AE, + AE, + AE,  (4) is defined as the charge-transfer energy because only in this

N . step does charge delocalization occur in the computation:
The BLW energy decomposition method is analogous to the

traditional Morokuma analysisin definition of the energy terms AE, = E WY (DA)] — E[®,,] + AEBgsse  (12)
but differs in the computational procedure. In comparison with
the Morokuma decomposition scheme, the BLW decomposition Note that the BSSE correction is also included in the charge-
method exhibits much less dependency on the basis set used ifransfer term since it includes expansion of the orbital space
the calculatiorf® similar to the change on going frodpa to W(DA).

Specifically, theAEgist term in eq 4 is the distortion energy The polarization and charge-transfer terms defined in eqgs 10
of the monomers, corresponding to the change from the and 12 are intimately related because both interactions result
equilibrium geometry of isolated monomers Bnd A° to that from charge reorganization within the molecular complex. The

in the configuration (D and A). Therefore, polarization energy as defined in eq 10 describes the energy
change due to intramolecular charge delocalization, whereas the
AEgg = Epe[WO(D)] + Ee[Wo(A)] — charge-transfer term of eq 12 accounts for intermolecular charge

E . [¥°(D%)] — E,[¥°(A%)] (5) migration. By definition, bothAE,, and AE; terms provide
stabilization of the molecular system and are thus always
where the superscript specifies that the wave function is N€gative. In the original Morokuma analysischarge-transfer

determined for an isolated monomer? @nd A° indicate and polarization energies are determined by formulating an
equilibrium monomer geometries, and D and A denote the interaction Fock matrix that includes interactions between
monomer geometry in the complex conformation. occupied and virtual orbitals of individual monomers. Conse-

The electrostatic term is the Coulombic interaction energy duéntly, there is significant overlap between the two compo-
between the two monomers possessing the gas-phase (oP€NtS,sometimes resulting malargg, upphysmal coupling term,
unperturbed) charge distribution, and it is determined by the AEcp @s the size of the basis function increases. In our BLW-
energy difference between a reference electronic state without®Ne€rgy decomposition scheme, specific intermediate wave

quantum mechanical exchange and the energies of the monofunctions are defin_ed, avoiding the problem_ofacoupling energy
mers. term that occurs in the Morokuma analysis. Furthermore, the

availability of intermediate wave functions allows us to estimate
AE = E(PR[D,A]) — Ey[P°(D)] — EyeW°(A)] (6) intermediate molecular dipole moments and charge population,
which are of interest in the understanding of bonding interac-
where the wave function for this reference state corresponds totions.

a Hartree product of the two monomer Slater determinants: (2) Computational Details. All calculations are carried out
using the BLW prograf? and the GAUSSIAN packagg.
Py [D,A] = We(D)W°(A) @) Monomer and bimolecular complex geometries are optimized

at the HF/6-31G(d) and HF/6-3315(d,p) level, while the same
To evaluate the exchange energy due to the Pauli exclusionbasis setis used in MP2 and energy decomposition calculations.
principle, we define the intermediate wave functichy,, The Boys-Bernardi counterpoise meth&ds used to correct
which is the antisymmetrized form of the Hartree product of for basis set superposition error, which is included as part of
eq 7. Thus, the charge-transfer energy in the BLW-energy decomposition
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TABLE 1: Computed Total Interaction Energies and Energy Components from the Block-Localized Wave Function
Decomposition Analysis Using the HF/6-31G(d) Basis Function (kcal/mol)

