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Although density functional theory (DFT) is more and more commonly used as a very efficient tool for the
study of molecules and bulk materials, its applications to weakly bonded systems remain rather sparse in the
literature, except studies that consider hydrogen bonding. It is, however, of essential interest to be able to
correctly describe weaker van der Waals complexes. This prompted us to investigate more precisely the
reliability of several widely-used functionals. The equilibrium geometries and the binding energigd;0f X

(X = O3 Ny, or CO) complexes are determined within the standard K&tmam approach of DFT using
different exchangecorrelation functionals and at the MP2 level of theory for comparison. It is
comprehensively concluded that extreme care must be taken in the choice of the functional since only those
that behave properly at large and intermediate values of the reduced density gradient s give relevant results.
The PW91 exchange functional, the enhancement factor of which does not diverge at incseapijpears

as the most reliable for the studied systems. It is furthermore demonstrated that the quality of the DFT
results is determined by the exchange energy component of the total energy functional.

1. Introduction regarding the structure and the stability of the reactive species
. ) . . which are of interest in this type of chemistry. Following the
The gas/surface interaction chemistry, although having been yq,i0us outlines, density functional theory (DFT) calculations
studied for many years, both theorgtlcally and experimentally, ¢ llowing the Kohn-Sham (KS) formalism appear as an
has recently been given a renewed interest as a consequence Qjjiernative to ab initio or semiempirical calculations: no specific
the need for a proper modelization of dust and aerosol chemistry. oo rameters are needed, and the intrinsic inclusion of correlation

Itis now well-established, for example, that chemistry in the gttects makes the results comparable to those obtained at least
interstellar medium (ISM) should not be limited to gas-phase 4t ihe MP2 level of theory.

reactivity but must consider reactions at surfaces (silicates, ices,
and crystalline or amorphous carbon)z, khe most abundant
molecular component in the universe, cannot be forme
otherwise. Similarly, soots and residues of incomplete combus- that are expected upon the complexation of small diatomics onto
tion of the biomass create solid particles which may dramatically a benzenepmoleculz Th H.G_Q complexes are considered
modify the atmospheric chemistry. Among the possible surfaces - 1% e P Tt ’
available, graphite seems to be among the most effective bothWhlerf_X stands for either O(X"%;), Nz (X'Z,), or CO
in the production of K in noticeable proportiortsand in the (X7=7): the results are compare_d to MP2 calculations and to
depletion of transition metaffor example. Itis thus of interest (€ éxperimental data when available.
to consider the interaction of small molecules with graphite. ~ The MP2 level of theory is nowadays usually accepted as a
Unfortunately, very little is known in this domain. In fact, some good starting point to account for the correlation effects required
experimental results have been obtained from complexes,of O to describe van der Waals systems: both subjects are reviewed
N, and CO with benzene, the basic constituent of graghfte.  in refs 10-13 and will not.be detailed he_re. We only mentiqn
The above complexes, being much simplified models of the that the MP2 approach includes both intracorrelation, which
complexes formed in the ISM, provide a series of test cases for 'esults in having partially correlated interacting fragments, and
quantum chemistry calculations, making it possible to assessSOMe intercorrelation between the uncorrelated fragments, which
the quality of the applied theoretical approaches. recovers a large fraction of the dispersion enéfgyoreover,

To some extent, the size of the model surface that should bethiS @pproach is known to provide a wave function leading to
finally considered in the calculation (at least a pyrene molecule fair multipole moments? It is thus attractive to compare the
if dealing with pregraphitic surfaces) precludes the use of MP2 and KS results forayanety of functionals keeping in mmd
common correlated ab initio approaches, such as MP2, due tothat DFT methods are still not generally accepted as reliable

the computational effort required. Semiempirical or molecular Modeling techniques for studying weak van der Waals com-
mechanics modelings would be attractive but have the drawbackP!€xes- Despite their remarkable successes in the studies of

that their parameterization, which is based on well-behaving S°lid structures, as well as covalent or ionic systems, only a
closed shell species, might lead to erroneous conclusionsSMall fraction of DFT studies reported in the literature deals

with such complexe¥-23 This might be due to the fact that
P N the term “DFT methodology” covers a whole range of ap-
Universitede Genge. . . . e oo . .
+Ecole Normale Supeure. proximations and simplifications; moreover, each particular
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  implementation may lead to somewhat different results. The

In this report, a first series of results is presented with the
g Purpose to determine which functionals have to be used to
properly describe the weak van der Waals molecular complexes
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present paper attempts thus to rationalize some of the difference®q 3: the gradient dependency of the exchange energy density
among DFT results. is contained in thd, factor.

The most fundamental differences between various DFT |n the weak van der Waals complexes at their equilibrium
schemes arise from the unknown character of the exact analyticgeometry, the density overlap is usually small whereassthe
form of the exchangecorrelation functionalExJ[e], involved values calculated for the electronic densities of the individual
in the Kohn-Sham formalism. Different DFT methods use molecules forming the Comp|ex are |ar§eConsequent|y, one
different approximate functionals which are obtained using can expect that the exchange and correlation energy contribu-
different strategies and which satisfy the scaling and asymptotic tions to the interaction energygronglydepend on the behavior
properties of the exact functional to a varying degteé® The of the exchangecorrelation energy density at large In the
hybrid methods, in which the approximate exchangerrelation present study, several functionals are considered that differ in
functional is derived making use of the exact expression of the the analytical form of their enhancement factbyés). Included
exchange energy applied to KohBham orbitals, were shown  are functionals that range from the one of Perdew and Wang
to be not applicable for studying the energetics of several (PW91%° whereFy(s) approaches 0 for largeto the one of

