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The basis set superposition error-corrected first-order electron densities of several hydrogen bonded
complexes of increasing molecular size have been obtained with the Hartree—Fock and
density-functional theory versions of the chemical Hamiltonian appr¢@étA) methodology. A
detailed analysis of the local basis set superposition éBS8SE effects has been carried out by
comparing the uncorrected electron densities and energy components with the CHA ones.
Topological analysis of the electron density through the atoms in molecules theory is used in order
to obtain a quantitative measure of the BSSE effects in terms of the characterization of the critical
points of the electron density. Density difference isocontour maps are also depicted in order to show
the local electron density redistributions induced by the BSSE-correction. We show that the effects
of the BSSE are common for all the complexes studied, namely water dimer, formic acid dimer and
uracil-water complex. The formic acid dimer and uracil-water density difference maps at frozen
geometry reveal that the effects of the BSSE do not extend significantly beyond the atoms involved
in the interaction and their first neighbors. The main redistribution effects are not strictly localized
on the intermolecular region and mostly take place in the valence shells of the heavy atoms directly
involved in the intermolecular interaction. These trends are also confirmed by means of an energy
decomposition analysis performed at the Hartree—Fock level of theory with the recently proposed
chemical energy component analySGECA) method. In agreement to previous results, we found
that inclusion of diffuse functions is of utmost importance in order to minimize the magnitude of the
BSSE. However, both the electron density difference maps and the CECA analysis confirm that the
local effects of the BSSE are very different when diffuse functions are present in the calculation.
© 2002 American Institute of Physic§DOI: 10.1063/1.1463439

INTRODUCTION There are several methods available for the correction of
the BSSE. The counterpoise meth@P)® has been widely
Accurate ab initio or density-functional theoryDFT)  used in the last decades in order to obtain BSSE-free ener-
calculations of weakly bound molecular complexes musjies at any level of theory. The CP method has also been
take into account the so-called basis set superposition errefeneralized and applied successfully to the correction of mo-
(BSSB." BSSE is caused by the imbalance in the descriptionecular geometries, vibrational frequencies and, in general,
of the monomers forming the complex and the same monoany molecular property that depends on derivatives of the
mers isolated. Briefly, in the whole complex calculation, theenergy* The CP method shows the desired asymptotic be-
intramolecular operators associated to each molecule or fragravior in the CBS limit. Furthermore, the use of CP-
ment can be expanded to some extent in the basis functiorgrrected values allow for a meaningful extrapolation of su-
of the other molecule. In contrast, for the description of thepermolecular propertiéso the CBS limit. However, CP does
isolated monomers, each molecule can use only its own basjpt provide a corrected wave function. There have been at-
functions. tempts to obtain CP-corrected electron densities, but only the
Itis well known that BSSE leads to an overestimation ofso-called interaction density, that is, the difference between
the interaction energy between the monomers and a shortethe complex electron density and that of the monomers at a
ing of the intramolecular distanéeBSSE is caused by the given geometry, can be determined. Since there is no CP-
use of finite basis sets to expand the molecular orbita&bin  corrected Hamiltonian, no CP-corrected molecular orbitals
initio and Kohn—Sham DFT calculations. Therefore, in prin-are ayailable for the molecular complex and hence no mo-
ciple, the use of large basis sets should diminish the magnjgcylar electron density.
tude of the error. Eventually, in the complete basis(€&S) An alternative to the CP method is the chemical Hamil-
limit, the BSSE should be zero. Nevertheless, in practice, fofonian approachCHA).6 The CHA method eliminates the
weakly bound molecular complexes, the magnitude of thg,nphysical terms in the Hamiltonian that cause BSSE delo-
BSSE can be of the same order of the interaction energy. c5jizations between the fragments within the molecular com-
plex. The CHA methodology has been developed and suc-
dElectronic mail: xavier@igc.udg.es cessfully applied at several levels of theory, namely Hartree—
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Fock [CHA-SCF~® and CHA/E?), DFT (CHA/DFT!), and  fully corrected situation, CHA//CHA. The cycle can be
second-order Mgller—Plesset perturbation theoryclosed with an SCF//CHA calculation, meaning an uncor-
(CHA-MP2).12 Several studies have found that CP and CHArected calculation at the molecular geometry obtained with
lead to very similar corrections to both the interaction enerthe CHA method. One should take into account that the
gies and molecular geometrfés* for several van der Waals BSSE correction is not a perturbation itself. However, this
or hydrogen bonded complexes. The main advantage of CHAcheme allows to analyze the effects of removing the BSSE
with respect to the CP method is that CHA corrects the BSSkon the electron density with and without nuclear relaxation.
a priori, yielding a BSSE-free wave function and, therefore,  In order to quantify the effect of the BSSE-correction on
also a BSSE-free electron densipfr). the electron density several tools can be used. First, accord-
There is still anothern priori BSSE-correction method, ing to the theory of atoms in moleculéAlM),? the inter-
namely the self-consistent field for molecular interactionsaction between two molecules can be characterized by ana-
(SCF-M)*>~*"that has recently been used to obtain BSSE4yzing the properties of the critical points in the electron
free electron densities of hydrogen bonded compléXes. density associated to the intermolecular interaction. This will
However, it has been pointed out that the SCF-MI eliminatesrovide us with quantitative comparisons of the uncorrected
some true interaction terms and thus overestimates the BSSind the BSSE-corrected electron densities, as well as both
correction'® The consequence is that, as opposed to CP anghe nuclear and electronic relaxation contributions separately.
CHA, SCF-MI does not exhibit the correct asymptotic be- Additionally, when no nuclear relaxation is allowed, one can
havior near to the CBS limit depict density difference maps between uncorrected and cor-
Recently, we have carried out an analysis of the effectgsected densities to analyze visually the effects of BSSE cor-
of the BSSE on the electron density of the hydrogen fluoridgection. Finally, the quantum molecular similafitytheory
dimer, by comparing electron densities obtained with concan provide us with quantitative measures of the global simi-
ventional Hartree—FockiF) and DFT methods, using BLYP |arity of two electron density distributions. The determina-
and B3LYP (Becke three-parameter Lee—Yang—Pdanc-  tion of the similarity indexes between the uncorrected and
tionals, to the corresponding BSSE-free densities obtainethe BSSE-corrected densities of the molecular complexes
with the CHA/F and CHA/DFT methods, respectively, usingstudied here as well as the hydrogen fluoride dimer have
several basis sets of different sizaWe have formally con- been recently carried out in our laboratéfy.
sidered the BSSE correction as a perturbation to the system. The geometry of the hydrogen fluoride dimer has been
In this way, we have been able to analyze the effects ofpund to be very dependent on the level of theory and basis
BSSE correction both in the nuclear geometries and electroget. However, some systematic trends have been found for
densities, according to Scheme 1. the effects of BSSE correction on the charge density at a
XIIYin the scheme above refers to a single-point calcufrozen geometry. SCF//SCF-CHA//SCF density differences
reveal that the BSSE correction generally depletes the elec-
tron density from the intermolecular region. However, the
stronger effects take place in the valence shells of the two
heavy atoms. For each F atom, the BSSE correction overes-
SCF/SCF  4—————— SCI/CHA timates and underestimates the electron density in two re-
l I gions which are approximately perpendicular to each other.