SpeCieS AEdist AEes AEex AEes#ex AEpol AEct AEMPZ AEim
N:--SO;3 0.0 —2.2 1.9 -0.3 —-0.5 -0.4 —-1.6 —2.7
HCN:--SO; 0.4 —-10.9 8.4 —-25 —-1.8 -1.8 -1.3 7.1
MeCN:+-S0; 0.7 —14.4 11.7 =27 —-25 —-2.6 —-1.4 —-8.7
H3N-+-SO; 9.2 —113 156 42.9 —-23.9 —47.2 —-0.8 —19.8
MesN-+-SO; 17.3 —128 191 63.0 —43.8 —62.8 —6.3 —32.6
HCN:---BF3 0.7 —7.6 51 —-25 —-0.9 —0.6 —-1.5 —-4.9
MeCN-+-BF; 1.2 —10.4 7.2 —3.2 —-1.4 -1.0 —-1.6 —-5.9
HsN-+-BF3 24.4 —103 112 9.8 —20.5 —29.6 —-5.3 —21.2
MesN---BF; 31.8 —103 119 15.8 —-32.8 —32.6 —10.8 —28.6
HsN---BH3 13.6 —88.7 99.4 10.7 —18.9 —26.5 —10.7 —-31.7
MesN---BH3 16.9 —91.4 107.3 15.9 —-27.1 —28.9 —15.7 —39.6
HsN---BMe; 15.5 —82.5 102 19.1 —18.0 —23.2 —13.0 —19.5
MesN---BMe; 22.7 —67.7 84.9 17.2 —18.6 —21.3 —21.3 —-21.4

TABLE 2: Computed Total Interaction Energies and TABLE 3: Computed Intermolecular Distances (Angstroms)
Energy Components from the Block-Localized Wave and Bond Angles (Degrees) at the HF/6-31G(d) Level
Function Decomposition Analysis Using the HF/
6-311+G(d,p) Basis Function (kcal/mol) complex R 9 (donor) 9 (acceptor)
pedes Afw Mo A NG SEm A Myl 30 A0 08
N2++-SO; 0.0 -0.4 -05 -01 -14 24 MeCN:--SO; 2.620 180.0 92.0
HCN-:-SO; 0.4 —-2.0 -23 -19 -10 -6.8 H3N---SO; 1.951 109.7 97.5
MeCN:--SGO; 0.8 -1.4 -36 —-31 -12 -85 MesN-+-SO; 1.898 108.7 99.4
H3N++-SO; 9.9 546 —29.3 —-533 -—-16 -—-19.7 HCN:---BF3 2.601 180.0 92.4
MesN---SO; 17.8 69.1 —-49.2 —-650 —-59 -—-33.2 MeCN:--BF; 2.506 180.0 93.4
HCN-:-BF3 0.6 —-2.5 -1.1 -06 —-10 —46 HsN-+-BF3 1.693 110.6 103.6
MeCN:--BF; 1.3 —-29 -18 -12 -12 -58 MesN-+-BF3 1.679 109.1 105.0
HsN---BF; 26.9 211 —-29.0 —-36.1 —4.7 -—21.8 H3N---BH3 1.689 110.9 104.3
MesN---BF3 34.7 206 —38.8 —37.3 —9.6 -304 MesN---BH3 1.677 109.3 105.2
HsN---BH3 14.0 239 -—-26.9 —-305 —-11.1 -30.6 HsN---BMe; 1.739 1111 103.9
MesN---BH3 17.2 231 -33.0 —30.6 —-17.2 —-405 MesN---BMes 1.825 110.5 106.5

H3N---BMe3 154 289 —-232 -26.3 —135 -—-187

MesN---BMe; 223 21.3 —21.4 —222 -235 —235 lecular distances are 2.58.06 A, whereas 1.681.95 A are

. . . . . found for strongly interacting dimers. This is further reflected
analysis. Since we are able to obtain the intermediate wave;

¢ . hich has ch tor off ’ q in the computed monomer distortion energies due to greater
unction®pa (eq 11), which has charge-transfer effects “tumed o metrical variations at shorter interacting distances in the
off”, comparison of results from population analyses over this

¢ . he full locali . : f .2 complex. In the weakly interacting complexes, the distortion
wave function and the fully delocalized adiabatic wave function energies are only-61 kcal/mol. On the other hand, they are

\W(DA) provide insight on the charge-transfer mechanism. g_3g ycal/mol for strongly bonded complexes, which are also
Moreover, the amount of charges transferred between D andreflected by the change in bond angle in Table 3.

