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Counterpoise corrections to the coupling terms of the bimolecular interaction
energy decomposition are introduced and examined on a set of electron
donor-acceptor dimers X - BH; (X =H,0, NH;, PH;, LiH, CO). The inter-
action energy decomposition of Kitaura and Morokuma, and the decoupling
of Epux suggested by Nagase Fueno, Yamabe and Kitaura have been
employed.

Counterpoise corrections have numerical influence on two terms only of the
NFYK decoupling. This decoupling gives useful additional information on
the nature of the chemical interaction when applied to STO-3G minimal basis
set wavefunctions, but fails when applied the 4-31G wavefunctions.
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1. Introduction

In a preceding paper [1] (hereafter called paper 1) we have presented a method
to correct the components of the intermolecular interaction energy AE p(R4g)
with respect to the unphysical errors introduced by the use of incomplete basis
sets for the monomers A and B. (Basis set superposition error: BSSE).

The method of [1] is related to the decomposition of AE,z proposed in 1976 by
Kitaura and Morokuma [2] for interaction energies evaluated with the super-
molecule SCF scheme.
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According to that decomposition, AE,5(R,45) is divided into the following terms:
AEAB(R) = EAB(R) - E?a -E}= Eps+ Epy+ Egx + Ecr + Eprx. (1)

While the first four contributions are evaluated independently and have a specific
physical meaning, the last one, Ejx, is given as difference. In paper I counterpoise
(CP) corrections [3, 4] to the BSSE of the first four terms of the right side of Eq.
(1) have been introduced on the basis of partial enlargements of the basis set for
the calculation of the monomer energies, leaving again the correction to the Epyx
terms as a difference between the full CP correction, in which the monomer
energies Ejs (M = A, B) are computed with the total available functional space,

X =XaDXz 2)
and partial CP corrections.
An extension of the Morokuma decomposition scheme has been suggested by
Nagase, Fueno, Yamabe and Kitaura (NFYK) [5] with the aim of extracting
from Ejyx other contributions having physical meaning. In that paper a separate

calculation of couplings between charge transfer and polarization terms is intro-
duced. Accordingly, the interaction energy is decomposed in the following way:

AEap = Egs+ Ep.+ Ecr+ Enx + Ey + Eyp + Exyp + Epy + Ergs 3)
where

E;+Ey + Eyr + Epy + Erss = Enix (4)
and

Eres = Epxprt Eges (5)

The definition of the new energy components introduced in Egs. (4) and (5) will
be done in the following.

In the present paper we examine the extension of our method of CP corrections
to the AE, components of the NFYK method. In addition, since this decomposi-
tion is rarely employed, attention will be paid to the merits of the decomposition
itself.

2. Method

A short summary of the method of KM and of the further extension given by
NFYXK is in order.

The Fock matrix F for the system A + B, written in terms of MO’s of the subsystems
is partitioned into blocks referring to occupied and vacant orbitals of A and B
respectively (A, A,, By, B,); by introducing the Fock matrix of infinite separation,
F°, an interaction matrix ¥ can be defined:

3=(F—eS)—(F°—&S°). (6)
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This matrix has the form in the following scheme:

A, A, B, B,
Ao ESX PLX(A) EX'(A,—B, CT(AB)
A, ESX CT(BA) EX'(A,B.,)
B, ESX PLX(B)
B, ESX

The terms of Eqs. (1) and (3) are obtained by deleting some blocks of 3 and
solving the corresponding pseudo H-F equations. From the E* values (X upper
index, stays for the blocks of 3 maintained in the calculation), the values of
interaction energy components Ex (lower index) are obtained making suitable
differences between E* and EY terms, including the reference energy of the
separate monomers: E°= E4+ E%.

When CP corrections are introduced, the E% and E% terms will be replaced by
the modified reference energies:

M=EY— AN M=A,B. (7)

The correction Ay refers to the same enlargement of the basis set induced by
the inclusion of the appropriate 3 terms in the evaluation of E*. The exposition
of the method will result clearer when the separate terms Ex are considered.