Nuclear relaxation

v

For the donor F, the BSSE correction removes the electron
density along the intramolecular F—H axis while, for the ac-
CHA//SCF  ————» CHA//CHA ceptor F, the intermolecular FH axis corresponds to a zone
of density overestimation. These trends are common to most
v of the combinations of method and basis set, except when
Nuclear and electronic relaxation paths. diffuse functions are used. Inclusion of diffuse functions
Scheme 1. leads to an overall decrease of the BSSE by one order of
magnitude, and hence to smaller corrections of the electron
] ) o density, as revealed also by means of a quantum molecular
lation using metho at the molecular geometry optimized similarity study?> Moreover, when diffuse functions are
with methodY. SCF and CHA are used to denote conven-yseq, difference maps reveals that the BSSE correction actu-
tional and BSSE- corrected calculations, respectively, at any|ly induces to an increase of the charge density in the inter-
level of theory. Thus, SCF refers to conventional HF or DFTylecular region, and the patterns of electron density redis-
calculations, while CHA denotes the corresponding BSSEyripution around the heavy atoms are lost.
corrected CHA/F and CHA/DFT CaICUIationS, reSpeCtiver. The present paper extends this kind of ana|ysis to other
According to this notation, SCF//SCF in Scheme 1 corremolecular complexes, namely, the water dimer, the formic
sponds to the conventional enperturbedcalculation, that  acid dimer and the water—uracil complex. Its first objective
is, a HF or DFT calculation with no BSSE correction. With is to assess whether the trends found for the BSSE correction
respect to this reference calculation, the correction of thevith the CHA method for the hydrogen fluoride dimer are
BSSE with no nuclear relaxation induces a rearrangement afommon to other systems. A second goal is the study of
the electron density. This is denoted as CHA//SCF. Finallylarger systems, specially the water—uracil complex, that will
geometry optimization with the CHA method leads to theallow to analyze whether the effects of BSSE are restricted

Electronic relaxation
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strictly to the atoms directly involved in the intermolecular The chemical energy component analysis ~ (CECA)
interaction or are extended to other regions of the molecule.
As a third purpose, the density analysis is complemented bg
using the recently proposed chemical energy componenj

analysis(CECA).?® The CECA uses a projected integral ex- decomposition of the molecular energy into atortime-

pansion technique to approximately decompose the momc%’ente) and interatomic(two-cente) contributions. In con-
lar energy into one- and two-center terms. This decomposit

i Y ; | the local BSSE effects in t f'rast, calculation of molecular energies wib initio meth-
lon aflows 1o analyze Ihe focal b. elfects In terms 0lq 45 involves also three- and four-center terms. These terms
atomic (one-center and interatomic (two-centey energy

may contribute significantly to the total energy and cannot be

components. generally ignored; however, it is difficult to attach a direct
chemical significance to those multicenter terms.
METHODS The basic idea in the CECA is to use a projective inte-
gral expansion scheme that allows to express approximately
each multicenter term as a summation of one- and two-center

A detailed explanation of the CHA methodology is avail- terms. The theory behind the CECA is tightly related to the
able in a recent revielBriefly, the CHA is based on the CHA (see Ref. 23 for a detailed descriptjoifhe main ad-
removal from the Hamiltonian of the intermolecular contri- vantage of this approach compared to the classical bond or-
butions that cause the BSSE, while keeping all the physicallgler analysis is that bonding interactions with formally the
true interaction terms. Thus, the CHA ensures that the desame multiplicity(single, double, triple bongsan be now
scription of each monomer or fragment isolated and withinclearly differentiated in terms of energefistatio contribu-
the complex is consistent. The separation of the intramolecuions to the overall energy of the system. Also, it allows to
lar, pure intermolecular and BSSE contributions in thedistinguish between bonding and antibonding interactions.
Hamiltonian is carried out by means of a mixed second-However, one must take into account that this decomposition
guantization formalism. The resulting Hamiltonian is notis exact only for diatomic molecules, where no multicenter
Hermitian, so the application of the variational principle to contributions are possible. In the general case, the sum of all
derive the SCF equations is not trivial. However, by makingthe energy contributions does not match exactly the total
use of the Brillouin theorem it is still possible to derive a setmolecular energy. Mayer states that the CECA reproduces
of SCF equations and obtain the corresponding CHA-SCHF energies of small molecules with a precision between 10
canonical orbitalé. The CHA/E® method is a variation of and 40 mHartreeé~6—25 kcalmol™%).2 This is a relatively
CHA-SCF. In this cas€CHA/F), the modifications are per- small error, compared to the total molecular energy. Further-
formed to the standard Fock equations, so the one- and twanore, one should take into account that this error arises from
electron integrals remain unchanged, with respect to théhe summation o&ll the one- and two-center energy contri-
original SCF method. The CHA/F equations can be considbutions. One can expect that the individual components have
ered as an approximation to the CHA-SCF ones; in practicenuch smaller errors. Therefore, the accuracy of the CECA
it has been shown that CHA-SCF and CHA/F results arelecomposition scheme should be sufficient in most cases.
practically equivalent. The main advantage of using the A second problem of the CECA is related to the fact that
CHA/F scheme is that the same philosophy can be used ithe energy decomposition is performed in the Hilbert space.
the context of Kohn—Sham DFT. In this case, the equivalenThat is, each atomic orbital or basis function is assigned to a
to the CHA/F method is CHA/DFT. Only CHA/F and CHA/ single atom and the partition of each energetic term is carried
DFT were used throughout the present paper. out by projecting over the subspace spawned by these atomic