A, which is the difference between the populations of Kbigk Dispersion and electron correlation effects, estimated at the

and W(DA), is expec_tgd to correlate with the corres.pondlng MP2/6-31G(dp)//HF/6-31G(d) level, are significant for com-
charge-transfer stabilization energy following the ideas of S -
plexes that contain trimethyl groups, ranging freni0.8 to

Mulliken. For this purpose, both Mulliken population and
. , ) . —21.3 kcal/mol. In fact, for the two complexesgit—B(CHz)3
Weinhold’s natural population analysis (NPA) are emplo$fed. and (CH)sN—B(CHa)s, the binding energies are nearly entirely

The latter approach is known for its stability with the size of due to electron correlation and dispersion interactions. An

basis function used in comparison with the Mulliken population L : .
analysis. exception is the complex between ammonia and boron hydride,
which does not have a methyl group but has an electron
correlation correction of-10.7 kcal/mol. In this case, we have
also carried out MP2, MP4, and CCSD(T) calculations using
Total interaction energies and energy components computedthe 6-313-G(d,p) basis function, and binding energies-dfl.1,
using the 6-31G(d) and 6-3315(d,p) basis sets from the BLW ~ —10.8, and-10.6 kcal/mol are obtained, respectively. The MP2
decomposition analysis are summarized in Tables 1 and 2 forcalculation yields a slight overestimate of the binding energy
a series of Lewis acidbase complexes. The total interaction Ccompared to higher levels of theory. MP2 and MP4 energies
energies determined from these two different basis sets are incomputed using the 6-31G(d) basis set for all complexes are
remarkable agreement with a root-mean-square difference ofwithin 0.7 kcal/mol.
only 0.9 kcal/mol. Roughly, these bimolecular complexes may In all cases, there is a compensating effect between electro-
be grouped into two categories according to the nature andstatic and exchange energies. The electrostatic term is attractive
strength of binding interactions. Complexes involving weak and becomes more negative as the monomer separation distance
Lewis bases such as,NHCN, and CHCN typically show decreases because of an increased penetration of the electron
binding energies in the range-3 kcal/mol, whereas strong  cloud of each monomer into regions of the nuclei of the other
Lewis bases, including ammonia and trimethylamine, form monomer. The same charge penetration effect also leads to
complexes with binding energies greater than 20 kcal/mol. A enhanced overlap of occupied orbitals, giving rise to greater
rough correlation exists between interaction energy and the exchange repulsion interactions. The sum of these two terms
optimized intermolecular distances between the electron donorcorresponds to the net interaction energy due to the permanent
and acceptor atoms (Table 3). For weak complexes, intermo-(gas phase) charge distribution of the two free monomers in

Results and Discussion
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TABLE 4: Comparison of Energy Decomposition Results Obtained from the Present Block-Localized Wavefunction Method
and from the Morokuma Analysis (Energies in kcal/mol)

6-31G(d) 6-31%+G(d,p)
Morokuma analysis BLW decomposition Morokuma analysis BLW decomposition
Comp|eX AEpol AEct AEcpa AEpol AEct AEBSBE AEpol AEct AEcpEl AEpol AEct AEBSBE
N2+-SO; -0.5 -12 0.2 —-0.5 —-0.4 0.6 2.1 -0.8 15 —-0.5 -0.1 0.7
HCN---SO; 2.1 —-3.5 0.7 -1.8 -1.8 13 —-11.8 -3.9 103 -23 -1.9 11
MeCN-++-SQ; —-3.1 —4.7 11 —-25 —2.6 1.6 —81 —180 253 —3.6 -3.1 14
HsN---SO; —-43.1 59.9 27.0 —-239 472 4.9 -271 —391 576 —29.3 533 34
MesN:--SO3 —97.5 -—83.9 68.2 —43.8 —62.8 6.5 —1082 —113 1076 —49.2 —65.0 4.8
HCN---BF3 -11 -1.9 0.2 -0.9 -0.6 12 -3.0 -1.3 2.2 -11 -0.6 0.6
MeCN:---BF3 -1.7 —0.25 0.4 —-1.4 -1.0 14 —-9.7 —-2.5 8.4 -1.8 -1.2 0.7
HsN---BF3 —-38.0 -—39.7 230 —-205 —29.6 4.6 b b b —-29.0 -36.1 1.9
MesN---BF; —69.0 —48.6 4577 —32.8 —32.6 6.5 —691 —579 1190 —38.8 —37.3 2.8
H3N---BH3 —27.7 —324 122 -—-189 -—-26.5 2.5 —49.2 —61.1 51.8 —-269 —30.5 1.1
MesN---BH3 —50.7 —38.0 304 —27.1 —28.9 24 —417 —434 786 —33.0 —30.6 1.0
HsN---BMes —-33.6 —36.7 256 —18.0 -—23.2 3.4 b b b —-23.2 —26.3 1.2
MesN---BMe;  —30.7 —30.1 182 -—-18.6 —21.3 2.8 b b b —21.4 —22.2 1.2