complexes of the London typé? the interaction energies  Becke (B88J! whereF,(s) tends to infinity with increasing.
obtained this way are not attractive enough. Therefore, the

hybrid functionals will not be considered here. The functionals
credited with much success in molecular and atomic studies
derive from the generalized gradient approximation (GGA) MP2 calculations were performed using the Gaussian-94
where the local density approximation (LDApnalytical form packagé? In order to avoid artifacts due to the core correlation
of Ex[p] and EJp] has been extended to include the density intrinsically accounted for in DFT calculations, all electrons
gradient dependency. Although being approximate, gradient- were active in the perturbation. The 6-31G** basisetas
dependen&,[p] and Ef[p] functionals usually lead to much  ysed. The potential energy curves obtained from these MP2
better results than those obtained within the LDA scheme. Sitill, calculations stand as a reference for the discussion of several
even if only gradient-dependent functionals are considered, theapproximations pertinent to the Kohi$ham formalism.
interaction energies differ between each other by abet 1 In an attempt to assess the reliability of the MP2 results,
keal/mol for hydrogen-bonded systems (see ref 18, for instance). o ggitional calculations were made at selected geometries of the
_The dispersion interactions have been recognized for their iy estigated complexes using correlation treatments at higher
difficulty in accounting for by means _of_standard approximate oy els: MP3, MP4(SDTQ), and coupled-cluster (including
exchange-correlation functionals within the KohfSham  gjhgies and doubles, namely CCSD, and even the correction
framework:®"2% One of the ways to overcome this difficulty ¢ tinles, CCSD-T). These calculations were performed at
is to use semiempirical corrections (see for example ref 23). It \¢ gaometry obtained at the MP2 level corrected for basis set

should be kept in mind that dispersion effects would be exactly gnerposition error. Since we expect core correlation and-core
accounted for if the exact exchangeorrelation functional were \ gjence correlation effects not to be essential in the phenomena

known. Usually, the approximate exchargmrrelation func-  jqyestigated, core orbitals were frozen, in these refined ap-
tionals are expressed as a sum of its excharigg &nd proaches, to retain tractable computational times.
correlation Ec) components. The distinction is rather arbitrary All DFT calculations were performed applying the Kohn

and does not correspond to the definition of exchange and Sham (KS) formalismd The standard program deMon/RsS

correlation energies as defined in traditional ab initio methods. ) :
From the purely numerical point of view, the exchange energy was useq. The LDA re_sults were obtained with the exchange
' energy given by the Dirac express#rand by the Voske

functional represents the dominant part of the exchange Wilk —Nursair expression for the correlation enef8yThe

correlation functional. Its accuracy is, therefore, a dominant following acronyms for gradient-dependent functionals will be
factor determining the quality of KohrSham results. In 5 % % 7 PW86/P8E( ] taken from ref 27 and[ o]

particular, the choice of the correlation part of the approximate .
. - S from ref 37; B88/P86E[p] taken from ref 31 andE[p] from
exchange-correlation functional does not significantly affect ref 37; and PW91:E{p] and Eq[p] taken from ref 30,

the Kohn—Sham results obtained with the same exchange i ) )
functional for van der Waals complex¥e0 In the DFT calculations, Gaussian basis sets were used to

The reasons for the discrepancies among the interaction€Xpand one-electron orbitals and to fit, by means of auxiliary

energies derived from DFT calculations may be found through functions, the electrostatic and the exchangerrelation po-

the inspection of the analytic form of the approximate func- tentials. The atomic orbitals were constructed from the fol-

tionals at large values of the reduced density gradient: lowing contraction patterns: (5211/411/1) for carbon, nitrogen,
and oxygen, and (41/1) for hydrogéh. This basis set is

comparable to the 6-31G** one, which is standard in quantum
chemistry. The coefficients of the auxiliary functions were taken
from ref 38: (5,2;5,2) for carbon, nitrogen, and oxygen, and
wherep is the density, ané; is the local Fermi vector defined  (5,1;5,1) for hydrogen atoms. This orbital basis set together
as with the associated auxiliary functions will hereafter be referred
to as basis I. In order to investigate the influence of the basis
k; = (37°p)*? 2) set expansion on the DFT results, some calculations were made
using another basis set (basisfl) Basis Il corresponds to the

Dealing with the exchange functional, one has, for instance, (7111/411/1*) contraction pattern associated with the (4,4;4,4)
auxiliary functions for C, N, and O and is combined with the

2. Methodologies and Computational Details

— Vol
s 20k, 1)

Elp]l =C fp4/3|: © & A3) previous basis set for hydrogen.
X X X
The grids considered for the computations comprised 64 radial
whereF(s) denotes the enhancement factor, and wligre= shells for the LDA and B88/P86 functionals, differing from the

(3/(47))¥3. Most of the currently used gradient-dependent PW86/P86 and the PW9L1 functionals for which 128 radial shells
exchange energy functionals have their analytical form as in were used. At the end of the self-consistent field (SCF)



7820 J. Phys. Chem. A, Vol. 101, No. 42, 1997 Wesolowski et al.

Az Az 3.0 . . . . ;
! ] )
5 : 251 AN — DA
i ! \ \ - BBB/PEE
R . .-.-w.' 20 \ \ ---- PWB6/P8E
! ' wshov\ - ——= PWO1
] 1 > AY a
i ; RN ~. — MP2
R ! R ! 1.0
| i = 05}
! : )
P S — £ oo
: : 5
! ! = 05+
£
Yoo
(a) Structure A (b) Structure B 1.5 b
("parallel”) ("perpendicular”) 20
Figure 1. Structures of the studied molecular complexes: (a) parallel 25 L
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The basis set superposition error (BSSE) on the DFT and 30l
MP2 interaction energies was estimated according to the
counterpoise methot;3° which was applied to each point of
the energy curve.

