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The ab initio calculation of intermolecular interactions requires a large basis set to describe systems with
dominant dispersion interaction accurately. This paper focuses on calculation of intermolecular bonding energies
of weakly bound systems within the supermolecular method and on issues related to the choice of a basis set
for these calculations, in particular size of the basis set, efficiency of 2-electron integral codes, basis set
superposition error (BSSE), and the linear dependence of basis functions. In an attempt to find more efficient
basis sets for calculations of intermolecular interactions, standard basis sets (10s Huzinaga, 6-311G**, cc-
pV6Z), or their parts, are extended (tessellated) by a set of off-centered, s or p functions, symmetrically
placed around the nuclei. Standard basis sets (10s Huzinaga, 6-311G**, cc-pVXZ, aug-cc-p¥X1, X,

Q, 5, 6) are also augmented by sets of atom-centered, higher angular momentum functions (p, d, f). The
distance from the nucleus of tessellating functions and orbital exponents of tessellating and augmenting functions
are optimized with respect to the BSSE-corrected bonding energy at the MP2 or UCCSD level of theory. The
two approaches are tested on the model systems with dominant dispersion intefatti§@s,),, and Ne,

and their efficiency is compared. Both tessellation and augmentation are successful in describing the
intermolecular interactions of these model systems, with augmentation being more efficient. Our results draw
attention to the linear dependence problems inevitably present in accurate calculations and confirm the need
for underlying standard basis sets that provide good descriptions of core and valence electrons for the tessellation
and augmentation approaches to be reliable.

I. Introduction for any distance between the subsystems and higher order terms

. . . . . with respect to the interaction potential are implicitly taken into
Intermolecular interactions play a crucial role in understanding account

a variety of phenomena involving solids, liquids and gases and ) ) ) ) )
their accurate calculation is one of the major challenges for ~ The main focus of this paper is computation of total bonding
today’s computational chemistry. energy for systems with dominant dispersion interaction (i.e.,

The calculation of intermolecular interactions usually focuses We @re not interested in computing different components of
on computing the properties of weakly bound systems, including Ponding energy such as induction or dispersion, but in the
geometry, vibrational modes, and bonding energy. The quality Ponding energy itself). Bonding energy is, unlike its components,
of such calculations is often measured by their ability to describe & quantity of direct chemical interest as it is an experimentally
the bonding energy properly. At the ab initio level, bonding accessible number. The supermolecular approach is used in all
energy can be computed in two ways: (1) directly, as a sum of our calculations due to its simplicity as well as widespread use,
physically distinct contributions from at least first and second- and therefore further discussion will refer to the supermolecular
order perturbation theory calculatiohs2) as a difference  approach only.
between the energy of monomers and the energy of the complex. Once a decision is made on which method to use to compute

The second approach is also knqwn as the supermolecularthe bonding energy (supermolecular or perturbational), one
method. Both approaches have their strengths and weaknesses . : .
. needs to determine the appropriate theory level and basis set.
and are complementary rather than competfiVae advantage Some ab initio methods are more suitable for calculation of
of perturbational methods lies in the fact that the interaction i lecular int " th i F le. Hart
energy is calculated directly and not as a difference of two large, 'M*ermolecularinteractions than others. -or example, Hariree
almost identical numbers. Also, perturbational methods are free 70Ck (HF) calculations completely miss the dispersion interac-

from the basis set superposition error (BSSE), which is a major ion, which involves correlation between the electrons on
problem in the application of the supermolecular method. different molecules. Current density functional methods (DFT)
Despite this, the vast majority of calculations use the super- also fail to account for dispersicn> HF and DFT methods
molecular method because it is very simple and straightforward can be more successfully used for computations on systems in
and many standard quantum chemistry programs can bewhich charge transfer or electrostatic interactions are dominant
employed in the calculations using this method. The supermo- (i.e., hydrogen bonded systems). To describe systems for which
lecular method is, unlike perturbation approaches, also valid dispersion plays an important role, methods that treat electron
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. . . . . recovering most of the interaction energy, even in the absence
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has collaborated with chemists at the Big Three petrochemical ) ) )
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Elliot R. Bernstein received an A.B. degree from Princeton University and Kimball first introduced a “free-cloud” approximation to
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he was a postdoctoral fellow at the Enrico Femi Institute and the tended by Frost, who employed floating spherical Gaussian
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faculty of Princeton University in 1969 and in 1975 moved to Colorado With the radius and position of FSGO optimized to achieve
State University where he is currently a Professor. His research interestsminimum energy?* FSGO were later used in a similar manner
oo et sy g, Atchiald et &l Spanglr et aff and more recertl by
metal and metal oxide’clusters, and ultrafast decomposition of energetic_l:)ak'a”'37’38A d|ff(_er_ent apProaCh was adop_ted by Whitten, who
materials. instead of explicitly using functions with higher angular
momentum (p, d, f, ..), reconstructed them from linear
combinations of off-centered Gaussian s-functions (“lobe-
functions”) 3940 Bond functions mentioned earlier are another
example of the use of the off-centered functions for the ab initio

calculations.
The aim of this work is to explore the viability of the

correlation at a higher level (e.g., configuration interaction,
coupled-cluster, or perturbational methods) are needed.

Most of the calculations of intermolecular interactions suffer
from the basis set superposition error (BSSE). This error was - . X
first noted in the calculation of interaction of two ground-state (€Ssellation approach for the calculation of intermolecular
helium atoms$.? The basis functions of each monomer in the 'nNteractions and compare it with a more standard approach,

supermolecular calculation are usually finite and far from augmentation. Other issues pertaining to the calculation of
complete; therefore they use basis functions of the other intermolecular interactions, such as BSSE and linear dependence

monomer to improve their energies. The lowering of monomer ©f the basis set, are also explored and discussed.
energy lowers the total energy of the dimer; however, it has
nothing to do with the interaction energy one is trying to Il. Method

calculate-it is a mere mathematical artifact. This artificial )
lowering of the energy can be significantly largef the order Tessellated basis sgts are composed of a standard, nucleus
of the interaction energy itself. centered, valence basis set (or a part of the set) and a set of s

There has been a considerable amount of discussion abouf' P functions centered away from the nuclei. To place these
the BSSE and the ways to correct it (see refsl8 and functions around the nuclei, we use three different tessellation

references therein). The most widely accepted is the counterpoisd?@{terns or “shells”. The first shell is created by placing s or p.
correction schem&14which is also used in our calculations. functions at the vertexes of an octahedron centered at the atom’s

Another problem associated with calculations of intermo- Nucleus; we call this shell the *v" shell. The second shell of
lecular interactions is their remarkable dependence on the qualityfUnctions, the “f” shell, is created by placing functions at the
of the basis set employed. One can argue that to obtain reliablecenters of the eight triangular fac_es of t_he octahe_dron. The third,

“e” shell, places twelve functions in the middle of the

results, large basis sets of cc-pVTZ quality or better should be € "
employed in the calculatiori&:16 Extensive polarization func- ~ °ctahedron’s edges. Moreover, there can be more than one
tions (i.e., d shell for the first row atoms and p shell for function centered at the same point of space. See Figure 1 for

hydrogen) and diffuse functions must be included to describe & graphical description of the shells.

weakly bonded systems with reasonable accutady.Many Each shell of functions is characterized by its radial displace-
researchers also use specially tailored basis sets designed tgentR from the nucleus and an orbital exponentBoth of
reproduce monomer properties, such as polarizibilff8s25 these parameters are variationally hand-optimized to maximize

relevant to intermolecular forces. Some also augment standardthe BSSE-corrected intermolecular bonding energy.

basis sets with functions optimized with respect to the bonding  Augmented basis sets are created by adding sets of p, d, or
energie®® or construct new interaction optimized basis 2éts.  f functions centered on nuclei to the standard basis sets. Their
In addition, “bond-centered” basis functions located near the orbital exponentsy are hand-optimized with respect to the
midpoint of the van der Waals bond are also found effective in BSSE-corrected bonding energy.
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N nucleus & tessellating functions

Figure 1. Tessellation shells: A, v-shell, functions placed in the vertexes of octahedron; B, f-shell, functions placed in the faces of octahedron;
C, e-shell, functions placed in the middle of the octahedron’s edges.