As the CHA Hamiltonian is not Hermitian, its eigenfunc- orbitals. Practically, the basis functions are supposed to be-
tions are not orthonormalized. This does not represent #bng to the atom in which they are centered. Then, one- and
problem in order to obtain the electron density since Slatetwo-center contributions are related to atomic and diatomic
determinants built from orthogonal or nonorthogonal orbitalcomponents. However, the results of this kind of decompo-
sets differ only by a physically irrelevant phase factor. How-sition schemes can be very dependent on the basis set used
ever, it is more convenient to orthogonalize the occupiedor the calculation. Particularly, these analysis may lose sig-
orbitals in order to construct the first-order density matrixnificance when diffuse functions are included in the basis set.
like in a conventional calculation. Therefore, at each itera+or instance, it is well known that Mulliken charges, also
tion, the canonic CHA orbitals are orthonormalized in orderbased on the formal partition of the atomic orbital’s space,
to build up the density matrix for the next iteration. After have little chemical meaning when diffuse basis functions
self-consistency, the CHA orbitals obtained are also orare used. This problem can be solved by performing a similar
thonormalized and the final density matrix is obtained. decomposition in the Euclidean space, for instance in the

Finally, it must be taken into account that the evaluationframe of the AIM theon?° It can be shown that a partition-
of analytic gradients of the CHA energy is not straightfor-ing of that kind, that can be connected to the CECA one by a
ward. Actually, the corresponding equations have been desimple mapping of the integraf§,can provide an exact de-
veloped but not yet implementé@Therefore, the location of composition of the HF molecular energy. Several test calcu-
stationary points on the BSSE-corrected potential energy sutations revealed some differences between the CECA and the
face (PES was performed with numerical gradient AIM-based energy partitioning. Unfortunately, the huge
methods-> computational cost that implies the evaluation of double in-

With semiempirical quantum methods, the molecular en-
rgy can be expressed in terms of one- and two-center con-
ibutions only. This property allows for a straightforward

The CHA/F and CHA/DFT methods
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tegrations over two AIM atomic basins prevents the use ofVater dimer
this methodology for the present work, and only CECA ap-

. . All the calculations refer to the trans-linear water com-
proximated results will be shown.

plex, with C; symmetry and a single H bond between the
two water moleculegsee Scheme)2This structure is pre-
Computational details ser\_/ed in all the calculation_s; however, t_he_l_evel qf theory,
. ) . basis set and BSSE correction have a significant impact on

Molecular wave functions, energies and first-order electhe molecular geometry. A detailed discussion about the ef-
tron densities were calculated using HWAUSSIAN 94 fects of the method of calculation, basis set size and BSSE
packag€; using conventional HF and DFT methods. The o the geometry of this complex is available in Ref. 13. In
CHA/F and CHA/DFT calculations were done using a mOd"generaI ther O—O distance is larger at the SCF level of
. B 8 ’
fied version of thesAUSSIAN 92packagé’ The B3LYP func- theory, compared to B3LYP. At both levels, increasing the
tional was used for the DFT and CHA/DFT calculations, pasis set size or correcting the BSSE leads also to a length-
henceforth CHA/B3LYP. Six different standard basis Setsening of therO—O distance. As for the and 8 angles that
were used for the water dimer: 6-31G, 6-3BE( gefine the mutual orientation of the two water monomers
6-31G(d,p), 6-31+ +G(d,p), 6-311G@,p) and 6-31%  (see Scheme)2it is generally necessary to employ relatively
+G(3df,2pd). For this system, molecular geometries were|5rge pasis sets or BSSE correction to obtain reliable values,
completely optimized for each combination of computationalgpecially for the B3LYP calculations. In general, as the size
method and basis set in a previous stiftlfor all the basis  of the basis set is increased, the corrected and uncorrected

sets, additional single-point CHA/F and CHA/B3LYP calcu- geometrical parameters converge to values near to the ex-
lations were carried out at the optimized HF and B3LYPpgarimental oned!

geometries, respectively. For the formic acid dimer an
uracil-water complexes, only the HF method and two differ-

ent basis sets for each complex were used. Moreover, station- H o H
ary points for these complexes were located only on the con- ______?]:O/ 6
ventional PES. Therefore, SCF//SCF and CHA//SCF results H3L'!"5’O 15 R 4

are available for the three complexes studied and, addition- -7 H2 00

ally, CHA//CHA results also for (KO),. B

For all the calculations, the critical points gifr) were
located and characterized using t&PAC package’® Spe-
cial attention was paid to intermolecular bond critical points
(bcp and ring critical pointsrcp). Difference maps corre-
spond to differences between SCF//SCF and CHA//SCF Atall levels of theory, the two water molecules are con-
electron densities. For the water dimer, the maps were penected through a O—HO bond. The properties of the cor-
formed on the symmetry plane of the complex. For the forresponding bcp reflect the characteristics of the water—water
mic acid dimer and uracil-water complex, they were calcu-interaction(see Tables | and I, for the HF and B3LYP re-
lated in the molecular plane containing all the heavy atomssults, respectively According to the most accurate calcula-
Positive values in the magsolid lines correspond to zones tion, B3LYP/6-314 +G(3df,2pd), the values of the
where the uncorrected calculation overestimates the electratharge densityppr), and its LaplacianV2pp.(r), at the
density, whereas negative valueashed linescorrespond t0 ¢y are 0,024 and 0.076, characteristic of a strong O-CH
zones where the electron density is underestimated, with “h'ydrogen bond. At the HF/6-3¥1+G(3df,2pd) level,

spect to the corresponding CHA electron density. The energxbcp(r) and Vzpbcp(r) are significantly smaller: 0.016 and

decomposition analysis was carrlgd out for the threesocom(—).o%, respectively. In general, the correction of the BSSE
plexes at the HF level of theory using the prograrosT.

. . without allowing nuclear relaxatiofCHA//SCH does not
The current implementation of the program does not allow - P
hange significantly they.(r) and V<pp.{r) values. In-

for f and higher angular momentum basis functions so thé

. . 2 .
results for the 6-31% + G(3df,2pd) basis set could not be deed, corrections ipyer) andV=pycdr), deﬁjr;ed as SEF//
obtained. Instead, the values for the 6-31£G(d,p) are SCF—CHA//SCF, are usually smaller than"t0and 10,

reported. respectively. The location of the bcp does not change appre-
ciably upon BSSE correction either. Moreover, the sign of
the correction depends on the basis set. For instance, with the

RESULTS 6-31G basis set, the BSSE correctionpi,(r) is positive,

This section presents the electron density analysis for thiading 1o highepy(r) values, both at the HF and B3LYP
three systems: the water dimer, the formic acid dimer and thi§Ve!s. Addition of polarization function$6-31G(d) and
uracil-water complex. For each case, the effects of the BSSE-31G@d,p) basis sets makes the correction negative. In
correction were assesseé) By comparing the properties of contrast, with respect to the 6-316:0) basis set, addition
the intermolecular bcp’s and rep’s with and without BSSEOf more valence functiong6-311G(@,p)] or diffuse func-
correction,(ii) by analyzing(SCF//SCF—CHA//SCFdensity ~ tions[6-31+ +G(d,p)] leads to positive corrections again.
difference maps. The energy decomposition analysis for th&inally, for the largest basis set, 6-311G- (3df,2pd), the
three complexes is presented last. correction is positive. Note that, in general, the use of larger

Geometrical parameters of the {B)),.
Scheme 2.