a Polarization-charge-transfer coupling energiylorokuma analysis did not converge using GAMESS.

the complex configuration. Interestingly, for weakly interacting the computed polarization and charge-transfer terms, although
complexes, this zeroth order, or vertical electrostatic interaction also basis-set dependent, are relatively stable from the BLW
is attractive and makes major contributions to the total binding decomposition analysis. The BSSE correction makes a modest
energy. However, at short intermolecular distances, the exchangecontribution to the charge-transfer energy, but it does not alter
repulsion is more significant and the net vertical (or electrostatic) the qualitative trends and the correction is reduced when a larger
interaction energy is in fact repulsive (thé&esiex term in Tables basis function is used (Table 4).
1 and 2). Concomitantly, polarization and charge-transfer ~Computed dipole moments are listed in Table 5. Since
energies are greatly increased, which become the predominanmolecular wave functions are explicitly defined in the present
contributing components in the total binding energy. BLW energy decomposition analysis, it allows us to determine
The interaction energy decomposition analyses indicate thatthe individual monomer as well as the complex dipole moments
there are two different binding modes in Lewis aclthse at different charge states. Specifically, we have computed the
complexes, resulting in weakly and strongly interacting pairs, free monomer dipole moments at the equilibrium geometry,
as noted above. Long-range electrostatic attraction is theu°(X°), and at the distorted complex geometny(X), both
dominant force for the weakly bonded complex with relatively using the gas-phase HF wave function. The monomer dipole
small polarization and charge-transfer contribution. Alterna- moment in the presence of the other monomer in the complex,
tively, there is significant HOMGLUMO mixing at short ueLw(X), is obtained by using the individual componH#{Xx)
intermolecular separations, resulting in large polarization and of the BLW wave functior®pa defined in eq 11. The difference
charge-transfer energies, which are the driving force for forming is the induced dipole moment for the monomer due to
strong Lewis acietbase complexes (Tables 1 and 2). The greater polarization.
extent of orbital overlap also leads to significant electrostatic
and exchange repulsion components. In this class, the electro- Attpoi(X) = pgrw(X) — u°(X) (13)
static and exchange energies are 2 orders of magnitude greater
than the corresponding terms in weak complexes, although theHere, X represents either a Lewis acid (A) or a base (D) in a
net combined electrostatic and exchange effects are clearlycomplex. In addition, the intermediate molecular dipole moment
repulsive in these strongly bonded complexes. for the entire DA complexys.w(DA), can be determined using
The results obtained from our BLW decomposition scheme the wave functionPpa (eq 11). Here, we note thag w(DA)
and from the Morokuma analysis depend on the basis set~ ug w(D) + usLw(A) because there is no charge-transfer
employed in the calculation, although our method shows a lessercomponent inPpa. The charge-transfer contribution to the total
tendency of divergence. This trend is shown in Table 4, which molecular dipole moment of the DA complex is
compares the polarization and charge-transfer terms determined
using the two methods at the 6-31G(d) and 6-BE1d,p) level. Auc(DA) = upe(DA) — ug w(DA) (14)
The electrostatic and exchange terms from the BLW and
Morokuma analysis are identical (Tables 1 and 2). In making whereunr(DA) is the HF dipole moment for the complex DA
this comparison, one should keep in mind that the correction from the wave function?(DA).
for basis set superposition error has been included in the charge- Table 6 listed the contributions from the polarization and the
transfer term in the BLW method, whereas it is ignored in the charge-transfer effects to the dipole moment of the adduct.
Morokuma analysis. Furthermore, there is a coupling term Overall, the polarization of the monomers (especially the Lewis
between polarization and charge transfer in the latter analysis.acids) and the charge-transfer effects make nearly equal
The BLW method does not contain such a coupling term contributions to the total induced dipole moment in a Lewis
because explicit intermediate wave functions have been definedacid—base complex over the sum of dipole moments of
in the calculation. Using the smaller 6-31G(d) basis set, the separated monomers. As a result, the experimental estimation
Morokuma analysis yields results in good accord with the BLW of the charge-transfer effect based on the nuclear hyperfine
approach for weak donetacceptor complexes. For strong parameterd—37 which omit the polarization effect, will remark-
interactions, there is always a large coupling term in the ably overestimate the degree of charge transfer.
Morokuma analysis, and such a term becomes unphysical even To gain additional insight into the polarization and charge-
for weak interactions using a larger basis set. On the other handtransfer effects in the complex, we take HH3; as an example
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TABLE 5: Computed Dipole Moments for Separated Monomers at the Equilibrium Geometry,u°(A°), and at the Distorted
Complex Geometry,u°(A); Polarized Monomer Dipoles, gg w(A), and Total Complex Dipoles,ug.w (AB), without Charge
Transfer; and Total Complex Dipole Moments, uus(AB), That Include Both Polarization and Intermolecular Charge Transfer