Geometries of dimers are kept fixed during the basis set PR X S — H
optimization and are shown in Figure 2. Bond distance’lftr
is 4.15 A. The distance between Ne atoms in the dimer is 3.15 Ne----313A .. Ne
A. Geometry of (CH), is optimized at the MP2/cc-pVTZ level
of theory.

The optimization is done at the MP2 level of theory for,Ne H ~21804 N
and (CHy), and at CISD (UCCSD) level of theory f8H,. The / Wz
GAUSSIAN 98 prograrfi and MOLPRO 2000.1 and 2002% H < B1BA H
are used to perform all computations. Bonding energies are H /
calculated using the supermolecular approach and the counter- H H
poise method is applied to account for BSSE. Figure 2. Geometries of dimers used in studSt,, Ney, and (CH)..

The following naming scheme is introduced for the basis sets
we developed. The main part of the name consists of the TABLE 1: Exponents and Contraction Coefficients for the
standard basis set used for description of core and valence (i.e.Modified 10s Huzinaga Basis Set Used for the Hydrogen

6-311G**, Huz for a modified 10s Huzinaga basis set (see Table Atom _ —
1), and spd-cc-pV6Z for s, p, and d functions from cc-pV6Z exponents contraction coefficients
basis set). The prefix stands for the type of functions added to 1776.77556 0.44008 10
the standard basis set: T for tessellated and A for augmented 254.017712 0.3720@ 1073
functions. The suffix describes the angular momentum of T o e 1%
functions added: S, P, or D for adding a set of s, p or d 2.91507800 0.30548 10-1
functions. In the case of tessellated basis sets, the subscript 1.79492400 0.90342 10!
further gives the tessellation pattern (v, f, or e shell) and the 0.71071600 0.213239
number of functions centered at each position. For example, 0.30480200 0.352350
T6-311G**S,% describes a 6-311G** basis set tessellated with 0.13804600 0.339657
two sets of s functions centered at the vertexes of an octahedron 0.06215700 0.107330
. 1.79492400 1.0

(both sets centered at the same position) and one set of s 0.71071600 1.0
functions centered in the faces of octahedron. AHOzs 0.30480200 1.0
modified 10s Huzinaga basis set augmented with two sets of p 0.13804600 1.0
functions and one set of d functions. 0.06215700 1.0

Finally, it is important to note that all calculations are done 8'8%(5)288 18
with basis sets consisting of spherical Gaussians (i.e., we use 5 0.0077700 10

functions for the d shell, 7 for the f shell, etc.), which is a default

choice in the MOLPRO program. Both tessellated and augmented functions are able to recover

substantial amounts of the accepted bonding energyHer
—19.52uhartreed’® Tessellated 10s Huzinaga basis sets recover
between 59.2 and 100.4% of the accepted bonding energy,

3H,. We have extended (i.e., tessellated and augmented) twowhereas tessellated 6-311G** recover 74195.7% of accepted
standard basis sets féi,: the modified 10s Huzinagaand bonding energy?H, bonding energy computed with augmented
6-311G** basis set? The radial distance from the nucleus for 10s Huzinaga and augmented 6-311G** basis sets lies between
each tessellation shell and orbital exponents for tessellating, asl6.5 and 79.1% and between 55 and 92.1% of accepted bonding
well as augmenting functions, are optimized at the UCCSD level energy, respectively. In the case of 10s Huzinaga and 6-311G**
of theory with respect to the BSSE-corrected bonding energy. basis sets, higher numbers of functions optimized for bonding
Note that in the case of the modified 10s Huzinaga basis setrecover larger amounts of bonding energy irrespective of
BSSE is of no concern, because the energy of the hydrogenwhether they are augmenting or tessellating the basis set.
atom computed with this basis set is 0.499 999 3 hartree, which Interestingly, bonding energies computed with extended (tes-
suggests a maximal BSSE of uHartrees [luhartree= 2.7211 sellated or augmented) 6-311G** basis sets recover larger
x 107% eV = 0.2195 cm! = 2.6255x 1072 kJ/mol= 6.2751 amounts of the bonding energy compared to the 10s Huzinaga
x 1074 kcal/mol]. BSSE-corrected bonding energies and BSSE basis set tessellated or augmented with the same type and
for each optimized basis set are shown in Figure$.3 number of functions.

I1l. Results
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Figure 3. Bonding energy for*H, computed with the tessellated  Figure 5. BSSE-corrected bonding energy and BSSEfbrcomputed

modified 10s Huzinaga basis sets. Radial distance from nucleus andwith tessellated 6-311G** basis sets. Radial distance from nucleus and

the orbital coefficients for tessellating functions are optimized with the orbital coefficients for tessellating functions are optimized with

respect to théH, bonding energy. The letter labels indicate different  respect téH, BSSE-corrected bonding energy. The letter labels indicate

basis sets: A, modified 10s Huzinaga basis set, no tessellation; B, different basis sets: A, 6-311G** basis set, no tessellation; B, T6-

THuzS; C, THuzR; D, THuzS?; E, THuz(SP). 311G*S,; C, T6-311G**Sy; D, T6-311G**R,; E, THuzS?; F, T6-
311G**Py; G, T6-311G**R4.

*H,, Augmented 10s Huzinaga °H,, Augmented 6-311G**
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Figure 4. Bonding energy forH, computed with the augmented  Figyre 6. BSSE-corrected bonding energy and BSSEfarcomputed
modified 10s Huzinaga basis sets. Orbital coefficients for augmenting yith augmented 6-311G** basis sets. Orbital coefficients for augment-

functions are optimized with respect to tftd, bonding energy. The ing functions are optimized with respectté, BSSE-corrected bonding
letter labels indicate different basis sets: A, modified 10s Huzinaga energy. The letter labels indicate different basis sets: A, 6-311G**

basis set, no augmentation; B, AHuzP; C, AHuzPD. basis set, no augmentation; B, A6-311G**P; C, A6-311G**PD.