Downloaded 02 Dec 2010 to 84.88.138.106. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 116, No. 15, 15 April 2002 BSSE changes in electron density 6447

TABLE |. Geometrical parameterd and degrees stabilization energiegkcal/mo) and topological param-
eters of the intermolecular critical points of the electron density for th&{klcalculated in five different basis
sets at SCF and CHA/F levels of theory.

p(N)P V2p(r)® Stabilization
Basis set Method rO-G* o p* (ela.u®) (e/a.u®) Ellipticity®  energy

SCF//SCF  2.843 —0,3 152,0 0.0297 0.1119 0.069 —7.84

6-31G CHA//SCF 0.0300 0.1125 0.070
CHA/ICHA 2866 0,0 1559 0.0283 0.1068 0.073 —7.36
SCF//SCF 2983 52 117,3 0.0199 0.0621 0.028 -5.54

6-31G(,p) CHA/ISCF 0.0195 0.0619 0.028
CHA/ICHA 2999 2,2 1331 0.0186 0.0597 0.039 —4.92
SCF//SCF 2987 2,6 136,2 0.0183 0.0610 0.046 —5.03

6-31+ + G(d,p) CHA/ISCF 0.0191  0.0579 0.043
CHA//ICHA 3.030 1,5 140,6 0.0173 0.0525 0.048 —4.49
SCF//[SCF 2975 22 1295 0.0186 0.0824 0.032 -5.57

6-311Gd,p) CHA/ISCF 0.0193 0.0773 0.031
CHA/ICHA 3.036 -0,1 142,8 0.0163 0.0675 0.043 —4.62
SCF//SCF 3.036 2,9 1342 0.0157 0.0658 0.043 -—3.86

6-311+ + G(3df,2pd) CHA//SCF 0.0159  0.0636 0.042
CHA/ICHA 3.048 2,7 137,3 0.0154 0.0621 0.045 —-3.73

®Reference 13.
PReference 22.

basis sets does not lead to smaller correctior)soég(r) and tions of atomic nuclei and intermolecular bcganly those
Vzpbcp(r). corresponding to the SCF//SCF electron density are shown
When nuclear relaxation is allowd(€HA//CHA calcu-  are denoted with circles and stars, respectively. All the dif-
lations, puer) andV2ppc(r) values always decrease, at the ference maps corresponding to HF or B3LYP calculations
same time that the ellipticity and the distance of the bcp tausing basis sets without diffuse functiofsigs. 1a)—1(c),

the O of the acceptor molecule also increase sligh_tly. Thesg(e), 2(a)-2(c), and Ze)] are similar. In general, the intermo-
trends are common for the HF and B3LYP calculations, anqecyjar hep is located close to the zero isodensity contour.
for all the basis sets; however, the differences between thg

corrected and uncorrected calculations become progressive or the calculations with diffuse functions and also with the
smaller as the basis set size is increased. In general, thei_31G and 6-311G,p) basis sets[Figs. 1a), 1(d)-1(h),

trends, combined with the behavior of th®—-0O distance Fa), and 2d)-2(f)], the intermolecular region is quite flat

discussed above, reveal that both the increase in basis s%'i'd exhibits negative values. Thus, depen.ding on the combi-
size and the BSSE correction work in the direction of weak-nation of level of theory and basis set, the intermolecular bcp

ening the H bond interaction. may be found in positive or negative zones of the SCF//

Figures 1 and 2 collect SCF//SCF—CHA//SCF densitySCF—CHA//SCF density difference maps. Actually, accord-
difference maps at the HF and B3LYP levels of theory, re-ing to the density difference maps, the main effects of the
spectively, for all the basis sets used in the study. The posBSSE correction in the electron density take place in the

TABLE Il. Geometrical parameter and degrees stabilization energiegkcal/mo) and topological param-
eters of the intermolecular critical points of the electron density for th&{klcalculated in five different basis
sets at B3LYP and CHA/B3LYP levels of theory.

p(r)®  V2p(r)P Stabilization
Basis set Method rO-OG* o B (ela.ud) (e/a.u®) Ellipticity® energy

B3LYP/B3LYP 2.776 3,7 130,2 0.0399 0.1305 0.054 —9.74

6-31G CHA//B3LYP 0.0400 0.1318  0.053
CHA/ICHA 2795 3,2 1405 00377 0.1268  0.062 —8.69
B3LYP/B3LYP 2.876 10,9 945 00288 00756  0.021 —7.55

6-31G@,p) CHA//B3LYP 0.0281 0.0753  0.019
CHA//CHA  2.883 56 1165 0.0284 00753 0030 —6.04
B3LYP/B3LYP 2.887 4,2 1288 0.0264 00769  0.042 —6.03

6-31+ +G(d,p) CHA//B3LYP 0.0276 0.0709  0.040
CHA//CHA 2924 37 1289 0.0255 0.0646  0.040 —5.28
B3LYP//B3LYP 2.887 83 1051 0.0265 0.0953  0.019 —7.62

6-311Gd, p) CHA//B3LYP 0.0277 0.0871  0.018
CHA//ICHA 2941 28 127,3 0.0245 0.0806 0032 —5.65
B3LYP/B3LYP 2919 4,4 1247 0.0244 00796  0.032 —4.78

6-311+ +G(3df,2pd) CHA/B3LYP 0.0247 0.0774  0.033
CHA/ICHA 2928 4,0 1267 0.0241 0.0763 0035 —4.59

®Reference 13.
PReference 22.
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FIG. 1. Water dimer SCF//SCF—-CHA//SCF density difference isocontour m@ap$-31G, (b) 6-31G(d), (c) 6-31G(d,p),
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(d) 6-31++G(d,p), (e
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FIG. 2. Water dimer B3LYP//B3LYP—-CHA//B3LYP density difference isocontour mép$-31G,(b) 6-31G(d), (c) 6-31G{d,p), (d) 6-31+ + G(d,p), ()
6-311G(d,p), and(f) 6-311+ + G(3df,2pd). Isodensity contours at @ 1074, +2.10°4, =4.10%, +8.10°%, etc.

valence shells of the O atoms, both at the HF and B3LYRaround each of the heavy atoms. For the O of the donor
levels of theory. Thus, for basis sets with no diffuse func-moiety, the BSSE correction removes electron density from
tions, the BSSE correction leads to redistribution of electrorthe O—H axis to an axis perpendicular to it, pointing towards
density along the O—H intermolecular axis and centeredhe other intermolecular O—H bond. For the O of the accep-
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TABLE Ill. Electron density and its Laplacian at the intermolecular critical points located on the first-order
electron density of the formic acid dimer, using two different basis sets. SCF and CHA/F (ialpasenthesis
are reported. All the calculations have been performed at the geometry optimized on the SCF PES.