(Dipole Moments in Debye)

Lewis base B Lewis acid A
species u°(B°) u°(B) usLw(B) u°(A) usLw(A) usLw(AB) unr(AB)
\PREN{03 0.0 0.0 0.28 0.0 0.11 0.41 0.46
HCN-:-SO; 3.21 3.21 3.79 0.22 0.55 4.35 4.57
MeCN:--SO; 4.04 4.03 4.83 0.30 0.71 5.55 5.87
H3N-+-SO; 1.92 1.79 2.68 1.09 2.14 4.80 6.88
MesN---SO; 0.74 0.94 2.83 1.35 2.67 5.49 7.86
HCN-:-BF3 3.21 3.21 3.61 0.31 0.50 4.11 4.22
MeCN:--BF3 4.04 4.04 4.61 0.42 0.66 5.27 5.42
H3N---BF; 1.92 1.85 2.75 1.85 2.52 5.17 6.17
MesN---BF3 0.74 0.96 2.57 2.05 2.81 5.24 6.11
H3N---BH3 1.92 1.87 2.71 0.79 1.75 4.52 5.57
MesN---BH3 0.74 0.95 2.39 0.84 1.83 4.30 5.21
H3N---BMej 1.92 1.88 2.63 0.34 1.22 3.92 4.80
MesN---BMes 0.74 1.04 2.28 0.39 1.28 3.65 4.60
2 Gas-phase dipole moments are zero for all three acids.

TABLE 6: Computed Induced Dipole Moments (Debye)

from Geometry Distortion, Charge Polarization, and Charge

Transfer A5

7L i =
complex  Auas(B)' Attpo(B)* AtaslA)* AttpolA)* Ao AB)? L e Y =S

Na+-SO; 0.0 0.28 0.0 0.11 0.05 H A RO ons

HCN-+-SO; 0.0 0.58 0.22 0.33 0.22 B, s W s

MeCN-+SO; 0.0 080 030 041 0.32 SR A

HaN-+-SOs -0.13  0.89 1.09 1.05 2.08 2 RGRES L v Smw

MesN---SO; —0.20 0.89 1.35 1.32 2.37 ¥ ":j::v_"; N

HCN:+-BF3 0.0 0.40 0.31 0.19 0.11 1';1_:; NNIA

MeCN:--BF; 0.0 0.57 0.42 0.24 0.15 &

H3N-+-BF; —0.07 0.90 1.85 0.67 1.00 H

MesN---BFs3 0.22 161 2.05 0.76 0.87 Figure 2. Electron density difference (EDD) maps in B¥H3 due to

HsN---BH3 0.05 0.84 0.79 0.96 1.05 charge transfer from Nito BHs upon complex formation. The contour

MesN-+-BH3 0.21 1.44 0.84 0.99 0.91 level is made at 0.005 efau

H3N---BMe3 —0.04 0.75 0.34 0.88 0.88

MesN---BMes 0.30 1.24 0.39 0.89 0.95

a A = Lewis acid, B= Lewis base, and AB- complex of A and B.