Ne;. We have extended (tessellated or augmented) s, p andsets have substantially larger BSSE and recover more bonding
d functions from the cc-pV62 and 6-311G** basis sets for  energy per shell than tessellated and augmented spd-cc-pV6Z
Ne,. All parameters are optimized at the MP2 level of theory basis sets.
with respect to the BSSE-corrected bonding energy. The BSSE- Note that the best available calculation for,Ng the MP2
corrected bonding energy and BSSE for each optimized basislevel of theory employing the t-aug-cc-pVQbasis set of
set are shown in Figures—20. Woort recovers only 64% of the accepted bonding energy. To
approach Ngbonding energy more closely, one needs to use
the MP4 level of theory. Indeed, the MP4 calculation with
selected basis sets reveals further lowering of the bonding
. . energy: MP4/Tspd-cc-pV6ZHowers the bonding energy to
basis sets recover 38:81.1% of the accepted bonding energy, _ g g hartrees from-72.05uhartrees at the MP2 level of
whereas tessellqted 6-311G** basis sets recqver—l’!ﬁ%% theory and MP4/T6-311G**Plowers the bonding energy from
of the Ne bonding energy. Augmented basis sets recover _gg 36 to—120.29uhartrees. Augmented basis sets behave in
between 33.6% and 52.6% of theNeecepted bonding energy 3 similar manner with respect to the MP4 calculations. This
for spd-cc-pV6Z and between 51.4 and 72.44% for 6-311G** shows the importance of using levels of theory higher than MP2
basis sets. Again, with one exception, the higher number of to obtain the correct description of the neon dimer interaction.
tessellating or augmenting functions recovers more bonding The BSSE-corrected bonding energy computed with 6-311G**
energy, irrespective of the type of the extending function or basis sets extended by more than 20 primitives at the MP2 level
method employed. Tessellated and augmented 6-311G** basisof theory lies betweer-93 and—101uhartrees (76-76.5% of

As in the case ofH;, both tessellated and augmented basis
sets are able to recover substantial amounts of theableepted
bonding energy {134 uhartrees)’ Tessellated spd-cc-pV6Z
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Figure 7. BSSE-corrected bonding energy and BSSE for ¢denputed

with tessellated spd-cc-pV6Z basis sets. Radial distance from nucleus
and the orbital coefficients for tessellating functions are optimized wit
respect to the NeBSSE-corrected bonding energy. The letter labels
indicate different basis sets: A, spd-cc-pV6Z basis set, no tessellation;
B, Tspd-cc-pV6ZG C, Tspd-cc-pV6ZG; D, Tspd-cc-pV6ZR, E, Tspd-

MNumber of Tessellating Functions

cc-pV6ZS%; F, Tspd-cc-pV6ZR; G, Tspd-cc-pV6ZEF.

Ne,, Augmented spd-cc-pV6Z

Number of Tessellating Functions

Figure 9. BSSE-corrected bonding energy and BSSE for dééenputed

with the tessellated 6-311G** basis sets. Radial distance from nucleus
h and the orbital coefficients for tessellating functions are optimized with
respect to NeBSSE-corrected bonding energy. The letter labels indicate
different basis sets: A, 6-311G** basis set, no tessellation; B, T6-
311G**S,; C, T6-311G**Sy; D, T6-311G**R,; E, THuzS%; F, T6-
311G**Py; G, T6-311G**R? .

Ne,, Augmented 6-311G**
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Figure 8. BSSE-corrected bonding energy and BSSE for ééenputed computed with the augmented 6-311G** basis sets. Orbital coefficients
with the augmented spd-cc-pV6Z basis sets. Orbital coefficients for for augmenting functions are optimized with respect to BESE-
augmenting functions are optimized with respect to the banding corrected bonding energy. The letter labels indicate different basis
energy. The letter labels indicate different basis sets: A, spd-cc-pv6z Sets: A, 6-311G™ basis set, no augmentation; B, A6-311G**P; C,
basis set, no augmentation; B, Aspd-cc-pV6ZP; C, Aspd-cc-pV6zPD. A6-311G**PD.

the accepted bonding energy). This indicates possible overes- There are several experimental estimates of the methane dimer
timation of the bonding energy with extended 6-311G** basis bonding energy based on spherically averaged potentials
sets. We attribute this to the approximate nature of the obtained from the fit of experimental data such as viscosity,
counterpoise model and an undercorrection of the large BSSEVvirial coefficients, and methane-methane scattetfng? The
that arises with these basis sets. bonding energy given by these empirical potentials lies in the
(CH4),. The first family of basis sets constructed for calcula- range of 574797 uhartrees. All bonding energies computed
tion of the bonding energy for (CHb uses the 10s Huzinaga Wwith extended basis sets containing 32 or more augmenting or
basis set on hydrogen and s, p, and d functions from the cc-tessellating functions fall within this range. Extended basis sets
pV6Z basis set on carbon. The second family of basis setswith 12 augmenting or tessellating functions recover between
consists of the 6-311G** basis sets on both carbon and hydrogen56 and 79.9% of the average bonding energy given by empirical
atoms. Basis sets on carbon are extended with augmenting oipotentials.
tessellating functions optimized for BSSE-corrected bonding  Interestingly, basis sets for (GH do not behave in the same
energy of the methane dimer at MP2 level of theory without manner as the basis sets féf; and Ne. First, a higher number
the presence of additional functions on hydrogen. We also of basis functions does not always generate a larger energy
compute the bonding energy for the methane dimer using (although this general pattern is roughly followed in here too).
extended functions on hydrogen which are optimized for the Second, bonding energies and BSSE computed with extended
bonding energy ofH, and their combination with extended 10sHuz/spd-cc-pV6Z basis sets and 6-311G** basis sets are of
functions on carbon. BSSE-corrected bonding energies andcomparable size, with 10sHuz/spd-cc-pV6Z basis sets having
BSSE for each of the basis sets are shown in Figureslal noticeably larger BSSE in certain cases. Third, the contribution



9534 J. Phys. Chem. A, Vol. 110, No. 31, 2006 Jakubikova et al.

(CH,),, Tessellated 10s Huz/spd-cc-pV6Z (CH,),, Tessellated 6-311G**
2000 —r—TrTr 2000 e P FE T
i E I BSSE S i v |
1500 | Bonding Energy - 1500 I E Borsling Energy G
L . | F -
1000 [ cD 15 F o 1000 | -
L E
B 9 C -
B D
ol B H a 50 |, -
E: L g z L 4
= LA £ ill H
g0 g
2 | - ] | “ ]
w w
500 I -1 500 P -
" — L i L N 1 M L A 1
0 50 100 150 200 0 50 100 150 200
Number of Tesselating Functions Number of Tessellating Functions

Figure 11. BSSE-corrected bonding_energy and_BSSE for_ {ecH Figure 13. BSSE-corrected bonding energy and BSSE for {gH
computed with the tessellated modified 10s Huzinaga basis set oncomputed with the tessellated 6-311G** basis set on hydrogen and

hydrogen and the spd-cc-pV6Z basis set on carbon. The radial distance:arpon. The radial distance from the nucleus and the orbital coefficients
from nucleus and the orbital coefficients for tessellating functions on  for tessellating functions on carbon are optimized with respect to the

carbon are optimized with respect to the (HBSSE-corrected bonding  (cH,), BSSE-corrected bonding energy. Parameters of tessellated 10s
energy. Parameters of the tessellated 10s Huzinaga basis set argyzinaga basis set are optimized with respect to the BSSE-corrected

optimized with respect to théH, bonding energy. The letter labels sy, honding energy. The letter labels indicate different basis sets: A,
indicate different basis sets: A, 10s Huzinaga/spd-cc-pV6Z basis set, 5.311G**/6-311G** basis set, no tessellation: B, 6-311G**/T6-