Critical p(r)? V2p(r)?
Basis set point (ela.ud) (ela.u®)
6-31G(@,p) (3,41 0.0059(0.0056 0.0282(0.0293
(3,-1) 0.0286(0.0290 0.1034(0.0976
6-31G+ (d,p) (3, +1) 0.0060(0.0060 0.0273(0.0274
(3,-1 0.0269(0.0278 0.0972(0.0902
aReference 22.
tor molecule, the effect of BSSE correction is just the oppo- Op-Hyo—O
site. Indeed, the subtle density differences found in the inter- H4—C1/ 2 10 8\07-H9
molecular region may actually be just a consequence of the \03——H5 ..... _06//
redistributions taking place around the heavy atoms. Finally,
density difference maps corresponding to calculations with ©
diffuse functions, Figs. @), 1(f), 2(d), and Zf) exhibit also C”)g
maximal density differences around the heavy atoms, but not Hise . oocoee He,, Ca_ . Hio
the polarization patterns characteristic of the maps in Figs. O\T4' N|2 (”3
1(a)-1(c), 1(e), 2(a)—2(c), and Ze). Hia.._. C C
(@-1c), 1(e), 2(a)-2(c) 2e) 13 "~~o/1\r|\16/5H11
Hi2

Formic acid dimer and uracil-water complex

Results for the hydrogen fluoritfeand water dimers ®

suggest that inclusion of diffuse functions in the basis set is
the main factor influencing the magnitude of the BSSE,
while the level of theory and inclusion of more valence or
polarization functions has a minor impact. Therefore, only
the HF method and two different basis sets were used foation is allowed, the differences between corrected and un-
each system, namely, 6-316G0) and 6-3% +G(d,p) for  correctedpycr) andeprp(r) values are again quite small
the formic acid dimer, and 6-31@) and 6-3H4 G(d) for (see Tables lll and 1Y For the formic acid dimer, BSSE
the uracil-water complex. Tables Il and IV gather the prop-correction increasep,{r) and Vzpbcp(l‘), for both basis
erties of the intermolecular critical points for the formic acid sets. The same trend is found for the two bcp’s in uracil—
dimer and water—uracil complex, respectively, while Figs. 3water with the 6-3% G(d) basis set. However, for the
and 4 depict the SCF//SCF-CHA//SCF density difference5-31G(d) basis set, BSSE correction decreasesdhg(r)
maps for the two complexes. values and increases Wépbcp(r) ones. As for the rcp’s, the

The optimized structures belong to t@g, andCs sym- ~ BSSE correction decreaspg(r) for the two systems, when
metries, for the formic acid dimer and uracil-water complex,using the smaller basis sets. However, when diffuse functions
respectively(see Scheme)3In the case of the uracil-water are consideredp,,(r) shows no variation(for the formic
system, the structure reported corresponds in fact to one afcid dimej or increases slightly (for uracil-watey.
several minima which are very close in energy. In all casesvzprcp(r) increases for all the calculations, except uracil—
there are two H-bonds, which are equivalent in the formicwater with the 6-3% G(d) basis set. In general, the changes
acid dimer. Accordingly, two intermolecular bcp’s exist, to- induced by BSSE correction in the rcp’s properties are even
gether with a ring critical poinfrcp). Since no nuclear relax- smaller than the changes in the bcp’s.

Formic acid dimer(a) and Uracil-wateKb) complex.
Scheme 3.

TABLE |V. Electron density and its Laplacian at the intermolecular critical points located on the first-order
electron density of the uracil-water complesee Scheme(B)], using two different basis sets. SCF and CHA/F
values(in parenthesjsare reported. All the calculations have been performed at the geometry optimized on the

SCF PES.

p(r)? V2p(r)®

Basis set Critical point (efa.ud) (ela.u)
(3, +1) 0.0086(0.0089 0.0460(0.0469
6-31G(d) O14—Hsg (3, —1) 0.0203(0.019% 0.0699(0.0726
O;-H, (3, 1) 0.0193(0.0188 0.0700(0.0730
(3, +1) 0.0079(0.0081 0.0427(0.0424
6-31G+(d) Oy—Hs (3, —1) 0.0173(0.0179 0.0672(0.0658
O;H, (3, 1) 0.0182(0.0183 0.0691(0.0693

aReference 22.
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Density difference maps give further insight on the localmolecular region where the BSSE correction decreases the
effects of BSSE on the electron densities. The formic acicelectron density. This region includes the rcp but not the two
dimer exhibits the main trends found for the water dimerbcp’s. The main density redistribution effects take place in
(and previously for the hydrogen fluoride dif@r Thus, for  the valence shells of the heavy atoms. In particular, the O
the 6-31G¢(l,p) basis set, Fig. @), there is a narrow inter- atoms in the hydroxyl and carbonyl moieties exhibit the den-
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sity redistribution patterns directed along the bonding axesion underestimates the electron density on the C atom.
characteristic of H-donor and acceptor atoms, respectively. When diffuse functions are addésee Fig. 8)], SCF//

The C—H moiety, which is the only one that does not par-SCF—CHA//SCF density differences in the intermolecular
ticipate directly in the water—water interaction, exhibits alsoregion become slightly negative. In this case, all the intermo-
some density redistribution due to the polarization of thelecular cp’s fall into this negative zone. The strong redistri-
neighboring atoms. Indeed, it appears that the BSSE correbution patterns associated to the H-donor and acceptor atoms
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TABLE V. SCF one- and two-center energy components for theQ)5l complex for the 6-31G{,p) and
6-31+ + G(d,p) (lower triangle, in italicsin a.u.. The values in parentheses correspond to $heHs diatomic

term.
Atom o} H, O, Hs He
O, —74.3319 —0.7854 0.0942 —0.1016 —0.0331
—74.3758 (0.0450
H, —0.7819 —0.0729 —0.0380 0.0280 0.0142
(0.0609) —0.0736
O, 0.1087 —0.0422 —74.3423 —0.7859 —0.7909
—74.3884
Hs —0.0970 0.0332 —0.7853 —0.0612 0.0469
—0.0599