Two geometrical arrangements of the complexes were
considered: the first one (A, Figure 1a) hasCa (or Cy
symmetry, whereas the other one (B, Figure 1b) corresponds
to a Cg, structure. Structures A and B will sometimes be
referred to as “parallel” and “perpendicular” arrangements,
respectively. All interaction energy curves correspond to rigid
geometries of the interacting moleculeBec = 1.42 A and
Rcn = 1.10 A for benzeneRoo = 1.21 A, Ryy = 1.098 A, and zor ]
Rco = 1.128 A for the diatomics under investigation. 258 30 32 34 36 38 40 4.

The characteristics of the potential energy curves, i.e. the RIA
position of the minimum Ro), the binding energyH;.), and 3.0
the second derivative of the energy with respect to the 25 |
intermolecular distance were obtained by fitting third-order
polynomials to 79 points. The second derivatives were used
to derive the frequencies of the intermolecular stretching
vibration by means of the one-dimensional oscillator model. 1or
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3. Results 00 |
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3.1. The GHe--O, Complex. The interaction energy was 05
calculated for several distanceR) (between the benzene ring 40
and the @ molecule. The potential energy curves obtained
using MP2 and different DFT methods (basis I) are presented
in Figure 2a for structure A of the complex. The minimum
energy parameters are collected in Table 1 for both structures. 2%

At the MP2 level of calculations, our BSSE-corrected 30, v 33 o a7 30
structures and binding energies are in rough agreement with RIA]
those reported by Granucci and Persidor both structures A gigyre 2. BSSE-corrected interaction energy curves for tgld-X
and B: our computed equilibrium distances appear to be larger complexes in their parallel arrangements (structure A): (a3 X0,
by about 0.2 A for structure A (0.1 A for structure B), whereas (b) X = Ny, and (c) X= CO.
the interaction energies are too small by 0.7 kcal/mol for
structure A (0.5 kcal/mol for structure B). It follows that our the asymmetry, the mean intermolecular distance is larger than
results compare less favorably with the available experimental the distance corresponding to the minimum of the curve. The
data, although the agreement still remains fair. The comparisonsshift is, however, not significant: it amounts to less than 0.05
between obtained theoretical results and experimental resultsA for the zeroth oscillatory level that lies only 0.15 kcal/mol
available for this system can hardly be conclusive. The above the minimum of the curve.
experimental geometry is not known, and the binding energy  The difference between our calculations and the MP2
is not directly observed. The error bars on experimental calculations reported in ref 40 results certainly from the choice
dissociation enthalgy* and free energy of dissociation fall in  of the basis set. In the present case, standard polarization
the range of 0.3 kcal/mol. The experimental errors are even functions were used, which are known to underestimate dipole
larger than zero-point vibration energies (amounting to about polarizabilities, whereas optimized polarization functions de-
0.2 kcal/mot9 associated with intermolecular motions. The signed to properly account for dispersion interactions were used
calculated potential energy curves are not symmetric. Due toin ref 40.

20+
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TABLE 1: Equilibrium Intermolecular Distance (A) and
Binding Energy (kcal/mol) of the CsHg:+-O, Complex at the
MP2 and Different DFT Levels of Calculation
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TABLE 2: Equilibrium Intermolecular Distance (A) and
Binding Energy (kcal/mol) of the CgHe:+*N, Complex at the
MP2 and Different DFT Levels of Calculation

structure A structure B

structure A structure B

method Ro Eint Ro Eint method Ro Eint Ro Eint
MP22 3.21 1.52 3.71 1.18 MP22 3.25 2.1 3.71 097
MP2(BSSE} 3.55 0.56 4.01 0.42 MP2(BSSE} 3.60 0.85 416 0.13
MP2(BSSE) 3.36 1.24 3.9 0.87 MP2(BSSE) 3.46 1.70 38 085
KS/LDA 291 4.49 3.29 3.73 KS/LDA 3.10 3.74 335 371
KS/LDA(BSSE) 2.95 2.93 3.34 2.11 KS/LDA(BSSE) 3.15 2.22 3.40 2.09
KS/B88/P86 3.86 034 =472 >0.38 KS/B88/P86 3.87 0.48
KS/B88/P86(BSSE) KS/B88/P86(BSSE)
KS/PW86/P86 3.17 2.12 3.68 1.65 KS/PW86/P86 341 1.93 3.78 1.75
KS/PW86/P86(BSSE) 3.22 0.79 3.80 0.37 KS/PW86/P86(BSSE) 3.53 0.60 3.93 0.30
KS/PW91 3.36 1.65 3.71 1.20 KS/PW91 3.51 1.43 415 1.17
KS/PW91(BSSE) 3.44 0.53 4.47 0.47 KS/PW91(BSSE) 3.59 0.40 466 0.32
KS/PW9P 3.39 1.31 3.91 0.77 KS/PW9P 3.56 1.40 410 0.1
KS/PW91(BSSBE) 3.69 0.67 4,12 0.51 KS/PW91(BSSB) 3.83 0.74 434 0.28
expt AGes k= 1.240.3 exptH 3.5
exptP D, = 1.654+ 0.32 exptP 3.3 1.43

exptf D.=0.924 0.07

2 This work. ® Reference 40¢ No minimum was found at this level
of calculation.d Reference 3: the structure is not experimentally
determined® Reference 4: the structure is not experimentally deter-
mined.f Approximate estimation owing to the divergence of the SCF

aThis work.? References 12, 4(.No minimum was found at this
level of calculationd References 6, 8 Reference 5fReference 7.
9 Basis Il

procedure for distances larger than the quoted valBasis Il.
by means of both methods agree reasonably. The experimental