1) Egs. Only the ESX blocks of X are considered, with the additional deletion
of intermolecular exchange terms. From the resulting energy E*° (including also
nuclear repulsion contributions) one has:

EES:EES—EO. (8)

There is no enlargement of basis set in the calculation of E®® and of consequence
no CP corrections are needed.

2) Ep;. ESX and PLX blocks of X are employed, with the additional deletion
of intermolecular exchange contributions. From EZ5**L one has:

EPL — EES+PL_EES — (EES+PL__ EO) _ EES- (9)

There is now a mixing between occupied and vacant MO’s of each monomer,
but no enlargement of the monomers’ basis sets. Of consequence no CP corrections
are introduced.

When ESX and PLX blocks including intermolecular exchange are employed
one obtains:

EPLX — EESX+PLX _EESX (10)

and then, by definition:
Epxpr=Epix — Epr. (1 1)
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Egxp; will be employed in the following. No CP corrections are needed for this
term too.

3) Egx. ESX and EX' blocks of X are employed and the calculation is interrupted
at the first cycle. From EF**X one has
EEX=EESX+EX_EES:(EESX+EX__E0)_EES. (12)

There is now an extension of the basis set, because there is a mixing between
occupied MO’s of A and B. The reference energies are computed with the basis
set

xu=¢ates M=AB (13)
and the corresponding energies are called EX, EF.
The term E°= E%+ E% in eq. (12) is replaced by:
Ely=ES+E5=(E4—A)+(E5—-AF" (14)
AP = (AEX + AEX) is the CP corrections to Egy.

4) E.r. This term may be divided into two components regarding the electron
charge transfers A— B and B > A. We consider here only one of these two terms:
the extension to the second term and to the complete charge transfer contribution
is immediate.

The blocks of X included in the calculation are ESX and CT(A - B). One has:

E ( — EESX+CT(A—>B)_EESX
CT(A->B)

= (EBSX+CTU=B) _poy_p_ (15)

There is a mixing between occupied orbitals of A and vacant orbitals of B. The
energy of A is calculated on the basis set

Xi=eArtes (16)
and the corresponding energy is called E§:

E4=E%—AS" (17)
The CP corrected term is

Eg'ﬁ:(AeB) = ECT(A»B) +AS\T- (18)

The preceding terms, and the related CP corrections, have been discussed with
reference to some actual cases in paper I. We pass to examine the further
decomposition of En;x given in Eq. (4).

5) E,nx- The basic energies, obtained by solving the pseudo H- F equations with
g y g p q
the appropriate blocks of X are:
EI - EESX+CT(A—>B)+PLX(A)+EX(AU—BD)
E = EESX+CT(A—>B)+PLX(B)+EX(A0—BO)

(19)

EIII — EESX+CT(B—>A)+PLX(A)+EX(A0—B0)

EIV — EESX+CT(B—)A)+PLX(B)+EX(AD‘BU).
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The terms of Eq. (3) are given by:
E;=(E' = E®X) ~(Ecrasn t Epix(a))
Ey =(E" — BFSXTPXYy (Ecrasmyt EpLx () (20)
Em =(E™ ~ E®*™®) —(Ecr(p>a)+ Errx(a)
Ep =(E" = E®*)~(Ects-a) " ErLx(n))-

E; and E;yv give an estimate of the coupling of the polarization of M and of the
charge transfer (M > N); E;; and Ej; an estimate of the coupling of the polariz-
ation of M with the charge transfer (N > M).

We have already introduced CP corrections to the Ecry. Ny terms (Eq. 18).
Other enlargement of the MO basis set and of consequence in our scheme other
CP corrections, are present in the E', EY, E™ E EFSX*EX' calculations. We
define a new set of CP corrected monomer energies:

Eum=E%— ANy
Ey=E%—-A%y (21)
E} =E% —AY,

related to the following basis sets:
XM=Xnmten
XM=@n+ XN (22)
X = Xnm + @
The CP corrected expressions for the terms of Eq. (3) are:
Ef"=E; +(A4-A%")
Ef =Ey+04— (A2 +A5D + (A3 -AF)
Efr=Em+A5— (A5 +AFH) + (A4 —A%Y (23)
EF = E;y+(Ap—AF")
ERps = Egps + AT — (A" + A7+ A%) + (AT + AFX),
These expressions will be numerically tested in the following section.