Hs —0.0406 0.0164 —0.7781 0.0674 —0.0810

—0.0828

in Fig. 3(@ are not found in this case. It appears that thebonded to an acceptor and to a donor atom, exhibits minor
negative region in the intermolecular zone is followed bydensity redistributions, similar to the ones in the C atom in
alternating positive and negative regions at each side, wittHCOOH),. Finally, the effect of the BSSE in the rest of
some positive regions focused strictly on the heavy nucleiatoms is practically negligible, except for the carbony O
Nevertheless, the density difference decreases dramaticaltom.
when including the diffuse functions. The maximum density =~ The 6-34 G(d,p) difference map[Figure 4b)] pre-
differences observed with the 6-31@%Gp) basis set were sents a relatively large intermolecular region with negative
—0.0190 and 0.0076 a.u., whereas for the 6+31G(d,p) values, which encloses all the intermolecular cp’s. Signifi-
these values decrease #0.0012 and 0.0015 a.u., respec- cant density redistribution takes place only around the atoms
tively. directly involved in the H-bond interactions. As usual, the
The uracil-water complex has some features that mayighly directional density redistribution patterns around
add interesting insights. First of all, it is a relatively large heavy atoms found in the 6-31@&) difference map are lack-
system, which allows to study the scope of the BSSE effectig in the 6-31 G(d) one. Atoms not involved in the inter-
on molecular electron densities. Second, the O in the watenolecular interaction do not exhibit appreciable density re-
moiety acts as H-donor and acceptor at the same time. Figudistributions, except for @ Again, the maximum density
4(a) corresponds to the SCF//SCF-CHA//SCF map with thedifferences are about one order of magnitude larger when no
6-31G(d) basis set. In this case, a positive and a negativeliffuse functions are included.
region are found in the intermolecular region. All the inter-
molecular cp’s fall into the negative one. In the uracil mol-
ecule, the @ and the N atoms exhibit the directional density
redistribution patterns characteristic of H-acceptor and donor  Tables V-VIII gather the results of the CECA decompo-
systems, respectively. Thus, the BSSE correction underestsition for all the HF calculations. Table V collects the one-
mates the electron density along the-NHg bond and in the and two-center energy components obtained for the water
middle of the Q—H; 3 intermolecular H bond. The O atom in dimer with the 6-31Gd,p) and 6-34% + G(d,p) basis sets.
the water molecule combines both features: The BSSE coAtomic energies are always negatiigtabilizing, as well as
rection underestimates the density along the-®l,5 inter-  the interaction between bonded atom pairs. Some terms like
molecular bond, but there is an increase in the direction othe O—O and H—H interactions are repulsive, which agrees
the intramolecular @—Hg bond. The @ atom, which is  with the chemical intuition. Direct comparison of the energy

Energy decomposition analysis

TABLE VI. CECA analysis of the (HO), at the SCF level of theory for several basis sets. Given values
represent energetic differences between SCF//SCF and CHA//SCF calculations in kcaFR6I(O; —Hs),
(0O4—Hs) and (H;), hold for the BSSE contribution on selected two- and one-center intera¢deasScheme

2). AEp, AE,, and AE;, are the static BSSE contributions on donor, acceptor and interaction energies,
respectively, computed from the CECA one- and two-center terms. Last two columns give the exact and the
CECA approximated BSSE.

EBSSE EBSSE EBSSE
Basis (O1,Hs)  (O4,Hs)  (Hs) AE,, AE, AE, BSSE BSSE
6-31G -9.4 -7.0 100 -85 3.6 46 -050 -0.23
6-31G() -12.4 -1.3 80  —11.9 35 82 -059 —0.02
6-31G(d,p) -11.1 3.1 31 -104 26 82 -070 —0.04
6-31+ +G(d,p) 6.5 -1.0 -1.3 9.7 -44 -74 -055 —2.17
6-311G(,p) -95 3.0 11 -104 21 80 -1.03 -0.26
6-311+ +G(d,p) 15.6 -14.7 6.4 90 -47 -82 -054 -394
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TABLE VII. CECA analysis of the formic acid dimer. Given values represent energetic differences between
SCF and CHA at the SCRuncorrectefl geometries in kcal/mol. See Schem@3or the selected one- and
two-center energy differenceAE,_p, andAE;, are the static differences on the formic acid moiety and the
interaction energy, respectively, computed from the CECA one- and two-center terms. BSSE andgB8SE

the exact and the CECA approximated difference between the CHA and the SCF energies.

EBSSE EBSSE EBSSE
Basis (C1,0,) (Hs,Og) (Hs) AEiy AEap BSSE BSSE
6-31G(@,p) 15.6 —-14.1 5.0 —29.2 13.8 -1.63 —1.42
6-31+ +G(d,p) -3.6 -7.3 8.4 —-16.6 7.6 -0.78 -1.17

components obtained with different basis sets is not veryniquely from the complex’s wave function, and is easily
convenient since the total molecular energy can be very difebtained as the summation of all the CECA energy compo-
ferent. Hence, since we are interested in the analysis of thgents associated to intermolecular two-center interactions. In
effects of the BSSE in the energy, only selected differenceg similar way, the static monomer energies can also be ob-
between the SCF//SCF and CHA//SCF values for each basigineqd by collecting all the one- and two-center CECA com-

set are diSC“BSSSéEd' Bss ponents involving the atoms of the given monomer. The
We useE®°(A) andE®°{(A,B) to denote the effect of summation of all BSSE corrections to eashatio monomer

the BSSE correction in one- and two-center energy compo- N .
. X ) ) h lecul I
nents involving atomA and the atomic paiA, B, respec- energy and to théstatig intermolecular component yields

tively. Negative EBSSYA) and EBSS{A,B) values corre- the total correction to the complex energy. The overall BSSE

uncorrected calculation, because of the BSSE. That is, thgcted (SCF/SCF and corrected CHA//SCH energies is
given one or two-center component is more stabilizilegs also reported. Comparison of these values gives a measure of
destabilizing for the SCF//SCF than for the CHA//SCF cal- the accuracy of the CECA partition in each case.