Turning to DFT calculations, it clearly appears that the B88/ frequencies of the considered stretching mode are not available.
B86 functional overestimates the intermolecular repulsion. After For the parallel structure, Granucci and Per¥laerived the
introduction of the BSSE corrections, the minimum that was frequency of the intermolecular stretching mode (55 nfrom
initially present on the uncorrected curve even disappears! Ontheir MP2 calculations which is in remarkable agreement with
the other hand, the LDA functional leads to a too strong our values.
intermolecular attraction. A similar overestimation of inter- Finally, all MP2, KS(PW91), and KS(PW86/P86) calculations
molecular energies, which results in the shortening of the indicate that structure A (Figure 1), which exhibits interacting
equilibrium distance, was reported previously for other van der molecules in a parallel arrangement, is more stable than structure
Waals complexe18 B where the mutual orientation is perpendicular (Table 1). This

The KS(PW86/P86) and KS(PW91) results are similar to each is in accordance with other work® that have further shown
other and to the MP2 ones. The interaction energy curve which that the rotation of the diatomic around tlig symmetry axis
is the most similar to the MP2 one is obtained using the PW91 of the benzene molecule is almost free.
functional: this applies for both the BSSE-corrected and 3.2. The GHe --N, Complex. The potential energy curves
uncorrected interaction energies. For instance, the BSSE-for structure A (Figure 1) were calculated using basis | and the
corrected KS(PW91) methodology leads to an equilibrium LDA, B88/P86, PW91, and PW86/P86 functionals. The equi-
intermolecular distance which is 0.11 A shorter than the librium parameters are summarized in Table 2.
corresponding distance derived from the BSSE-corrected MP2  Our BSSE-corrected MP2 binding energy falls in the experi-
calculations, whereas using KS(PW86/86) leads to a larger mental range, differing from the theoretical results reported in
difference: the discrepancy is now as high as 0.33 A (structure refs 12 and 41: the equilibrium geometry differs only by 0.1 A
A, basis I). Moreover, the binding energy obtained at the BSSE- from the experimental values. Experimental investigations based
corrected KS(PW91) level of theory differs by only 0.03 kcal/ on the analysis of the rotational spectfifhall indicate that the
mol from the MP2 one, while the same quantity becomes as complex is a symmetric top, which is confirmed by our cal-
large as 0.23 kcal/mol using the KS(PW86/P86) values. The culations. The parallel structure is the most stable, but due to
same trends are observed for structure B, with the noticeablethe almost free rotation of Naround the benzer@; symmetry
exception that the MP2(BSSE) and the KS/PW91(BSSE) resultsaxis 24 the sixfold-symmetry axis of §g is preserved.

are in excellent agreement provided that basis Il is used.
The BSSE magnitude is similar for both MP2 and KS
energies. At the equilibrium geometry, it equals 0.97 kcal/mol
for MP2 and 1.5, 1.3, and 1.0 kcal/mol for KS(LDA), KS(PW86/
P86), and KS(PW91), respectively, for basis I. The similarity

The KS(PW86/P86) and KS(PW91) results are similar to each
other (Figure 2b, structure A) and to the MP2 ones. The B88/
P86 exchangecorrelation functional leads to a repulsive
interaction curve for the geometry investigated, while LDA
overestimates the binding energy, as is usually the case. The

between the BSSE effects in the MP2 and in the KS calculations KS(PW91) and MP2 equilibrium intermolecular distances are

using comparable basis sets was also reported previdtisty

almost identical (3.60 and 3.59 A, respectively). The PW96/

weak van der Waals complexes. The KS(PW91) calculations P86 functional leads to a shorter intermolecular distance (3.53
show that the BSSE is reduced almost twice if basis Il is used, A). On the other hand, the KS(PW86/P86) interaction energy
which leads to a slight increase of the binding energy. (0.60 kcal/mol) differs less from the MP2 (0.86 kcal/mol) than
The MP2 and KS(PW91) interaction energy curves were used that obtained from the KS(PW91) calculations (0.40 kcal/mol).
to derive the frequency of the vibration corresponding to the The BSSE correction is similar for all methods. At the
vertical intermolecular stretching mode for both the parallel and equilibrium geometry, it equals 1.5, 1.3, 1.2, and 1.0 kcal/mol,
the perpendicular arrangements. At the parallel structure, thefor KS(LDA), KS(PW86/P86), KS(PW91), and MP2 energies
KS(PW91) and MP2 frequencies amount to 54.9 and 60.:5cm  respectively. For the perpendicular arrangement, MP2, KS-
respectively. At the perpendicular orientation, the corresponding (LDA), KS(PW86/P86), and KS(PW91) calculations were also
frequencies are 32.0 and 49.1 ¢ The frequencies obtained made (see Table 2). The BSSE-corrected values of the
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TABLE 3: Equilibrium Intermolecular Distance (A) and The BSSE correction to the binding energy is observed to be
Binding Energy (kcal/mol) Characteristics of the GHg---CO almost the same using MP2 or KS/PW91 for B1 or B2. It is,
gﬁf@%ﬁ){ é?:t'rrufteuvrglz 'g% ?:a%fl c%rl]gtigr%) at the MP2 and however, larger at the MP2 level of calculation (1.45 vs 0.77
kcal/mol) for structure A. The KW(PW291) calculations show

structure A structure B1 _ structure B2 hat the BSSE is reduced almost twice if basis Il is used, which

method RR Em Ro Eint Ro Eint leads to a slight increase of the binding energy.