no tessellation; B, Huz/TSpd-CC-pVGZSZ, HUZ/TSpd-CC-pVGZF? D, 311G**S,; C, 6-311G**/T6-311G**R; D, T6-311G**S/6-311G**;
THUZS,/Spd-CC-pVGZ; E, THUZsTSpd-CC-pVGZa F, THUZPV/Spd- E, T6'3116**S/T6-311G**S/ F: T6-3llG**R//6-311G**' G, T6-
CC-pVGZ; G, THUZPV/TSpd-CC-pVGZP 311G**P,/T6-311G**R,. ' '
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Figure 12. BSSE-corrected bonding energy and BSSE for {cH Figure 14. BSSE-corrected bonding energy and BSSE for {GH
computed with the augmented modified 10s Huzinaga basis set oncomputed with the augmented 6-311G** basis set on hydrogen and
hydrogen and the spd-cc-pV6Z basis set on carbon. Orbital coefficients carbon. Orbital coefficients of augmenting functions on carbon are
of augmenting functions on carbon are optimized with respect to the optimized with respect to the (G4 BSSE-corrected bonding energy.
(CH4)2 BSSE-corrected bonding energy. Parameters of augmenting Parameters of augmenting functions on hydrogen are optimized with
functions on hydrogen are optimized with respect to3#gbonding respect to the BSSE-correctéd, bonding energy. Basis sets C and D
energy. Basis sets C and D have the same number of tessellatinghave the same number of tessellating functions (24). The letter labels
functions (24). The letter labels indicate different basis sets: A, 10s indicate different basis sets: A, 6-311G**/6-311G** basis set, no
Huzinaga/spd-cc-pV6Z basis set, no augmentation; B, Huz/Aspd-cc- augmentation; B, 6-311G**/A6-311G**D; C, A6-311G**P/6-311G**;
pV6ZD; C, AHuzP/spd-cc-pV6Z; D, Huz/Aspd-cc-pV6ZDF; E, AHuzP/ D, 6-311G*/A6-311G**DF; E, A6-311G**P/T6-311G**D; F, A6-
Tspd-cc-pV6ZD; F, AHuzPD/spd-cc-pV6Z; G, AHuzPD/Aspd-cc- 311G**PD/6-311G**; G, A6-311G**PD/A6-311G**DF.

pV6ZDF.

S (linear dependence is discussed in greater detail later in
of MP4 to the bonding energy is not as significant as in the this paper). In a few cases the difference is quite signifi-
case of Ne For example, the MP4 calculation with 6-311G** cant: difference in the smallest eigenvalue between the tessel-
on hydrogen and T6-311G*tPbasis set on carbon gives lated and augmented basis set using approximately the same
—696.13uhartrees, whereas the MP2 level of theory with the number of extending functions can be two to three orders of
same basis set recover$636.80 uhartrees for the methane magnitude.
bonding energy. Augmented Basis Set Choices for Neand (CHg4),. Com-

In all calculations forH,, Ney, and (CH), presented here,  paring the performance of tessellated and augmented basis sets
tessellated basis sets are more linearly dependent than augleads us to the conclusion that, at present, augmented basis sets
mented basis sets. The degree of linear dependence is usuallare more suited for calculation of intermolecular interactions.
measured by the smallest eigenvalue of the overlap matrix In this section we will focus on augmentation, in particular,
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Figure 15. BSSE-corrected bonding energy and BSSE for, Ne

Ne,, cc-pVXZ and 6-311G**

Number of Primitives

6-311G**; C, cc-pVTZ; D, cc-pVQZ; E, cc-pV5Z.

Ne,, aug-cc-pVXZ

Ne,, Acc-pVXZDF and A6-311G**DF, MP2
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Figure 17. BSSE-corrected bonding energy and BSSE for, Ne

computed with the cc-pVXZ and 6-311G** basis sets at MP2 level of computed with the Acc-pVXZDF and A6-311G**DF basis sets at MP2
theory. The letter labels indicate different basis sets: A, cc-pVDZ; B, level of theory. Orbital coefficients of augmenting functions are
optimized with respect to the N8BSSE-corrected bonding energy at

MP2 level. The letter labels indicate different basis sets: A, Acc-
pVDZDF; B, A6-311G**DF; C, Acc-pVTZDF; D, Acc-pVQZDF; E,

Figure 16. BSSE-corrected bonding energy and BSSE for, Ne
computed with the aug-cc-pVXZ basis sets at MP2 level of theory.
The letter labels indicate different basis sets: A, aug-cc-pVDZ; B, aug-
cc-pVTZ; C, aug-cc-pVQZ; D, aug-cc-pV5Z.
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Figure 18. BSSE-corrected bonding energy and BSSE for, Ne

) ) ) computed with the Aaug-cc-pVXZDF basis sets at MP2 level of theory.
how to choose a basis set most suitable for augmentation. TheoOrbital coefficients of augmenting functions are optimized with respect

two main criteria this basis set should satisfy are (1) it should to the Ne BSSE-corrected bonding energy at MP2 level. The letter
provide a good description of the core and valence for the atomslabels indicate different basis sets: A, Aaug-cc-pVDZDF; B, Aaug-
present, so it will not be unbalanced after augmentation and ¢¢"PVTZDF; C, Aaug-cc-pVQZDF; D, Aaug-cc-pVSZDF.
(2) it should be as small as possible, so the calculation does ) ) )
not take an excessively long time and the basis set can be applied©nding energies and BSSE computed with cc-pVXZ, aug-ce-
to larger systems (more than 3 or 4 first row atoms). Obviously, PYXZ (X=D, T, Q, 5) and 6-311G** basis sets. Clearly, the
the choice of such a basis set will require some compromises.6-311G** basis set as well as the cc-pVXZ series are not
For example, the aug-cc-pV6Z basis set satisfies the first efficientin describing the interaction of NeThe aug-cc-pVXZ
criterion, but it is too large to be efficient. The STO-3G basis family performs better, although even here larger basis sets are
set is small and fast; however, it does not provide a satisfactory required to describe the interaction with satisfactory accuracy.
description of the core and valence, and augmenting it resultsFigures 17 and 18 show the results of MP2 calculations
in an unbalanced basis set, leading to erroneous bonding energiegerformed with the same basis sets but with each basis set
even after the application of a BSSE-correction scheme. To augmented with a set of d and f functions optimized for the
illustrate this, we have augmented the STO-3G basis set with Ne; bonding energy. All of the augmented basis sets are able
one p function optimized with respect to thé, bonding energy. to describe the Nanteraction, with the smallest basis sets (Acc-
The BSSE-corrected bonding energy obtained with this basis pVDZDF, A6-311G**DF) overestimating the bonding energy.
set at the UCCSD level of theory i566.82 uhartrees, more  Bonding energies and BSSE of these augmented basis sets
than 3 times the size of the accepted bonding energy for this behave smoothly with increasing size of the basis set. In both
interaction,—19.52uhartrees’> BSSE is 3631.6(hartrees. cases, the BSSE decreases with an increase in number of
We have tested a series of Dunning’s correlation consistent functions. Bonding energies calculated with Acc-pVXZDF and
basis sefd—>* as well as the 6-311G** basis set at the MP2 A6-311G**DF basis sets converge to the Nmnding energy
and LMP2 levels of theory for Ne Figures 15 and 16 show from below and vary from-111.64 to—73.82uhartrees. It is

300 350
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Figure 19. BSSE-corrected bonding energy and BSSE for, Ne Figure 21. BSSE-corrected bonding energy and BSSE for {gH
computed with the Acc-pVXZDF and A6-311G**DF basis sets at Computed with a mixture of standard and augmented basis sets at MP2
LMP2 level of theory. Orbital coefficients of augmenting functions level of theory. Orbital coefficients of augmenting functions on carbon
are optimized with respect to the NBSSE-corrected bonding energy ~ are optimized with respect to the (@kIBSSE-corrected bonding energy
at MP2 level. The letter labels indicate different basis sets: A, Acc- at MP2 level, hydrogen basis set is not augmented. The letter labels
pVDZDF; B, A6-311G**DF; C, Acc-pVTZDF; D, Acc-pVQZDF; E, indicate different basis sets: A cc-pVDZ; B — 6-311G**; C — A6-
Acc-pV5ZDF. 311G*DF; D — aug-cc-pVDZ; E- Aaug-cc-pVDZDF; F— cc-pVTZ,