SREH
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o
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Figure 1. Electron density difference (EDD) maps in B¥H; due to
polarization in going from the monomer species to the complex. The
contour level is made at 0.005 efau

to illustrate the redistribution of the electron density due to these
two effects separately. The electron density difference (EDD)
between the initial block-localized wave function (eq 8) and
the final block-localized wave function (eq 10) depicts the
variation of electron density due to polarization by the other
monomer in the complex. Figure 1 shows the polarization EDD
map in BHNHs. Clearly, the electron density of the NH
molecule is attracted toward BHIn contrast, the electron
density of the monomer BHmoves away from the NgHmono-
mer due to the repulsion from the nitrogen lone pair electrons.

interactions and is presented in Figure 2. The EDD due to charge
transfer from NH to the empty p orbital of Bklis obtained by
taking the difference of the electron density of the fully
delocalized, adiabatic HF wave function and that of the BLW
wave function (eq 11). The charge transfer occurs along the
N—B bond in the direction from nitrogen to boron.

To quantify the amount of charge transferred, population
analyses are employed, although it should be kept in mind that
any population analysis schemes have advantages and disad-
vantages. Mulliken population analysis, which equally divides
the overlap population to the bonding partners, is known for its
sensitivity to the basis set used. On the other hand, natural
population analysis (NPA) is less basis-set depentfefable
7 lists the computed total charges that the donor molecule
possesses before (BLW wave function) and after (HF wave
function) charge transfer is allowed in the calculation. The
differenceAq represents the amount of charge density that is
transferred from the donor to the acceptor.

By definition, in the block-localized wave function all block-
localized MO’s are expanded in the subspace of only one
monomer and the electrons are therefore localized within each
monomer, and the overlap population is zero. In the framework
of Mulliken population analysis, the charge distribution in the
HF wave function can be directly used to estimate the charge-
transfer effect (i.e.Aq = go(HF)). On the other hand, the NPA
is based on the overall electron density rather than individual
orbitals, and the analysis on the BLW wave function of the
donor molecule will lead to “residual” charges in the space of
the acceptor monomer. This residual effect should be deducted

It is interesting to note that the result of this intramolecular from the total charge obtained using the delocalized HF wave
charge polarization pattern is perfectly suited for charge-transfer function. In other words, the amount of charge transferred from
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TABLE 7: Estimation of the Charge-Transfer Effect Using 80
the HF/6-31G(d) Basis Function (All Charges in Electrons)
natural population analysis Corr. cocff. = 0.992 .
.o a a N
D---A Oo(BLW) Ao(HF) Aq 60 Mep = 134Aq-12
N2:+-SO;3 0.001 0.003 0.002 =
HCN---SO; 0.004 0.014 0.010 g
MeCN:--SO; 0.005 0.020 0.015 K]
HaN--SOy 0.050 0.264 0.214 < “r
MegN-+--SO; 0.058 0.322 0.264 e
HCN---BF3 0.010 0.018 0.008 <
MeCN:--BF; 0.014 0.025 0.011
HsN---BF3 0.135 0.259 0.123 20
MesN---BF; 0.123 0.245 0.122
H3N---BH3 0.193 0.319 0.126
MesN---BHj3 0.172 0.304 0.132
HaN-+-BMe; 0.190 0.29 0.109 o ) o3 e o
MesN---BMes 0.147 0.265 0.117 Aq(NPA)
2 Charge for the donor. For the acceptqx,= —0p. Figure 4. Correlation between the charge-transfer energiick) and
the degree of charge transfAg(NPA) estimated with the natural
80 population analysis. Energies are given in kilocalories per mole and
partial charges are given in electrons.
ok o coeff: =0.535 ' J estimated by the Mulliken and NPA population schemes,

AEcr =161Aq-27 respectively. Among the 13 complexes studied in this work,
which cover an energy range0.5 to—30 kcal/mol, we indeed
find a linear correlation betweeNEct and Agq with excellent
correlation coefficient (0.99 for the NPA results).