MP2 331 221 389 073 3.76 1.05 This complex was investigated experimentally by means of
MP2(BSSE) 372 076 446 0.10 4.19 0.30 two-color time-of-flight mass spectroscopy.The authors
KS/LDA 309 353 353 294 340 264  (derived the structural and energetic properties not directly, but
KS/LDA(BSSE) 313 243 360 178 353 124  fom the Lennard-Jones potential model, which was param-
KS/B88/P86 405 0.27 . . . .
KS/B88/P86(BSSE) etrized based on thg Qbserved spectroscopic pr'ope'rtle's. .ThIS
KS/PWS86/P86 3.44 1.67 model lead to the minimum energy structure which is similar
KS/PW86/P86(BSSE) 3.48 0.78 to our structure A. The orientation of the interacting molecules
KS/PW91 3.64 138 424 091 397 097 jsalmost parallel (the angle between the benzene plane and the
KS/PWIL(BSSE) 371 061 439 022 447 029 (O axis equals 75with the oxygen atom pointing toward the
gngvgf(BSSEﬁ) g:gg é:%g 3:22 70_%'%7 4_‘2%8 0%27 aromatic r_ing_), and the intermoleculardis_tance amounts to 3.24
expb 324 1.75 A. The binding energy derived from this model amounts to
expe 3.44 1.75 kcal/mol.

2No minimum was found at this level of calculatiohReference 5. The MP2 and KS(PW91) interaction energy curves were used

See text for detail< Reference 99 Basis 1. to derive the frequency of the vibration corresponding to the
vertical intermolecular stretching mode for both the parallel and
interaction energy at the minimum amount to 0.13, 2.09, 0.30, the perpendicular arrangements. At the parallel structure, the
and 0.32 kcal/mol for the MP2, KS(LDA), KS(PW86/P86), and KS(PW91) and MP2 frequencies amount to 47.2 and 69.5.cm
KS(PW91) methods, respectively. The KS(PW91) calculations respectively. At the perpendicular orientation (B1), the corre-
show that the BSSE is reduced almost twice if basis Il is used, SPonding frequencies amount to 19.9 and 36.6 cwhereas,

which leads to a better agreement of BSSE-corrected interaction@t the B2 orientation, they amount to 36.9 and 45.8"tm
energies with experiment. respectively. The frequencies obtained by means of both

. . methods agree reasonably. Experimental frequency of the
The_MPZ and KS(PW91) mtera_cnoq energy curves were used intermolecular stretching mode at parallel orientation amounts
to derive the frequency of the vibration corresponding to the

ical lecul hi 4e for both th llel and to about 66 cml,5 in remarkable agreement with our results
vertical intermolecular stretching mode for both the parallel and 5,91 the KS(PW91) frequencies are systematically lower

the perpendicular arrangements. For the parallel structure, thejhan the MP2 ones, which agree better with the experimental
KS(PW91) and MP2 frequencies amount to 65.7 and 60.4cm  y51ues. As in the case of previously discussed complexes, the
respectively. Atthe perpendicular orientation, the corresponding ynean intermolecular distance is not affected significantly by

frequencies are 35.1 and 50.2¢in The frequencies obtained  the deviation of the potential energy curve from the parabolic
by means of both methods agree reasonably. Experlmentalshape_

frequency of the intermolecular stretching mode at the parallel
orientation amounts to about 60 ch? in remarkable agreement 4. Discussion
with our results, although the KS(PW91) frequencies are
systematically lower than the MP2 ones. As in the case of the Basis set superposition error corrected binding energies of
CeHe+-O2 complex, the mean intermolecular distance is not all considered complexes derived from the KS(PW91) and MP2
affected significantly by the deviations of the potential energy calculations are too low compared to experimental results. The
curve from the parabolic shape. All methods predict that the differences are small compared to the differences between the
parallel arrangement is more stable. energies derived from DFT calculations employing different
approximations for the exchangeorrelation functional. The
theoretical determination of accurate structures and energies
would require complete geometry optimizations, the obtainment
of BSSE-free results, and the analysis of zero-point energy and
anharmonicity effects. A full account of these effects is not
possible for systems of the size of the complexes studied.