It may be remarked that some extensions of the basis set considered in definitions
(22) are active through indirect coupling. It is presumable that the following
approximate expressions numerically hold:

Aby=AST

A =AL.

(24)
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If this is the case, approximate expressions for the CP corrected energy com-
ponents (ACP) could be written

E,IACP =E,

Ef P =E +A™X

EfP =By +Ay™ (25)
E?VCP =Epy

Eﬁgg = Eggs.

This last formulation does not require additional monomers’ energy calculation
with respect to those already employed in the KM BSSE correction scheme given
in paper L

The present scheme refers to a full CP correction, related to the basis set defined
in (2): a limitation of the CP correction to the virtual space of the partner as
advocated e.g. by Morokuma and Kitaura [6] would produce further sim-
plifications which can be immediately derived from the preceding formulas.

The program for the NFYK decomposition has been written on the basis of the
KM original program, kindly provided by the authors several years ago, and
implemented for the GAUSSIAN series of programs on a GOULD SEL
CONCEPT 32/87 computer.

When the A- B interaction is strong, diagonalization of the pseudo Hartree-Fock
equations with X =1I1-IV, may produce a considerable mixing of orbitals,
especially with non-minimal basis sets. It has been considered necessary to add
to the decomposition programs a series of orbital-following tests, based on
projections on the different orbital subspaces, to ensure that the pseudoeigenvec-
tors employed in the following calculations actually were those requested.

3. Some numerical examples

The NFYK decomposition has not been widely employed. It is thus of some
interest to examine the performance of this method, also without CP corrections.
We have selected a small set of bimolecular interactions involving BHj; as electron
acceptor. Interacting monomers are kept at a fixed internal geometry, and the
potential surface scan has been limited to the R,y distance with fixed orientation
of the partners. For BH; we have assumed a pyramidal C;, geometry deduced
from previous calculations on the dimers [7-10]. The direction of attack is along
the C; axis of BH;; in H;N - BH; and H;P - BH; a staggered conformation has
been chosen; the H,O - BH; has a C; symmetry; LiH - BH; and OC - BH; have
C;, symmetry.

In Table 1 we report the values of the equilibrium distance and of AE obtained
without and with CP corrections; calculations refer to the STO-3G and 4-31G
basis sets.
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Table 1. AE and R,, values obtained without and with CP corrections. STO-3G and 4-31G values®

STO-3G 4-31G
no CP Cp no CP CPp
AEP® RS AE R., AE R., AE R.,
H,O - BH, -57.0 1.57 —-36.4 1.64 -27.9 1.70 -~25.5 1.72
H,N - BH; —66.0 1.65 —49.0 1.70 —44.1 1.70 ~40.8 1.74
H,P - BH, —48.0 2.02 -30.4 2.10 —24.0 2.16 ~20.1 2.20
LiH - BH; -28.9 1.35 -25.5 1.36 —42.3 1.29 -40.7 1.30
OC - BH; -41.4 1.60 -33.7 1.62 —28.0 1.58 -23.7 1.60

*Internal geometries. BH,: R(BH)=1.19A; £HBX =106.3° (in PH;BH,: R(BH)=12124,
£LHBX =103.6°). H,0: R(OH)=0.951 A, /HOH =105.2°. NH;: R(NH) =101 A; ZHNX =109.46°.
PH,: R(PH)=1.399 A; 2 HPX =116.9°. LiH: R(LiH)=1.515 A. CO: R(CO)=1.13 A, x is a point
on the symmetry axis

®AE and AE®T: values in Kcal/mol

°R,, values in A

Total CP corrections (including occupied and vacant MO’s of the partners) have
a trend similar to that found in other cases (see e.g. paper I and references quoted
therein). There is a remarkable lowering of the absolute value of AE in both
basis sets: the effect on AE is larger in STO-3G calculations which gives, after
CP corrections, AE(R,,) values more negative than the uncorrected 4-31G esti-
mates (the exception being LiH - BH;). The increase of R., produced by CP
corrections is in general less than 0.1 A. With both basis sets there are non
negligible changes in the relative value of the interaction energy produced by CP
corrections: in one case there is an inversion of relative stability (H;P - BH; and
OC - BH;). Also remark the noticeable increase of the relative stability of
LiH - BH; in passing from STO-3G to 4-31G calculations.