culation. Inversely, positive values correspond to energy For the 6-31G basis sets, the BSSE correction is mani-
components that are lower in energy for the CHA than forfested mainly in the energy components related 40 which

the SCF calculations. Tables VI-VIII also list the total en-is the H participating in the intermolecular bond. The princi-
ergy difference for each monomer as well as the correction tpal stabilizing contribution comes from the one-center com-
the static interaction energy, computed by summing up alponent in H, while the major destabilizing contributions

the corresponding CECA one- and two-center terms. correspond to two-center components involvingatd other
Note that the sum of all the CECA intermolecular energyatoms. Thus, EBSS§Hs) is +10.0 kcalmol™, while

components must be clearly distinguished from the CONVeNEBSSE o, H.) and EBSSHO,,H.) are —9.4 and— 7.0 kcal
tional stabilization and interaction energies, the former re- 01 respectively. However, these trends are not general

ported n Tables | af‘d Il I_n the supermqlecular approach, th'?or all the calculations. For all the basis sets without diffuse
interaction energy is defined as the difference between th]e nctions, (a, (b), (), and (¢), EBSSEO, He) is
1 ’ 1 1 1 1 5

energy of the complex and the energies of the monomers a%l_lo keat mol~, EBSS{H,) andEBSSE O, Hs) also con-

the complex’s geometry. The stabilization energy holds for
the global stabilization of a complex with respect to the iso-lribute to the BSSE’SSE)Ut to a.small extent, compared to the
6-31G results. EBSSqH;) is always positive, but

lated (noninteracting fragments. Hence, both the interaction ~ = 5/ - ;
and the stabilization energies take into account the electronfe 1O, Hs) can be positive or negative, depending on the
relaxation, as the wave function of the monomers is combasis set. In some cases, other components exhibit also sig-
puted to obtain the corresponding energies. In the case of tHificant BSSE. In general, for all these basis sets, the BSSE
stabilization energy, the nuclear relaxation of the monomersgorrection stabilizes the two water monomers, especially the
is also taken into account. In contrast, the static interactiomlonor one, but makes the intermolecular component less
energy account only for local energetic interactions extractedtable. The overall effect of the BSSE in the static interaction

TABLE VIII. CECA analysis of the uracil-water complex. Given values represent energetic differences be-
tween SCF and CHA at the SGEncorrectefigeometries in kcal/mol. See Schem)3for the selected one-

and two-center energy differencesE;, AE,,, andAE;, are the static differences on the uracil, water and the
interaction energy, respectively, computed from the CECA one- and two-center terms.

EBSSE EBSSE
EBSSE (Hg.Ov4) (Hs)
Basis (C,,0)  (H13,09) (Hi)  AE, AE, AE, BSSE  BSSE
6-31G() 18.5 -16.0 76  —-239 104 117 -148 —145
-12.6 48
6-31+G(d) -1.3 -2.3 3.2 1.0 -83 -23 -078 -871
118 9.2
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energy is always destabilizing. This clearly shows that thecomplex are collected in Table VIII. The main trends are
interaction between the monomers is artificially enhanced byery similar to those found for the formic acid dimer. Thus,
the BSSE. for both basis sets, the BSSE correction introduces a large
The results of the analysis are quite different when dif-destabilizing contribution to the two-center components re-
fuse functions are included. For the 6-8%+ G(d,p) basis lated to the H bonds, reflected in the large negative values of
set, EPSSHO,,Hg) is +6.5kcatmol™!, and the EBSS§0O;,H;9 and EBSSO,,,Hg), while EBSSHHg) and
EBSS{Hs,Hg) component ist+ 4.9 kcat mol~2. This is com-  EBSS§H,,) are positive. The main difference between the
pensated mainly in the one-center components of the O at-31G(d) and 6-31 G(d) results is that the BSSE correc-
oms, which are~—6.6 kcal mol~! each. For the 6-3Ht tion effect in the energy components associated to the
+G(d,p) basis setEBSS{ 0O, ,Hs) is +15.6 kcalmol~*and ~ Oy4—Hg interaction are much smaller when diffuse functions
EBSSHH.) is +6.4kcatmol !, while EBSS§O,,Hs), are used. Furthermor&?S§C,;,0;) has a significant stabi-
EBSSRO,,H,) and EBSS§O,) are —14.7, —6.6, and lizing contribution, for the 6-31Gi) results, but small and
—4.8 kcal mol™ !, respectively. In terms of molecular and negative for 6-3% G(d). There are other components that
intermolecular components, the BSSE-correction contribuhave important contributions to the BSSE correction in the
tion to the intermolecular term is always favorable 6-31+G(d) calculation. Some of these contributions come
(~+9 kcal mol™ ! in both cases For the 6-3% +G(d,p)  from atom pairs that are not directly bonded, but are con-
and 6-31% +G(d,p) basis sets, the overall BSSE- nected through a common atom. However, most of all the
correction contribution is negative for both the donor andsignificant contributions involve the atoms that directly par-
acceptor molecules. Altogether, the effect of BSSE correcticipate n a H bond: G, N,, O7, Hg, Hyz, or Oy. Interms
tion on the molecular static interaction energy is always deof intramolecular and intermolecular components, the BSSE
stabilizing, but the sign of the contributing terms is reversedcorrection destabilizes the intermolecular component and
compared to the calculation with no diffuse functions. stabilizes the intramolecular ones, for the 6-3d§>¢alcula-
Table V also lists also the BSSE calculatéyl as the tion, and inversely for the 6-31G(d) one. As usual, the
difference between SCF//SCF and CHA//SCF energies, an@verall contribution of the BSSE correction to the interaction
(i) as the summation of the BSSE in each one- and two€nergy is repulsive. For the 6-31( results, the CECA
center energy component. The difference between the twBartition is nearly exact. In contrast, for the 6-BG(d)
values can be used to estimate the accuracy of the CECA. gase, the difference between the BSSE calculated by using
general, the differences are significant, taking into account® CECA and the supermolecular approach -s3
that the BSSE is generally small. For the basis sets with nkcal mol .
diffuse functions, the difference is always less than 0.8 kcal
-mol~1, and the CECA always underestimates the magni-DISCUSSION

