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Accurate ab initio calculation of the ArZCF4 intermolecular potential energy surface

Ching-Chi Shen* and Rong-Yeu Chang

Department of Chemical Engineering, National Tsing Hua University, P.O. Box 30013, 101, Section 2, Kuang-Fu Road, Hsinchu,
Taiwan, R.O.C.

(Received 18 February 2010; final version received 25 May 2010)

ArZCF4 intermolecular interaction potential is studied by ab initio calculations at the MP2 and CCSD(T) levels of theory
containing the so-called bond functions ({3s3p2d1f} basis set was chosen) both with and without a correction for the basis-
set superposition error. The calculations were performed with Dunning’s correlation consistent basis sets (aug-cc-pVXZ,
X ¼ D, T, Q, 5) to extrapolate the ArZCF4 potential energy minimum and intermolecular distance to their complete basis set
(CBS) limits. It is shown that the addition of bond functions results in a dramatic improvement in the convergence of the
calculated interaction energies at the MP2/aug-cc-pVTZ level. The MP2/{3s3p2d1f}-aug-cc-pVTZ potential energy surface
even approaches the CCSD(T)/aug-cc-pVQZ potential energy surface. The potential energy minima and the intermolecular
distances are both significantly closer to the CBS limit when using the bond functions, and it implies that adding bond
functions in the calculation has a great effect on the interaction energies. We also find that with bond functions included in
the CCSD(T)/aug-cc-pVDZ model chemistry, the potential energy minima are extremely close to the CBS limit and are
better than the CCSD(T)/aug-cc-pVQZ values. Several levels of theory described in the text were used to determine pairwise
analytic potential energy surfaces for Ar þ CF4. The analytic potential energy surfaces are in very good agreement with the
ab initio values.

Keywords: bond functions; dispersion interaction; complete basis set; focal-point method; CCSD(T) and MP2 theories

1. Introduction

Fluorine-containing molecules are of high importance in

numerous fields of chemistry. For example, perfluoroalk-

anes are used as solvents in organic synthesis and oxygen-

carrying blood substitutes [1,2]; the energy-transfer

dynamics associated with rare gas atom collisions with

fluorocarbon self-assembled monolayer (SAM) surfaces

are studied in chemical dynamic simulations [3–5]. The

liquid and thermodynamic properties of these fluorine-

containing molecules are dominated by their intermole-

cular interactions. Therefore, detailed studies on the van

der Waals non-bonding interactions of rare gas atoms and

fluorocarbon are indispensable. To understand the

efficiency of collisional energy transfer of rare gases

from organic surfaces is important for the categories of

interfacial chemistry at the atomic level [4,6–8]. Many

experiments (e.g. molecular beam scattering) have studied

the dynamics of collisions of rare gases with both

alkanethiol H-SAM and F-SAM absorbed on a gold

surface [3,9–15]. For collisions of the impinging rare gas

atoms, a fluorinated terminated SAM absorbs less amount

of energy than a hydrogenated SAM. This indicates that

the characteristic of a F-SAM surface is more rigid than

that of a H-SAM surface. Generally, multiparametric

analytic functions used in chemical dynamics simulations

for potential energy surfaces are fitted to their

intermolecular interaction values from ab initio calcu-

lations [16,17]. There exist various experimental methods

to measure the intermolecular interactions of fluorine-

containing molecules, but it is still difficult to accurately

evaluate the magnitude and orientation dependence of this

interaction solely from experiments.

Along with the progress of the computational facilities,

ab initio molecular orbital calculation is becoming an

effective tool to study intermolecular interactions [18,19].

Ab initio calculations could provide accurate estimates of

the intermolecular interaction energy with high level of

theories for correcting electron correlation effect and

considerable basis functions in the basis sets used [20–

22]. However, it requires plenty of computational

resources and a huge amount of CPU time. Furthermore,

the extremely accurate interaction energies, especially for

the minimum region of the potential energy surface,

sometimes are not sufficient compared to their complete

basis-set (CBS) limit values. Hence, we make use of the

bond functions method proposed by Tao et al. [23–33] to

improve the results. The bond functions have been used to

calculate the van der Waals interaction potentials of

symmetric and asymmetric pairs of rare gas dimers (e.g.