G — aug-cc-pVTZ; and H- Aaug-cc-pVTZDF.
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L 130 o =0 S00 950 Figure 22. BSSE-corrected bonding energy and BSSE for {¢H

Number of Primitives computed with a mixture of standard and augmented basis sets at LMP2
Figure 20. BSSE-corrected bonding energy and BSSE for, Ne level of theory. Orbital coefficients of augmenting functions on carbon
computed with the Aaug-cc-pVXZDF basis sets at LMP2 level of are optimized with respect to the (@rIBSSE-corrected bonding energy
theory. Orbital coefficients of augmenting functions are optimized with at MP2 level, hydrogen basis set is not augmented. The letter labels
respect to the NeBSSE-corrected bonding energy at MP2 level. The indicate different basis sets: A, cc-pvDZ; B, 6-311G**; C, A6-
letter labels indicate different basis sets: A, Aaug-cc-pVDZDF; B, 311G**DF; D, aug-cc-pVDZ; E, Aaug-cc-pVDZDF; F, cc-pVTZ; G,
Aaug-cc-pVTZDF; C, Aaug-cc-pVQZDF; D, Aaug-cc-pV5ZDF. aug-cc-pVTZ; H, Aaug-cc-pVTZDF.

far more common for systematic basis set enhancement tobasis sets are almost saturated, varying betwe&®.77 and
converge to an answer from above. Convergence from below —82.38uhartrees.

is thought to be due to the approximate nature of the counter- We have also computed the methane dimer bonding energy
poise correction. Bonding energies computed with Aaug-cc- with several augmented and standard basis sets. The results are
pVXZDF basis sets (with the exception of Aaug-cc-pVQZ basis shown in Figures 21 and 22. As in the case of,deigmentation

set) converge to the bonding energy from above and vary with a set of d and f functions improves bonding energies and
between—75.67 and-78.77uhartrees. Results obtained at the the use of LMP2 substantially reduces the BSSE; nonetheless,
LMP2 level of theory with the same basis sets are shown in some differences exist for the two dimers. The A6-311G**DF
Figures 19 and 20. In all cases, LMP2 bonding energies lie basis set performs better for the methane dimer than feriNe
within 13 uhartrees of the MP2 bonding energies, most of them does not overestimate the (@R bonding energy, and its
being slightly lower than bonding energies computed at the MP2 absolute as well as relative BSSE is smaller. Calculation of the
level of theory. Bonding energies computed with Acc-pVXZDF (CH,), bonding energy with the Aaug-cc-pVDZDF basis set,
and A6-311G**DF basis sets still converge to the,Mending which is quite efficient for Ng shows a very large BSSE for
energy from below, varying betweer108.74 and—76.47 (CHy)2. LMP2 bonding energies lie within 12thartrees of the
uhartrees. Bonding energies computed with Aaug-cc-pVXZ MP2 bonding energies, all higher than energies computed at



Feature Article J. Phys. Chem. A, Vol. 110, No. 31, 2008637

the MP2 level of theory, which is opposite to the behavior for
Ne; LMP2 bonding energies.

IV. Discussion /J

Overall, our calculations show that both tessellated and
augmented basis sets are able to describe bonding in the weakly . 2
bound systems we testedH,, Ne, and (CH),. The fraction Figure 23. Ne, with indicated positions of tessellating functions in

; : ; .+~ the vertexes of the octahedron.
of recovered bonding energy in these dimers roughly scales with

the number of augmenting or tessellating functions, irrespective

of their type; however, tessellated basis sets have a larger BSSEEC-PV6Z basis set on carbon. We have augmented the carbon
than augmented basis sets, and they are also more linearly@"d hydrogen basis sets with an increasing number of s, p, and
dependent. Additionally, augmented basis sets are much easiefjlfun(:t'or,IS and lcorfnparrt]ed thebtlmlngs for computatlonbof two

to use in conventional electronic structure codes, because oné®l€Ctron integrals for these basis sets. For up to about 15
does not need to set up ghost centers for monomer and dimesAdditional primitives, the angular momentum dependence of the

calculations. Augmented basis sets seem to be more desirabléiming, is insignifjcant. For more than 15 additional functions,

and efficient for use in calculations of intermolecular interac- ther.e' is a clear llmpact of gngular momentum. Up FO about 30

tions additional functions, the time needed for calculation of two
In this section we discuss a number of general issues thatelectron integrals is smallest for basis sets augmented with p

arise from the above studies of the calculation of intermolecular functions, and longest for basis sets augmented with d functions,
. . . - For more than 30 additional functions, timings for basis sets
interactions foH,, Ne,, and (CH).. In so doing, we will focus

: . ) . _augmented with p functions were still the fastest, followed by
on tessellation and augmentation of b_a5|s sets, BSSE, and IIneaE>asis sets augmented with d functions, and finally basis sets
dependence problems associated with basis sets. !

) ] ) o augmented with s functions. For example, for basis sets

Further Considerations on Tessellation. The original  5ygmented with 45 functions, the time for the computation of
proposal of the tessellation approach was motivated by the ideay,q electron integrals for p augmentation functions was half
that integrals over s functions are simpler and faster to evaluateihat of s functions.

than those over the higher angular momentum functiéns. Tessellation could still be viable if a specific (&) code were
Therefore, one would expect that tessellating space around thqmplemented or if p functions were used for tessellation. More

nucleus with a large number of s functions optimized to describe oficient implementation of the s integral code or the use of p
intermolecula_r interact_ions_rather than augmenting the nuc_leusfunctions instead of s functions might not, however, bring the
centered baS.IS set W'th, higher ang.ular momentum functions yegired cost benefit because it seems that a relatively small
should result in substantial computational savings and make the,, ey of tessellating functions is able to recover a substantial
computation of intermolecular interactions more accessible. portion of the bonding energy. Moreover, one would still need

This hypothesis has, however, two flaws. First, placing a to deal with the significant linear dependency problem.
number of s basis functions in close proximity causes a severe  apother issue is the relationship between tessellating and bond
linear dependency problem. Second, although it is true that fynctions. Bond functions are auxiliary functions centered at
individual two-electron integrals over s basis functions are the pond midpoints added to standard basis sets to improve the
simpler and therefore faster to evaluate than a single two- gescription of intermolecular interactions. The exponents of bond
electron integral over functions with higher angular momentum, fnctions are chosen to maximize the correlation contribution
this simplification does not obtain for the modern computation g the bonding energy, but at the same time to keep the change
of integrals involving large number of functions. in the Hartree-Fock interaction energy minimal. A set of