tude of the BSSE. On the contrary, for the 6431 It is interesting to remark that the main effects of the
+G(d,p) and 6-31% +G(d,p) basis set, the CECA over- BSSE correction on the electron density of the water dimer
estimates the magnitude of the BSSE #¢.5 and 3.5 kcal are very similar to those found previously for the hydrogen
-mol™*, respectively. Similar conclusions can be drawnfluoride dimer. The patterns of electron redistribution caused
when comparing SCF//SCF and CHA//CHA energies, so théy the removal of the BSSE at frozen geometries for (HF)
results are not reported. and (H,0), are very similar. Indeed, for calculations without
The results for the formic acid dimer are presented indiffuse functions, the main feature of the difference maps is
Table VII. For the 6-31Gq,p) basis set the main contribu- the redistribution of electron density in the valence shells of
tions to the BSSE correction aE®SS§C;,0,) (15.6 kcal  the heavy atoms in both cases. Moreover, similar trends are
-mol™*) and E®SS§O,,Hy) (—14.1kcalmol™!). Note found for the 6-31Gq,p) and 6-31G(l) calculations on the
that due to the symmetry, equivalent contributions arise fromformic acid dimer and uracil-water complexes, respectively.
the G, Og, and H;, atoms.EBSSHH, ) makes a smaller but Furthermore, addition of diffuse functions leads to similar
significant contribution (5.0 kcaimol™1). For the 6-3% effects for all the systems analyzed: An overall decrease of
+G(d,p) basis setEBSSHC,,0,) and EBSSHO,,H,y) are the differences between corrected and uncorrected densities,
smaller(—3.6 and— 7.3 kcal mol~%, respectively. In con-  negative differences in the intermolecular region, and lack of
trast, EBSSHH,) is significantly larger,+ 8.4 kcatmol™ 1. the highly directional density redistribution patterns in heavy
The overall picture is the same in both calculations: Thedonor and acceptor atoms that are observed with smaller ba-
BSSE correction destabilizes the two-center components resis sets.
lated to the H-bond interactions, as well as the one-center In fact, some of the differences between the SCF//SCF
components in the acceptor atoms, but stabilizes the H atonemd CHA//SCF electron densities appear to be at odds with
participating in the intermolecular bond. Altogether, thesimple chemical intuition. For instance, it might be expected
BSSE correction stabilizes each formic acid monomer buthat the BSSE correction should weaken the intermolecular
decreases the attractive intermolecular energy componerhteraction and therefore lead to a decrease of the electron
Hence, the overall contribution of the BSSE correction to thedensity in the intermolecular region. Actually, in many cases,
molecular interaction is destabilizing for both basis sets. Fothe BSSE correction works in the opposite direction, leading
this complex, the error in the CECA analysis is quite smallto an accumulation of electron density in the intermolecular
compared to (KO),. region. Moreover, the BSSE correction also decreases the
The results of the CECA analysis for the uracil-waterelectron density in the intramolecular bonds of the donor
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moieties. In general, it should be taken into account that th€ ONCLUSIONS
CHAJ//SCF results used in the difference maps do not corre- We have carried out a detailed comparison of the local

;pond to stationary points on the B,S SE-corrected surface. gﬁects of the BSSE on the electron densities and energy
is well-!<nown that geometry relaxation is necessary for fu”}’components of three representative H-bonded complexes.
correc_tmg the BSSE. In_ fact, when nuclgar relaxation 'SThese results complement previous studies of the effects of
taken into account, there is always a depletion of the electrog,s gssE on the geometries, energies and electron densities
density in the intermolecular region, as reflected in the propys these and other complexes. In general, we have found that
erties of the intermolecular bep's. ~ the effects of the BSSE are common for all the complexes
The study of larger systems, like the formic acid dimer, s gied. The elimination of the BSSE by means of the CHA
and especially the uracil-water complex, reveals that the efyays leads to lower interaction energies. When nuclear re-
fects of BSSE on the electron density are generally restrictegyyation is taken into account, the BSSE correction also leads
to the intermolecular region and especially to the atoms ditg |arger interatomic distances and a decrease of the electron
rectly involved in the intermolecular interaction and their density at all the intermolecular critical points on the electron
first-neighbors. density. Density difference maps at frozen geometry reveal
The CECA decomposition scheme has been found to bghat the effects of the BSSE are not limited to the intermo-
a valuable tool for analyzing the effects of BSSE correctionlecular region. Rather, the main redistribution effects take
in terms of atomic and interatomic contributions. However,place in the valence shells of the heavy atoms directly in-
one has to be aware that the CECA decomposition is nofolved in the intermolecular interaction. For the larger com-
exact. Therefore, the applicability of this method to analyzeplex, uracil-water, the effects of the BSSE do not extend
the subtle effects of the BSSE correction on the moleculasignificantly beyond the atoms involved in the interaction
energy depends on the accuracy of the approximation. land their first neighbors.
general, for the calculations reported in this paper, the accu- These trends are confirmed by means of an energy de-
racy of the decomposition, calculated as the difference to theomposition analysis performed with the CECA method. In
true BSSE correction, is good or acceptable when basis segseneral, the BSSE effects on the energy are centered also in
without diffuse functions are used. In these cases, the resulte components involving the atoms participating in intermo-
of the CECA analysis are in agreement with chemical intulecular interactions. In general, two-center terms related to
ition: The BSSE correction generally stabilizes the purelyintermolecular components and one-center terms centered on
intramolecular energies of the two molecules forming thethe H bonding account for a large part of the BSSE. How-
complex, but it dwindles the intermolecular energy compo-€ver, other components can also make non-negligible contri-
nent. The final result is that BSSE correction always leads t®utions to the total BSSE. .
less attractive interaction energies. In general, it is worth to  1he BSSE is inherent to the expansion of the molecular

note that, although the BSSE in the total molecular energy i¥/ave function in terms of basis functions. Therefore, the size
usually small, the individual atomic or interatomic contribu- @Nd characteristics of the basis set is one of the main factor

tions can be quite large. influencing the magnitude of the BSSE. In agreement to pre-
When diffuse functions are taken into account. the re_vious results, we found that inclusion of diffuse functions is

pf utmost importance in order to minimize the magnitude of

sults of the analysis are just the opposite. That is, in generah BSSE. M h ¢ stud f. that the ori
small energy destabilization results from the combination of 1€ - Moreover, the present study contirms that the on-

a large destabilization of the intramolecular energies and §" s totv et it

stabilization of the intermolecular term upon BSSE correc—tlons is very different depending on the inclusion of diffuse

tion. However, the validity of the CECA analysis in these functions. In general, the energy decomposition analysis re-

. . . vFaIs that the small BSSE correction is the result of a near
cases is questionable for two reasons. First, the accuracy g

o . .7 Cancellation between larger errors in the intramolecular and
the CECA decomposition |_slvery loghe BSSE is oyeresfu- intermolecular components. When no diffuse functions are
mated by several kcahol™, except for the formic acid

di S d. the identificati £ th dt ; considered, the BSSE correction is destabilizing for the in-
imen. Second, the identification of the one- and two-centet . o1 component and stabilizing for the intramolecu-
components with atomic and interatomic contributions Siar components. When diffuse functions are used, exactly the
doubtful when diffuse functions are involved. Nevertheless,opposite is found. One should take into account that the
the CECA results in these particular cases seem to agree Wihec A analysis has probably only a qualitative value when
the density difference maps in the sense that the differencegtryse functions are considered. Anyway, since density dif-
tend to be smaller when diffuse functions are included buterence maps do also reveal systematic differences between

they are more delocalized. Indeed, the H atoms involved iajcylations with and without diffuse functions, the CECA
the intermolecular H-bonds have similar BSSE effect on th%nalysis may well be meaningful as a complement for the

two-center components with the acceptor atom and th@nderstanding of intermolecular interactions.
neighbors of this atom. In other words, since the diffuse

functions are so spread in space and hardly assigned to a
given nuclei, the BSSE is not only energetically localized in'D‘CK'\IOWLEDGNIENTS
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