We must emphasize, however, that the aim of the present
study is mainly the comparison of various approximations within

3.3. The GHsg--CO Complex. The potential energy curves
for structure A (Figure 1a) were calculated using basis | and
the LDA, B88/P86, PW91, and PW86/P86 functionals (Figure
2c). The computed binding energies are collected in Table 3.
The KS(PW91) and KS(LDA) calculations were also made for
two orientations of the CO molecule in the perpendicular
arrangement (structures B, Figure 1b): one (structure B1) where

the C atom po_mts toward _the _benze_ne ring and the other the Kohn-Sham framework for a given level of basis set and
(structure B2) with the opposite orientation of the CoO mol.ecule. not to derive highly accurate structures and energies for the

As can be seen from Table 3, all calculations predict the gpecies under investigation. Among the factors which might
parallel arrangement to be the most stable, in agreement withjnfluence our analysis of the accuracy of the approximate
ref 5. At the MP2 level of calculation, the distance between exchange-correlation functionals, the most important ones are
the cycle and the diatomic is 3.31 A, and the binding energy is the effect of using incomplete basis sets on the MP2 and KS
2.2 kecal/mol.  Upon the BSSE correction, however, the equi- energies and the reliability of the second-order perturbation
librium length is significantly increased by 0.4 A while the theory (MP2) to describe correlation effects. The effect of the
stabilization energy is reduced to 0.76 kcal/mol. These results basis set on the MP2 energies can be demonstrated by comparing
are nicely corroborated by the KS/PW91(BSSE) calculations our results with the ones taken from ref 40 which were obtained
(3.71 A, 0.61 kcal/mol), whereas other functionals lead to using larger basis sets. To minimize the importance of the basis
uncomparable results. For both structures B1 and B2, a goodset affects on our analysis of excharg®rrelation functional
agreement between the KS/PW91(BSSE) and MP2(BSSE)approximations, similar basis sets of medium size were applied
results is found provided basis Il is used in the DFT calculations. in both MP2 and KS calculations.



Comparative Study of §Hg---X Complexes Using DFT J. Phys. Chem. A, Vol. 101, No. 42, 1997823

TABLE 4. MP2, MP3, MP4, and Coupled-Cluster Binding to converge very slowly with increasimg? The nonmonotonic
Energies (kcal/mol) for the GHe:--X Complexes character of this convergence further complicates any justifica-
Investigated" tion of the assessment that the results obtained at the oréler
CeHe'--Oz CeHeN2 CeHe--CO 1 will be better than the ones obtained at orderMoreover,
noBSSE BSSE noBSSE BSSE noBSSE BSSE as observed by Frisch et 4f.the third- and fourth-order
Structure A Structure A Structure A contributions to the binding energies may cancel each other
MP2 1.52 056 2.1 085 221 0.76 approximately In that case, the truncation of the perturbation
MP3 0.93 017 1.14 032 121 0.46 series might take place at= 2. This latter point is pointed
MP4 1.30 036 160 061 144 0.69 out in ref 12 and discussed in ref 11 which summarizes the
Structure B Structure B Structure B1 respective roles of the single, double, triple, and quadruple
MP2 1.18 042 0.97 013 073 0.10 : - - -
MP3 0.60 007 039 020 028  —0.004 electronic excitations. _Such a cancellation seems t_o occur in
MP4 0.94 023 076 002 034 0.04 the present works and is reflected by the small variations (only
Structure B2 a few tenths of a kcal/mol) in the binding energies, raising the
MP2 1.05 0.30 correlation treatment from MP2 to MP4. Any detailed inves-
MP3 0.25 —0.10 tigation on the convergence of the series would thus require
?:"ggD %52‘6‘3 —Oblfo MPn calculations withn > 4, which would involve a prohibi-
COSD-T 0.37 002 tively large computational time owing to the size of the systems

aTh tri d d to the MP2 BSSE t dswdied here.
€ geometries used cofrespond to the -correcte . L Lo
optimizedggeometries. P The above observations on the variations of the binding

energies when the level of correlation treatment is increased
leads us to conclude that, although not necessarily fully
converged to the limit, the MP2 binding energies provide a good
estimate of the binding energies that could be obtained from

In an attempt to improve the calculated binding energies, and
thus to assess the reliability of our MP2 results, we have refined
the treatments of correlation effects through increasing the orderrnore elaborated, and more costly, approaches
of the perturbation: MP3 and MP4 calculations were made at ' T '
the MP2(BSSE) optimized geometries. However, it can be seen The M_P2 and the KS(PWQD calculauons.closely parallel one
from Table 4 that the perturbation series MP2, MP3, and MP4 anoth.er. if the characteristics of the potential energy curves at
does not lead to a monotonic convergence of the binding the minimum are analyzed. For all t.he conf_ormatlong consid-
energies of the complexes studied, which is, unfortunately, the ered, the MP2 and the KS(PW91) interaction energies agree

usual behavior of these approaches. For example, in the cas&%ithin 0.11 keal/mol for @, 0.15 kcal/mol for I, and 0.06

of the GHg---O, complex, the binding energies obtained from cal/mo_l for CO, prpwded basis I IS used n the DFT
. . ) S calculations. We point out that the discrepancies observed
single-point calculations at the MP3 level show significant

discrepancies relative to the MP2 values. This applies for the between the MP2 and the KS(PW91) results are smaller than

. those observed between the MP2 and the MP3 or MP4
parallel and the perpendicular structures and to both BSSE'caIcuIations On the purely numerical point of view, this is
corrected and not corrected binding energies. A binding energy : ' . . '

) . the primary reason why the PW91 functional is, among the
of only 0.07 kcal/mol is obtained for structure B at the MP3- brimary why unett ! g

. functionals considered here, the most attractive alternative to
(BSSE) level, far frpm th_e MP2(BSSE) calcula_t|ons (0'_42 kealf MP2 theory for studying not only the systems investigated in
mol). For both orientations, the MP4 energies are in better

s X the present contribution, but their larger homologues. The
agreement with the MP2 results than the MP3 calculations are;agreement between our MP2 and KS(PW91) results should not

the MP4 approach, however, requires a much larger amount of e considered as fortuitous or as purely numerical: the better
central processing unit time. The results for theHg--CO behavior of the PW91 functional, with respect to the other

complex provide another illustration of the nonmonotonic fynciionals considered here, relies on a physical basis as will
behavior of the perturbational series. The MP4(BSSE) energiesye glaborated in the following.