In modern two-electron integral codes, the calculation of {3s3p2d bond functions with fixed exponents was found very
integrals is done in batches. An integral batch consists of all useful to describe bonding in a variety of van der Waals systems.
the integrals for a unique combination of four shells. The number For a recent review of bond functions see ref 31.
of integrals in each batch depends on the number of functions  The basic idea behind the use of tessellating functions is
in each shell. For example, an [ss) batch consists of only  therefore very similar to that of bond functions. Both are off-
one integral, a (dpls) batch has a total of 75 or 108 integrals centered and extend standard basis sets; however, some inherent
because it involvea d shell with 5 (or 6) componentsp shell  differences between the two approaches exist. For example, due
with 3 components and an s shell with 1 component. Calculation to their construction, bond functions cannot be associated with
of integrals in the batches allows for intermediate quantities to g particular molecule or atom in the weakly bound complex, so
be computed and reused for many integrals within the batch they cannot be used to describe bond dissociation potential
avoiding their recalculation. This reduces the number of curves. Tessellating functions, on the other hand, are directly
arithmetic operations needed per uncontracted integral within gssociated with a particular atom. Also, because tessellating
the batch and causes a relative increase in computational costunctions are placed symmetrically around the nucleus, they do
for integrals involving low quantum numbers such a§s§s  not bias the basis sets in certain directions. To test whether each
batches, because the cost of setting up each batch (which isf the tessellating functions makes a contribution to the dimer
quantum number independent) is divided over 81 possible honding energy and not just those that extend in the bond
integrals in a (ppp) batch but carried by only one integral in  direction, we have run test calculation onMNising portions of
an (s¢ss) batch? the Tspd-cc-pV6ZPbasis set. Figure 23 shows the labeling

We have performed some timing tests using the computationalscheme and results are summarized in Table 2. Although the
package Molpro 2000.42 which implements a very efficient  functions in the bond region make a larger contribution to the
scheme for calculation of two electron integrédlé\s our testing neon dimer bonding energy, other functions contribute as well.
system we used the methane molecule with the modified 10s The presence of these nonbond functions also somewhat reduces
Huzinaga basis set on hydrogen and s, p functions from thethe BSSE.
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TABLE 2: BSSE-corrected Bonding Energies and BSSE for to remove BSSE using a specific localization scheme for
Ne? Hartree-Fock molecular orbital&!
tessellating functions used  bonding energly)(  BSSE (h) The most popular scheme for BSSE correction is the a

1-6, 1-6 —72.05 85.84 posteriori counterpoise (CP) correction proposed independently
1,1 —67.96 152.39 by Jansen and Rd¥sand Boys and Benard?. The basic idea
1-5,1-5 —71.84 96.37 is to correct inconsistency in the basis set by using exactly same
5:2: g:g, :gg:gg gé:gg set of functions for computation of monomer, as well as, dimer
6,6 —37.54 16.77 properties; that is, calculation on one monomer is done in the
no tessellation -32.91 8.62 presence of basis functions of the other monomer. The complete

2 Energies and BSSE are computed on MP2 level of theory with the set of basis funct_lons used for the _calculatlon on a dimer is
spd-cc-pV6Z basis set tessellated with p functions situated in different Often called the dimer centered basis set, and the set of basis
positions of the vertexes of the octahedron. Numbers in the first column functions used for the monomer is called the monomer centered
denote tessellating functions present in the basis set; for more detailedbasis set. CP correction scheme is in principle very simple and
description, see Figure 23. applicable at any level of theory using conventional quantum
chemistry codes.

Much discussion is found in the literature concerning the
accuracy of the CP procedure and alternative approaches, such
as the virtual-only counterpoise procedifrand a variety of a

Augmentation. Augmenting standard basis sets with d and
f functions significantly improves computed bonding energies
of van der Waals sytems. LMP2 is effective in reducing BSSE,

and the reduction is most apparent with larger basis sets for fiori approaches mentioned earlier. are suggested. Currentl
which BSSE arises primarily at the correlated level. It is difficult P bp . . ’ 99 ' Y,
}he CP procedure is widely accepted as a useful tool for

to assess which of the standard basis sets is the most suited foellminatin most of the BSSE. some even claim that the CP
such augmentation in terms of the computational cost and quality i gr v elimi t’ BSSE i lecul
of the calculation. Among the basis sets tested, Aaug-cc- correction rigorously eliminates In a supermolecuiar

pVDZDF is the most efficient for Ne For the methane dimer calculation for closed-shell fragmentOur experience with
the A6-311G**DF basis set is the most efficient. Suitability of COMPUting bonding energies of van der Waals dimers at the