AE 7 (kcal/mol)
&

Conclusions

2or We have carried out an interaction energy decomposition

analysis of a series of Lewis aeitbase complexes, ranging from
the weakly, nonbonded van der Waals complex regime to the
0 o 55 55 7 strongly bonded complexes. The bonding ch_aracter of these
AG(MA) o!onor—acceptor complexes may be gro_uped into two catego-
) . ries: (I) weakly bonded complexes, which have characteristic
t':r:g“;‘;éu riogfreclﬁg‘:gebterg’:’é?;é?ﬁ ,:)hzrs%ﬁ;]t;?:;f\?vritﬁntireﬁhc/fglﬁll?gn interaction energies of-39 kcal/mol and monomer separations
population analysis. Energies are given in kilocalories per mole and of 2'5__3'1_'&’ and (”.) strongly interacting complexes, which
partial charges are given in electrons. have binding energies more than 20 kcal/mol and shorter
distances between the donor and acceptor molecules. The

a Lewis base (donor) to a Lewis acid (acceptor) should be the Pinding character of group I is primarily due to electrostatic
population difference, i.eAq = gp(HF) — qo(BLW). interactions, while charge polarization and charge transfer

The data in Table 7 provide strong correlation between the P&tween the two interacting monomers dominate the total
amount of charge transfer and the strength of the basicity of blnd!ng interaction. It was also found that there is a good linear
the donor molecule and the acidity of the acceptor species. r€lationship between the amount of charge transfer from the
Clearly, nitrogen (), hydrogen cyanide, and cyanomethane donor molecule to the acceptor species in the compk_ax w!th the
are much less basic than ammonia and its methyl derivativescharge-transfer energy; however, such a correlation is not
since there is minimal charge transfer in these complexes,guara”t%d with the total binding energy because of the large
whereas the acidity decreases in the ordes SBH3 > BFs contribution from the intramolecular polarization effect.
> BMes. In this rough correlation, it should also be remembered
that steric effects play an additional role because bulky
monomers tend to form complexes with longer deracceptor
separations, leading to weaker overlap of orbitals and smaller
charge transfer.

Timoshkin et al. and others showed that the experimentally
derived linear correlation between charge transier and (1) Pauling, L. C.The Nature of the Chemical Bongrd ed.; Cornell
binding energy is not valid in cases examined in their sitfdy. University Press: Ithaca, NY, 1960. N
The present energy decomposition analyses reveal that polariza-lgggz):‘;o'-%‘;po'd' K. R.; Canagaratna, M.; Phillips, J. Acc. Chem. Res.
tion effects make significant contributions to redistribution of (’3) l’<arp'fen A.J. Phys. Chem. 200Q 104 6871.
the elgctron densi_ty as well as the total_ binding energy. Thl_Js, (4) Legon, A C.Angew. Chem., Int. Ed. énglggg 38, 2687.
there is no theoretical guarantee that a linear relationship exists  (5) Cassoux, P.; Kuczkowski, R. L.; Serafini, forg. Chem.1977,
between the binding energy and the amount of charge transferl6, 3005. _ _
in the complex. However, the charge-transfer component of the (6) kl"uetg(e“'lfsylgé?'--The Chemistry of Boron and Its Compounds
binding energy may be related to the d(_agree_ of the charge 'e();') J:r‘:vdalok’ C.: éemstein, L. S. Steed, J. M.: Novick, S. E.:
transfer. Figures 3 and 4 show the relationship between thekiemperer, W.J. Am. Chem. Sod978 100, 8074.
charge-transfer energy and the amount of charge transferred (8) Kanda, F. A.; King, A. JJ. Am. Chem. S0d.951, 73, 2315.
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