are in good agreement with the MP2(BSSE) ones, especially
for structures A and B1. For structures B1 and B2, MP3(BSSE)

Ica:jlculatlons f|nd|cate tr:a(tj thle compl;ex IIS _not bounded, Wh'BCZh LDA approximation leads to intermolecular distances that are
ed us to perform coupled-cluster calculations on structure B2. 1,4 ghort and to interaction energies that are too strong. This

The obtained binding energies amount t0 0.26 kca}llmol (CCsDb) tendency was reported for other compleéé&and will not be
and 0.37 kcal/mol (CCSD-T), in agreement with the MP3  jisc\,ssed further here. Turning to gradient-dependent func-

results. However, if the effect of the BSSE is included, the tjonais, it appears that both PW86/P86 and PW91 lead to better
complex is not bounded: binding energies amount-@10 interaction energy curves than B88/P86.

keal/mol (CCSD) and-0.02 kcalimol (CCSD-T), in line with It is useful to recall that the PW86/P86 and the BS8/P86

the MP3 results £0.10 /kcal/mol). Thus, in some cases, the_ functionals share the same analytical form of the correlation

agreement obtained between MP2, MP4, and MP3 energies IS;energy. Consequently, the difference between KS(B88/P86) and

sgtisfactory, whereas the failure is dramatic _in (_)ther cases. theKS(PW86/P86) results can be attributed solely to the difference
discrepancies between the MP2 and MP3 binding energies cany, yhe corresponding exchange energy functionals which have

be as high as 1 kcal/mol (structure A okHG:+:N,). The the analytical form given in eq 3 and the following enhancement
agreement between MP2 and MP4 binding energies is, however ¢, ~iors-

better since the discrepancies are lowered to 0.8 kcal/mol (no
BSSE correction) and to 0.4 kcal/mol if the BSSE correction is

In all molecular complexes studied, similar trends among
results obtained using different functionals are observed. The

PW8 _ 4 611/15
made. The above results point out that increasing the order of Fx G(S) =@+ os’+ ps +ys) ()
the perturbation treatment will not necessarily and systematically - (gs)2
result in having improved binding energies. Two reasons might Fo (99=1+ (5)

R
be responsible for that. First of all, the MRBeries is known 1+ 6(g9) sinh (g9
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Pl = .
1+ ¢(g9 sinh (g9 + [ — 0 exp(—100)](g9> W) s //
) e ] T P ]

1+ &(g9 sinh (g9 + 0.004"

In these formulasg—¢ stand for adjustable parametegs—=
24337213 ands is the reduced density gradient defined in eq
1. Inthe 1.0< s < 5.0 range, the enhancement fadigs) of
the B88 functional is larger than the corresponding factor of
both the PW86 and PW91 functionals which have similar
numerical values (Figure 3a).

The exchange energy contribution to the interaction energy,
ie.

F(s)

OE, = E(CeHsX) —E(CH) —EX) ()

0.0 2.0 4.0 6.0 80 100 120 140 160 180 20.0

where X stands for either INO,, or CO, represents an integral
of Fy(s), weighted by a factop*3 (eq 3), over regions with
differents. Figure 4 shows the BSSE-corrected valuesBf
for several arrangements of thegHg:--O, complex. The 25}
presenteddEx values were calculated using different ap-
proximate exchange functionals and corresponding electron
densities.

The qualitative differences and similarities between interaction
energies obtained with different approximate excharge-
relation functionals are reflected idEx. The oE-"*' and
OEPY® curves are almost parallel at intermediate intermolecu- 19
lar distances, which leads to similar positions of the corre-
sponding interaction energy minima. T&.>" curve falls 05
sharply with decreasing intermolecular distances, which results
in the shift of the interaction energy minimum toward shorter ‘
intermolecular distances. TRES® values are least negative: 20 -0 00 10 20 30 40 50 60
this fact is related to the repulsive character of the corresponding
interaction energy curve (Figure 2a). Figure 3. (a) The numerical va]ue of the enhanqement fa€tde)

An inspection of thes values for several intermolecular for the exchange energy functionals described in text, and (b) the

di Fi 3b) sh hat. in the i | | . numerical value of the reduced density gradisenalculated alqng the
istances ( |gure_ ) s QWS t at, in the 'r,‘termo _ecu ar region, C, symmetry axis for the §Hg---O, complex at intermolecular distances
the reduced density gradient increases with the intermolecularequal 3.0, 3.5, and 4.0 A.
distance. This might result in a strong dependency of the
exchange energy density upon the accuracy of the approximate 10} ‘ ‘ . 1
exchange functional. 0.0 0 1
The known failure of the B88 exchange functional to describe B it
correctly the van der Waals complexes reported by several 2o T ]
investigatory”19.20.22.23qriginates from the fact that the B88 :i:g ,
functional underestimates the intermolecular attraction due to 50
the divergent behavior of its enhancement factor at laxge 6.0 |
Despite the qualitatively different behavior &f"®Ys) and 7.0 |
FPY9%(s) ats > 5.0, and KS(PW86/P86) and KS(PW91) results 80
are similar. This indicates that the regions characterized by this _;z;s ]
range ofs contribute little to the exchangesorrelation potential 110
and energy due to the*3 weighting factor. 120 |
The good agreement between the MP2 and the KS(PW91) -130
potential energy surfaces originates from the fact that MP2 -14.0 ¢
methods provide a fairly accurate scheme accounting for the — '%%7 29 a1 33 35 a7 39
correlation contributions whereas the PW91 functional provides, RIA
among the set of functionals used here, the most accurateFigure 4. The exchange energy component of the interaction energy,
approximation of the exact functional in the regions character- Ex = Ex(CeHe*+*O2) — Ex(CeHe) — Ex(O2), for structure A (parallel
ized by small electron density overlaps. arrangement) of the ¢ele*-+O, complex.