To save space we do not report extensive tabulations of AE components in
function of R,p selecting only one distance, near R,,, for each dimer.

STO-3G values are reported in Tables 2 and 3. Let us now consider the first three
complexes of the series. They are homogeneous in the sense that a lone pair of
a heteroatom acts in all cases as electron donor. This homogeneity turns out
evident by inspecting the data of Table 2. Without CP corrections the classical
terms ( Epg+ Ep,) give an estimate of AE by defect, in line with what has been
found in general for STO-3G dimers of different type: with CP corrections, which
leave unaltered the classical term, the classical approximation gives a better guess,
in one case by excess (NH; - BH,).

The CP corrections affect both Egy and Ecr: from Table 2 is easy to verify that
AMX = AT —(A®X + A®T) is a small amount of the rotal CP correction A”. In
minimal basis sets calculations the relative importance of Ecr is exaggerated:
CP corrections bring the value of E.y more in line with that obtained with a
larger basis set.

The NFYK addition to the original decomposition scheme works well, at this
level of accuracy. The unresolved Egps term is smaller, in absolute value, than
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Table 2. Comparison of AE components without and with CP corrections. STO-3G results (in

kcal/mol)
H,O - BH, H;N - BH, H,P- BH, LiH - BH, OC - BH,
no CP CP no CP CP noCP CP noCP CP no CP CP

AE —53.75 -35.60 —65.21 —49.04 —4695 -3044 2893 -2538 —41.37 -33.53
Ezs  —33.33 -3333 5829 -58.29 —30.85 -30.85 —28.36 -28.36 —65.70 —65.70
Epp -2.26 —2.26 -1.95 -195 -0.89 -0.89 —-10.37 -10.37 ~7.32 -7.32
Epx 37.42  46.09 59.04  68.61 48.92  59.48 63.77 64.48 96.96 102.37
E-r —4458 3844 3938 —3597 —43.29 -3992 2795 -26.89 —32.81 -31.95
Evux —1099 -7.65 2462 -21.43 -20.85 —18.27 2603 -2524 3222 -30.92
E,; =215 =212 -4.56 —4.54 -0.73 -0.72 1.02 1.02 1.56 1.57
E; —1.28 1.76 -4.72 -2.04 1062 —8.19 -16.73 —16.04 19.32 2046
E;y 1.44 1.45 0.58 0.80 1.30 1.39 7.36 7.45 9.61 9.69
E,y 0.16 0.16 0.11 0.11 0.24 0.24 0.34 0.34 4.62 4.62
Egpes -9.16 —-899 —16.03 —15.76 —11.04 —10.99 -—18.03 —18.02 —67.33 —67.26
R,p 1.700 1.700 1.705 1.705 2.10 2.10 1.35 1.35 1.60 1.60

Enx and the sign and values of E;, Ej, Ej; and Ejy, can be interpreted and
justified.

E; is the coupling between polarization of the electron donor { ED) and charge
transfer to the electron acceptor (EA). The molecular field of EA induces a
polarization of ED which makes more efficient the ED > EA charge transfer.
The coupling gives in fact a stabilizing (i.e. negative) contribution to AE. The
opposite happens for the E;, term (coupling between polarization of EA and
EA - ED charge transfer). The absolute value E; is of course decidedly smaller
than that of E;. For both terms the CP corrections are modest.