a particular basis for one system does not imply the suitability MP2 1evel of theory with augmented and tessellated basis sets
of this basis set for a different van der Waals system. For suggests that_althoughthe CP correction is very_ac_curate, |t_does
example, although the A6-311G**DF basis set performs well not. necessgrlly remove BSSE completgly. This is especially
for the methane dimer, it would not be our first choice fopNe Noticeable in our calculations for Mewith tessellated and
due to the overestimation of the Neonding energy. Therefore, ~augmented 6-311G** basis sets (see Figures 9 and 10). These
augmentation of medium-sized basis sets such as 6-311G** orPasis sets have very large BSSE compared to tessellated or
aug-cc-pVDZ should always proceed with caution, especially @Ugmented spd-cc-pV6Z (Figures 7 and 8) with the same
when confronting a new system, one for which little or no data number of extending functions. They also overestimate bonding
are available. Use of aug-cc-pVTZ or larger basis sets is energies. This overestimation is caused by a portion of the BSSE
desirable for more accurate results. If calculation with a larger that is not corrected by the CP procedure. Counter to this
basis set is prohibitive, medium size basis sets can be quiteinterpretation is the relatively large Tspd-cc-pV§ZmPasis set's
useful in obtaining qualitative insights into the behavior of new MP2 BSSE of 846.37hartrees and a bonding energy-€81.89
systems. uhartrees, whereas the smaller A6-311G**DF basis set has a
Basis Set Superposition Error Basis set superposition error  MP2 BSSE of 513.54hartrees and a bonding energy-e7.07
(BSSE) has been known for a long time to hamper the yhartregs. In this partlculgr case, the basis set with smz?lller BSS_E
computation of intermolecular interactions. BSSE arises from Overestimates the bonding energy whereas the basis set with
incompleteness in the basis set of the monomers; in the dimerthe larger BSSE does not. (Note that the best available
calculation, monomers use each other's basis functions tocalculation on the MP2 level of theory gives34.5uhartrees
improve their energies and thus artificially lower the energy of for the Ne bonding energy?) Interestingly, a large part of the
the dimer. For a review of BSSE see refs 7 and 8 and referencePSSE for the A6-311G**DF basis set, about 3fiBartrees,
therein. arises at the Hartreg~ock (HF) level, whereas BSSE with the
Several schemes can be used to remove the BSSE from!SPd-cc-pV6ZE% basis set arises almost exclusively at the
calculations. A posteriori schemes (such as counterpoise cor-correlated level (BSSE at HF level is hartree). Therefore
rection) remove BSSE after the supermolecular calculation hasWe Speculate that the large BSSE already present at the HF level
been completed, a priori schemes (e.g., Chemical Hamiltonian)'nd'cates an '|mbalanced basis set and a possible (very small)
aim to remove the BSSE from the computational model. For undercorrection of BSSE by the CP procedure.
example, in the Chemical Hamiltonian approach (CHA), BSSE  Another way to partially remove BSSE is to use local
effects are removed by modifying one-electron Hamiltonian in correlation methods such as local MP2 (LMP2)5° Removal
a manner that ensures that the free monomer wave functionsof BSSE is a byproduct of these methods, their primary purpose
remain unchanged in the extended basis set used for supermobeing the reduction of computational cost associated with the
lecular calculatior?”-58 CHA has been successfully used at the treatment of electron correlation. Reduction in computational
SCF, DFT and MP2 level of theory. The drawback of the cost is achieved in two ways: (1) pair correlation between the
method is that the CHA Hamiltonian is non-Hermitian and its distant orbitals is neglected (or, alternatively, this correlation
applicability to different levels of theory is nontrivial. is treated at a lower level); (2) virtual space for a given pair is
Other examples of a priori schemes for removal of BSSE restricted to a subset of atomic orbitals localized in the spatial
are self-consistent field for molecular interaction for two and Vvicinity of the correlated pair. Restriction of the virtual space
multicomponent systen®8; 6! the constrained dimer function also prevents basis functions located on distant centers from
approactf? the strictly monomer molecular orbital SCF ap- contributing with their tails to improve basis set flexibility, and
proachS® and the method of Muguet and Robinson that attempts as a result, the BSSE is reduc@d!Although local correlation
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methods will eliminate incremental BSSE arising at the cor-  Only a few publications in the literature discuss linear
related level, they do not impact HF level BSSE. dependence or near linear dependence and the ways to avoid
The positive effect of the LMP2 method on BSSE is also it.”""* The severity of this problem is usually measured by the
confirmed in this work. Nine different basis sets, aug-cc-pvXz, Size of the smallest eigenvalue of the overlap ma8ixThe
aug-cc-pVXZ (X=D, T, Q, 5), and 6-311G**, are augmented Ssmaller the eigenvalue, the greater the linear dependence. Serious
with a set of p and d functions optimized with respect to the numerical instabilities arise when the eigenvalues are of the
Ne; intermolecular bonding energy at the MP2 level of theory. order 108 or smaller, although sometimes even larger eigen-
Figures 17-20 show Ne bonding energies as well as BSSE Vvalues (of the order 10 and 10°) generate unreliable results
for these basis sets computed at the MP2 and LMP2 theorydepending on the computational method used.
level. The effect of LMP2 on bonding energy is relatively One way to deal with near linear dependence is to simply
smal-LMP2 bonding energies are between 97 and 119% of omit one or more of the most diffuse basis functions from the
MP2 bonding energies, indicating that augmented basis sets aréasis set, or alternatively omit linear combinations of basis
almost saturated with respect to the intermolecular interaction. functions that correspond to small eigenvalues of the overlap
The impact of LMP2 on BSSE is significanBSSE computed matrix. Some quantum chemical program packages (e.g.,
with the LMP2 method is reduced to-58% of the BSSE = Gaussian) do this automatically for the user. This approach
computed at the MP2 level of theory. LMP2 has an especially works very well in most cases but can cause spurious results
favorable effect when used with the augmented aug-cc-pVXZ when applied to the calculation of intermolecular interactions
series, in which BSSE is reduced te-58% of the BSSE  using the supermolecular approach. To compute the bonding
computed with MP2. energy by the supermolecular method, one usually computes
Similar results are obtained for a mixture of standard (cc- the energy of monomers using a monomer centered basis set
pVDZ, 6-311G**, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ) and and the energy of dimer with dimer centered basis set. This
augmented (A6-311G**DF, Aaug-cc-VDZDF, Aaug-cc-pVTZDF) inconsistency in the basis is the cause of BSSE when one uses
basis sets for the methane dimer. Figures 21 and 22 showunsaturated basis sets (see the discussion in the previous section)
methane dimer bonding energy and BSSE computed at the MP2and is usually not considered to be an issue in calculations using
and LMP2 levels of theory with the above basis sets. Two small large, almost saturated basis sets. If the basis sets used in a
standard basis sets (cc-pVDZ, 6-311G**) experience a signifi- computation are nearly linearly dependent, different linear
cant reduction in bonding energy as well as BSSE: LMP2 combinations of basis functions may be deleted from the
bonding energy is 3241% of the MP2 bonding energy and monomer and dimer centered basis sets making the calculation
LMP2 BSSE is 23-30% of the MP2 BSSE. Bonding energies inconsistent and the computed bonding energies no longer
computed with all other basis sets are not significantly affected reliable.
(LMP2 recovers between 85 and 96% of the MP2 bonding  This problem can be somewhat alleviated by using the dimer
energy), whereas BSSE is substantially reduced (BSSE com-centered basis set for calculations on the monomer in the same
puted at the LMP2 level of theory is between 9 and 53% of the \ay one uses the dimer centered basis set to compute counter-
MP2 BSSE). poise corrections. This ensures that the same basis set is used
One could also mitigate BSSE by using large, almost in both monomer and dimer calculations and therefore that the
complete basis sets. Unfortunately, this approach is costly in same linear combinations corresponding to small eigenvalues
terms of the computational time that scales with the number of of the S matrix are deleted by the program. The bonding energy
basis functions N as Nor N€ for correlated methodologies. computed from such a calculation might be smaller than
Moreover, this approach creates linear dependency problemsexpected, because the basis functions removed by the program
which are discussed next. are not completely redundant and do provide contribution to
Linear Dependence Calculations performed with large basis the bonding energy of the system. Alternatively, one could turn
sets, especially those containing diffuse functions or those with off the automatic removal of the basis functions by the program
several closely spaced sets of off-centered functions, often sufferand risk the unreliability of a numerically unstable calculation
from numerical instabilities due to linear dependency (i.e., two resulting from the nearly linearly dependent basis set. Obviously,
or more functions spanning almost the same physical space).it would be best to avoid using linearly dependent basis sets
This problem has been known to arise for calculations on altogether.
periodic systenf§ and calculations using a large set of bond  One is often tempted to believe that using faster computers,
functiong® and is also observed for tessellated basis sets.  parallel processing, larger disk space, and computer memory
Two main problems exist for nearly linearly dependent basis will help push computational limits further, by enabling calcula-
sets, one at the HF level and the other for correlated calculations.tions at higher levels of theory with larger basis sets. In reality,
Solution of the HF equations typically involves construction of this is a rather oversimplified view. Gaussian basis sets that
an orthogonalizing transformation mat@x /2 (Sis an overlap have been used in quantum mechanical computations for the
matrix). For near linear dependence in the basis set, eigenvaluepast fifty years with great success suffer from one serious
of the S matrix will approach zero and construction §f1/2 shortcoming: a large number of Gaussian functions is required
involves dividing by quantities that are nearly zer®.? to describe systems with high levels of accuracy, especially for
becomes almost singular, leading to problems in numerical calculations of nonbonded interactions for which dispersion
precision. Near linear dependence also leads to very largeplays an important role. For example, one of the most accurate
molecular orbital (MO) coefficients for virtual orbitals. Thisis computations of (Nk), at the MP2 level of theory used 1024
problematic for correlated calculations that require transformed basis functiong® Our largest computation on methane dimer
integrals. For example, if a MO coefficient is 1000, the product with the Tspd-cc-pV6ZPbasis set on carbon and THyabasis
of four such coefficients is 28, Because two-electron integrals ~ set on hydrogen uses a total of 466 primitives and the smallest
are at best evaluated to an accuracy of'$0the transformed eigenvalue of thes matrix is 107. The methane dimer basis
integrals will have very large numerical errors and the resulting set could still be extended to give a more accurate description
energies may behave abnormally. of the system, but due to the problems with linear dependence
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as well as the computational cost, we feel that using more than  (8) Van Duijneveldt, F. B. Basis Set Superposition ErroiMalecular
500 primitives is not advisable. In general, due to the fact that 'C”;i';ic;'t?;swﬁgs!”?:rﬁicshést'ze‘:-'Er‘{‘é'l'aez | Tl‘ggr;?"p gi”es in Theoretical
Gaussian basis functlon§ are. not ort.hogonal, '“Cfeas'“g the 9) Keétner, N. R, Combériza, J. E Basié Set Superposition Errors:
number of Gaussian functions in a basis set leads to near linearrheory and Practice. IReviews in Computational Chemistriipkowitz,
dependency, which causes the computation to be numericallyK. B., Boyd, D. B., Eds.; Wiley-VCH: New York, 1999; Vol. 13, p 99.