3.0

w 1.5

Eint(ex){kcal/mol]

— DA
---- PW86/P86
——- PWO1
— BB8/PE6

We attribute the qualitative superiority of these two functionals

to a better behavior of their corresponding enhancement factor
The results obtained for all van der Waals complexes studied Fx at intermediate reduced density gradiestsusing FESB

here demonstrate that using the B88 functional for the exchangeresults in an underestimated stabilizing exchange energy com-

energy leads to qualitatively wrong results: only the PW86/ ponent of the total interaction energy. Finally, LDA leads to

P86 and PW91 exchangeorrelation functionals lead to results  unrealistically strong interactions; consequently, the equilibrium

comparable to the MP2 ones for a similar level of basis sets. distances are too short.

5. Conclusions
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Although the PW86/P86 and PW91 results are usually similar, (3) Goodling, W. A; Serak, K. R.; Ogilby, P. R. Phys Chem 1991,

it is found that the potential energy curves obtained with the 95 7868
' ) 4) G ,J.R;H , G.; Walters, E. A.Chem Phys 199
PW01 functional are closer to the MP2 ones than those obtainedg; éz)gl rover agenow aters em Phys 1992

with the PW86/P86 functional. The KS(PW86/P86) calculations (5) Nowak, R.; Menapace, J. A.; Bernstein, EJRChem Phys 1988

required paying more attention to the numerical integration than 89, 1309.

the ones using the PW91 functional. This is due to the divergent Lett(i)gggef%’ 7Tg_'; Smith, A. M.; Riedle, E.; Schlag, E. Whem Phys

behavior of the corresponding enhancement factor at large (7) Ernstberger, B.; Krause, H.; Neusser, H.ZJ.Phys D 1991, 20,
and smallp. Therefore, although the KS(PW86/P86) results 189. i )

are only slightly inferior in quality than the KS(PW91) ones, (8) Ohshima, Y.; Kohguchi, H.; Endo, YChem Phys Lett 1991 184,
we advocate selecting the PW91 functional for the study of " (g) Brupbacher, Th.; Bauder, A. Chem Phys 1993 99, 9394.
similar van der Waals complexes. (10) van Lenthe, J. H.; van Duijnevelvan de Rijdt, J. G. C. M.; van

Duijnevelt, F. B. Weakly bonded systems. Ab initio Methods in Quantum
Both the KS(PW91) and the MP2 methods lead to the same Chemistry Lawley, K. P., Ed.. Wiley: New York, 1987: Vol. Il

ordering of the minimum energy structure and predict parallel  (11) Hobza, P.; Zahradky R. Chem Rev. 1988 88, 871.
arrangements. The shortest intermolecular distance occurs in (12) Hobza, P.; Selze, H. L.; Schlag, E. @hem Rev. 1994 94, 1767.

_ (13) Chalasiski, G.; Szczésiak, M. Chem Rev. 1994 94, 1723.
the GHs+-O, complex (3.55 and 3.44 A for MP2 and KS (14) Pople, J. AFaraday DiscussChem Soc 1982 73, 7.

(PW91), respectively) and the longest (3.72 and 3.71 A, for (15) Diercksen, G. H. F.; Roos, B. O.; Sadlej,IAt. J. Quantum Chem
MP2 and KS(PW91), respectively) occurs in thgHg--CO 1983 517, 265.

complex. For all the conformations considered, the MP2 and 8% ﬁgibzzraE-iPS%glggrb:ﬁ-F?é?sgﬁé?: #CPQ%S S{‘&fg %59389150?61%%-
KS(PW91) interaction energies agree within 0.11 kcal/mol for (18) Sule, P.; Nagy, AJ. Chem Phys 1996p104 8524, ' ’

O;, 0.15 kcal/mol for N, and 0.06 kcal/mol for CO, provided (19) Perez-Jaroda, J. M.; Becke, A. Dhem Phys Lett 1995 233
basis Il is used in the DFT calculations. The PW91 functional, 134.

leading to the best agreement between the MP2 and the KS 03} [\TI5cLS 5 PPun erecon.v: Stao, My Chan, S Langreth, D.
binding energies, also leads to frequencies agreeing within 17 ¢ int.’J. Quantum Chem1995 56, 247.
cm? for the intermolecular stretching mode. (22) Kristyan, S.; Pulay, FChem Phys Lett 1994 229, 175.

Finally, we would like to emphasize the importance of using 8483) Sponer, J.; Leszczynski, J.; Hobza,JPComput Chem 1996 17,
well-behaving functionals regarding the exchangerrelation (24) Ernzerhof, M.; Perdew, J. P.; Burke, K. Density Functional
energy density at high reduced density gradient if aiming at Theory Nalewajski, R., Ed.; Springer: Berlin, 1996.
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