Ej; is the coupling between polarization of EA and ED - EA charge transfer.
The molecular field of EA facilitates the flow of electrons from ED to EA. CP
corrections are in this case relatively important and are positive; in other words
the BSSE apparently makes this coupling easier. The same considerations explain

Table 3. CP corrections to the BSSE divided into electron donor (ED) and electron acceptor (EA)
contributions. STO-3G results (in kcal/mol)*

H,O - BH, H,N - BH, H,P - BH, LiH - BH, OC - BH,

ED EA ED EA ED EA ED  EA ED EA
AT 17.80 035 1562 055 1592 0.59 250  1.06 718 066
AFX 840 026 9.14  0.42 1010 0.47 131 039 529 0.39
AT 6.12 0.2 340 0.02 334 0.03 0.57 049 079  0.06
Al 6.16  0.02 342 002 334 0.03 0.57 049 0.81 0.6
A? 17.54 032 15.15  0.48 1580  0.53 249 096 706 049
A 8.48 0.29 932 049 1015 052 133 047 532 054

fAMT =AL - (AF AR
AR =AL+HAF+AT) - (AL +A%+AL)
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the opposite sign of Ej; (coupling between polarization of ED and EA~ ED
charge transfer).

The other two molecular complexes belong to different classes of interaction,
and as a consequence the interpretation should be supported by the examination
of other cases of the same type.

The geometry of LiH - BH; actually is a saddle point on the energy surface: the
most stable structure roughly corresponds to a tetrahedral BH, surrounded by a
relatively mobile Li, with noticeable charge separation {9, 11, 12]. Limiting our-
selves at the deformed geometry considered in Tables 2 and 3 it may be remarked
that classical terms give an estimate of AE by excess. CP corrections to Egx and
Ecr are smaller than in the preceding cases: the distance between the charge
center of A and B is larger than in the lone-pair bound complexes. CP corrections
to Ect are of the same magnitude for EA and for ED, in contrast with the
preceding cases.

The NFYK decomposition of E,qx gives a residuum lower than the original
term (| Egps| <|Eanx|). The prominent terms are in this case E;; and Ejy, slightly
affected by CP corrections. The interpretation of the sign of these two contribu-
tions is similar to that already done for complexes of BH; with a lone-pair ED.

The interaction between OC and BH; belongs to a third different category. An
interpretation of it, in terms of the KM decomposition, has been done some
years ago by Umeyama and Morokuma [7]. CP corrections do not modify this
interpretation'. The NFYK decomposition fails here (|Eggs|> |Ennx|). An inter-
pretation of E;-E;, terms is less easy than in the preceding cases. The trend of
the term is different from that found in the other complexes. A separation into
o and w7 subinteractions, examined at larger values of R, could aid the interpreta-
tion, but it remains that at R,, the residue is larger than the term under
examination.

On the whole set of compounds, the approximations introduced in Eq. (24) are
almost satisfied: Tables 2 and 3 give the data one needs to compute interaction
energy components according to Eq. (25).

4-31G values are reported in Tables 4 and 5. The results of the KM decomposition
correspond to what experience on other cases suggests. A comparison of the AE
terms with those of Table 2 evidences a remarkable increase of Egg (the 4-31G
basis emphasizes electrostatic interactions), a noticeable increase of Ep, (split-
valence shell or DZ basis sets reproduce this term better than minimal basis
sets), a remarkable reduction of E-r when the complex regard lone pair ED’s.
CP corrections are lower than in the preceding case: it is worth remarking that
CP corrections to the EA are however of comparable magnitude and in some
cases larger than with the STO-3G basis. Passing now to the results of the NYFK

! The origin of bond formation and charge transfer in this adduct has been the object of an accurate

study by Kato et al. [13]. Supplementary information on this interesting case can be drawn from the
relatively large existing literature {14-20]
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Table 4. Comparison of AE components without and with CP corrections. 4-31G results (in kcal/mol)

H,O - BH, H;N - BH, H;P - BH,4 LiH - BH; OC - BH;
no CP CP no CP CP no CP CP no CP CP no CP CP
AE —27.95 2537 -—-44.14 —-4040 -23.72 -19.69 —41.75 -40.29 -27.88 -—23.73
Egs —58.19 —58.19 -93.49 -9349 5401 -54.01 -53.57 -53.57 —-65.02 —65.02
E, -11.58 -11.58 -17.27 -17.27 -—-897 897 —4236 -4236 -71.74 -71.74
Eqx 55.73 56.43 88.57 89.29 68.88 70.15 74.12 7425 108.34 109.45
E~r -1696 1592 -27.08 -25.44 -31.04 -29.21 -5248 -51.70 -78.73 -77.86
Enox 3.05 3.89 5.14 6.53 1.42 2.41 32.55 33.10 79.27 80.44
E, -7.59 749 —-90.09 -89.77 -26.13 -—25.81 —373.06 —372.87 —256.55 —286.38
E, 86.34 86.79 140.66 141.59 100.14 100.85 37.32 37.60 24201 249.39
Ey 16.93 17.06 34,16 34.26 19.53 19.61 134.09 134.06 19512 19545
E,, —237.78 —237.78 -229.44 —229.44 —49.55 —49.55 2794 2791 -208.91 —208.83
Epes 14515 14531 14985 14988 —42.55 -42.69 262.14 262,19 130.60 131.39
R,p 1.700 1.700 1.705 1.705 2.10 2.10 1.35 1.35 1.60 1.60