; ; ; (10) van Lenthe, J. H.; van Duijneveldt-van de Rijdt, J. G. C. M.; van
uns_table. We believe that Iearnln_g how to deal with the problem Dulineveldt, . B.Ady. Chem. Phys1987 69, 521.
oflllnear dependen.ce in the ba§|§ set, whether at the program- - (11) Gutowski, M.; Chalasinski, Gl. Chem. Phys1992 98, 5540.
ming level (by finding more efficient ways to treat numerical (12) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C. M.;
instabilities) or modeling level (by discovering functions with ~van Lenthe, J. HChem. Re. 1994 94, 1873.

: : : - (13) Jansen, H. B.; Ros, Bhem. Phys. Lettl969 3, 140.
better spatial properties to replace Gaussians) is one of the (14) Boys, F.; Benardi, Mol Phys.1970 19, 553,

challenges computational chemistry faces in future years. (15) RappeA. K.; Bernstein, E. RJ. Phys. Chem. 200Q 104, 6117.
(16) Dunning, T. HJ. Phys. Chem. £00Q 104, 9062.
V. Conclusion (17) Woon, D. E.J. Chem. Phys1993 100, 2838.

(18) Novoa, J. J.; Planas, M.; Rovira, M. Chem. Phys. Lettl996
In this work the role of basis sets in ab initio calculations of 251 33. o '
intermolecular interactions is explored. The focus of this study ~ (19) Chalasinski, G.; Szczesniak, @hem. Re. 1994 94, 1723.

is on three systems in which dispersion interactions dominate: Let(t??.)ggasgzsuzkl’ﬂ?éi Uchimaru, T.; Mikami, M.; Tanabe, &hem. Phys.

3Hz, Ne; and (CH).. (21) Woon, D. E.; Dunning, T. H., J. Chem. Phys1994 100, 1975.
Standard basis sets are augmented and tessellated with (gg ggg:g, 2- j?ﬁggftbﬁrﬁc&cﬁgg ggmlrggl%s 53, 1995.

functions optlmlged with respect to the BSSE-correc_ted inter- 224) Sadle}: A JTheor. Chim. AGtL992 81 339,

molecular bonding energy of each system. Relatively few  o5) kello, \.; Sadlej, A. JTheor. Chim. Actal992 83, 351.

tessellating or augmenting functions recover a significant portion  (26) Tsuzuki, S.; Uchimaru, T.; Mikami, M.; Tanabe, X.Phys. Chem.

of the intermolecular bonding energy. To obtain reliable results, A 1998 102 2091. ) )

both tessellated and augmented basis sets require underlyin%h(ezrp l‘j’ﬁ;‘le;ggel"ﬂdggig de Rijdt, J. G. C. M.; Duijneveldt, F..B.

standard basis sets that provide a good description of the core™ >g) Tag, F.-M.J. Chem. Phys1993 98, 2481.

and valence electrons. Tessellated basis sets with a large number (29) Tao, F.-M.; Pan, Y.-KChem. Phys. Lettl992 194, 162.

of s functions do not offer an advantage in terms of the (gg) $ao, E--mﬁ-tcgembzhyslg}?‘l 12%% 3%5617

computational speed in comparison W.Ith the use of higher §32g Nz?;ma.lrk,.(g..F.egh.D?/i;hes?sr,nColl];mbfa Un.iversity, New York,

angular momentum atom-centered functions. Augmented atom-;g57

centered basis sets are less linearly dependent and easier to work (33) Kimball, G. E.; Neumark, G. FJ. Chem. Phys1956 26, 1285.

with than tessellated basis sets, and therefore more desirabIeM (t?14)d FrOfSItE,| A-tA- ThgtFloﬁtingTﬁphgi%al (]}auasi%n |C|)|rb|i5tgl '\|<|/Iet20d- In
H H etnodas o ectronic structure eoQlychaerter, A. ., I, ., Mioaern
for use in the calculations. . . Theoretical Chemistry; Plenum: New York, 1977; Vol. 3, p 29.
Our results further suggest that the counterpoise correction, (35) Archibald, R. M.; Armstrong, D. R.; Perkins, P. &.Chem. Soc.,

applied to the closed shell van der Waals clusters at the MP2 Faraday Trans. 21974 70, 1557.

level of theory is very accurate, removing nearly all BSSE, Su(p3p?) 55%%"79"”’ D.; Christoffersen, R. Ft. J. Quantum. Cheni97§

although_ it is not exact. LMP2 theory is efficient in removing 37) Pakiari, A. H.J. Mol. Struct. (THEOCHEM)L995 331, 155.

that portion of the BSSE that arises at the correlated level. (38) Pakiari, A. H.; Keshavarz, M. Hl. Mol. Struct. (THEOCHEM)
Linear dependence of the basis sets is a real problem for1995 337 155.

accurate ab initio calculation of intermolecular interactions, and gg; wg:ggg j tj gﬂ:m Ewiggg ‘31?1- ggg-

we believe more attention needs to be focuseo_l on S(_)Ivmg this (41) Frisch, M. J.: Trucks, G. W.. Schlegely, H.B.: Scuseria, G. E.: Robb,

fundamental issue. Current approaches to eliminating linear M. A.; Cheeseman, J. R.: Zakrzewski, V. G.; Montgomery, J. A., Jr.;

dependencies from basis sets do so by deleting a linearStratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

it ; ; ; D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
combination of basis functions corresponding to the smallest M- Cammi R. Mennucci, B.. Pomeli. C.. Adamo. C.. Clifford. S.-

eigenvalues of the overlap mat@(_ThiS appro_ach ingdvertently Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
causes supermolecular calculations to be inconsistent becaus®. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

; ; ; ; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
different Combmatlons O.f functions may be. deleted from I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
monomer and dimer basis sets. Therefore, it is recommendedseng . v.: Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
that the same set of functions (i.e., the dimer centered basisw.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
set) be used for calculations on both monomer and dimer, even'\P/l_-t;t 'T)EDlohglgAE-l%égF’Ople, J. Asaussian 98revision x.x; Gaussian, Inc.:

; . . . ittsburgh, , .

if th_e monomer basis s_et is s_aturated. Use of dimer centered (42) Amos, R. D.. Bernhardsson, A Berning, A.: Celani, P.: Cooper,
basis sets in all calculations will ensure the removal of the samep, |; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.; Hampel, C.; Hetzer,
sets of functions for each calculation. G.; Knowles, P. J.; Korona, T.; Lindh, R.; Lloyd, A. W.; McNicholas, S.

; ; inn J-; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.; Palmieri, P.; Pitzer,
Overall, at present, no shortcut exists to reliable computation R Rauhut. G.. Scha, M.: Schumann, U.: Stoll. H.: Stone, A. J.: Tarroni,

of intermolecular interactions. R.; Thorsteinsson, T.; Werner, H.-J. MOLPRO, version 2000.1 and 2002.6,
a package of ab initio programs designed by H.-J. Werner and P. J. Knowles.
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