decomposition, given in the second half of Table 4, it turns out evident that this
decomposition fails here. It is sufficient to compare the absolute values of Eyx
and of Epgs. Moreover, the relative values and signs of the coupling components
E,-E;y do not correspond to intuition.

For the sake of documentation we report in Table 4 also the CP corrections to
these coupling terms, but clearly it makes little sense to correct for the BSSE
such values.

5. Conclusions and comments

We have examined a set of electron donor-acceptor couples {(or Lewis acid-base
couples) having all BH; as electron acceptor (or Lewis acid), to test the NFYK
decomposition of coupling terms and the corrections given by the introduction
of a counterpoise procedure. The NFYK decomposition scheme gives, when
applied to STO-3G calculations at R,,, reasonable values, which improve our
understanding of the interaction act. The examination of these terms makes more

Table 5. CP corrections to the BSSE divided into electron donor (ED) and electron acceptor (EA)
contributions. STO-3G results (in kcal/mol)

H,O - BH, H;N - BH, H,P - BH, LiH - BH, OC - BH,
ED EA ED EA ED EA ED EA ED EA
AT 2.14 044 324 051 338 036 093  0.54 3.58  0.56
A®X 060  0.10 0.60  0.12 .13 014 0.07  0.06 099  0.11
AT 098  0.07 1.56  0.08 181  0.02 048  0.30 077  0.11
Al 1.08 0.07 1.88 0.08 2.13 0.02 0.67 0.33 0.93 0.13
A? 200 025 3.04 026 355 0.19 046 034 198 022
A® 063  0.12 0.64  0.17 1.18  0.24 0.09 013 133 0.20
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evident, inter alia, the different nature of interaction involving a lone pair, with
respect to others involving a more complex EA-ED interaction or a hydride
group. CP corrections are numerically important only for the coupling involving
polarization of the EA and the EA- ED back electron transfer. This correction
may induce some revision in models of ED-EA interactions.

The NFYK scheme fails, on the contrary, where applied to 4-31G calculations.
The reason is due, in our opinion, to the use of pseudo-Hartree-Fock equations
for computing the coupling terms. While the original decomposition blends
classical concepts with quantum mechanical schemes (see e.g. the use of a
modified operator of classical origin in the KM calculation of Egg and Ep;) for
the evaluation of couplings this blend is no more employed. As a consequence,
the interactions are stronger and not balanced as in the full quantum mechanical
calculation.

When the basis set is of limited size, there is a small probability that this
unbalancement makes evident its influence; the 4-31G basis is sufficiently large
to produce a blow up of the unwanted effects. In conclusion, the NKYF scheme
cannot be recommended for general use in the present version. The STO-3G
results show that an analysis of the E,;x term may be of heuristic interest, and
it could be worth to examine if in interactions of other type the NFYK scheme,
applied to STO-3G wavefunction, gives interesting results®.

For general applications it would be convenient, however, to modify the computa-
tional scheme, or to use an alternative approach. In our opinion this is possible.

As a final remark we note that the KM decomposition gives good results even
when applied to 4-31G function. This fact was already known, and this AE
decomposition is routinely employed in studies of molecular interaction per-
formed at the 4-31G or better level. Interaction energy decomposition are however
conceptually acceptable for calculations performed with basis sets far for com-
pleteness. In the realm of chemical application this condition is amply satisfied,
but it must always be kept in mind.
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