Ar2 [30] and HeZAr [28]), rare gas–molecule complexes
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(e.g. HeZH2O [25] and ArZNH3 [31]) and molecule–

molecule complexes (e.g. HCl dimer [32] and NH3 dimer

[33]). Now, we carry out the study of the intermolecular

interaction potential of ArZCF4 rare gas–molecule

complexes using bond functions. To the best of our

knowledge, no such case has been reported, as yet. One

purpose of this study is to determine the level of theories,

the size of basis sets and with or without bond functions

that are required to calculate accurate ArZCF4 inter-

molecular potentials. An additional goal of this paper is

using the ab initio data to derive the ArZCF4 pairwise

analytic potential energy surfaces that might be applied to

chemical dynamics simulations of collisions of rare gases

with fluorocarbon surfaces [17,34–36].

2. Theoretical calculations

Interaction energies were performed using second-order

Møller–Plesset perturbation theory (MP2) as well as

coupled-cluster singles and doubles method incorporating

a perturbative correction for triples (CCSD(T)). The

geometry of the CF4 monomer was optimised at the

MP2/6-31G* level; in this work, for the ArZCF4
intermolecular potential calculations, the CF4 molecule

has been held fixed in its equilibrium geometry (r(C–

F) ¼ 1.33058 Å). Dunning’s correlation consistent basis sets

(aug-cc-pVXZ, X ¼ D, T, Q, 5) were used [37]. Electron

correlation that excluded the core electrons was treated by

the MP2 and CCSD(T) levels of theory. The basis-set

superposition error (BSSE) was corrected for in

all calculations using the standard counterpoise method

[38]. The exponents of the {3s3p2d1f} bond functions are

0.9, 0.3 and 0.1 for 3s and 3p; 0.6 and 0.2 for 2d; and 0.3 for

1f. The {3s3p2d1f} bond functions are denoted as ‘bf’

hereafter.

The ArZCF4 intermolecular potential energy surfaces

and their minima were calculated by scanning the

coordinate of ArZC atoms; the separation between the

points is 0.1 Å, except that at the potential well-depth

region, it is 0.05 Å. Two orientations of ArZCF4 were

investigated for the intermolecular potential energy

curves: both orientations are C3v symmetric with the Ar

atom collinear with a CZF bond. For one curve, identified

as face Ar þ F3CZF, Ar approaches a CF3 face of CF4

tetrahedra; for the other curve, referred to as vertex

Ar þ FZCF3, Ar is along an F atom of the tetrahedra. The

potential energy minima are denoted by 1, and the ArZC

separations at the potential energy minima (1) are denoted

by R0. The MP2/aug-cc-pVXZ (where X ¼ D, T, Q, 5) and

CCSD(T)/aug-cc-pVXZ (where X ¼ D, T, Q) levels of

theory were used to determine the R0 and 1 values for the

two ArZCF4 curves. The {3s3p2d1f} bond functions were

placed at the midpoint between the Ar and C atoms for

Ar þ F3CZF, and between the Ar and F atoms for

Ar þ FZCF3. The GAUSSIAN 03 [39] program was used

for all ab initio molecular orbital calculations both with

and without a correction for the BSSE and bond functions.

Both the MP2 and CCSD(T) total energies were

extrapolated to the CBS limit. Two extrapolation methods

were widely applied. One of the formulae used is that

proposed by Halkier et al. [40] and is denoted as CBS(T,Q)

or CBS(Q,5):

E1
XY ¼

X 3Ecorr
X 2 Y 3Ecorr

Y

X 3 2 Y 3
; ð1Þ

assuming that we have carried out two calculations

with cardinal numbers X and Y and obtained the

energies Ecorr
X and Ecorr

Y , respectively, where X represents

the aug-cc-pVXZ basis set (X ¼ 2, 3, 4, 5), and the

relationship between the two cardinal numbers X and Y is

X ¼ Y þ 1.

The other method is developed from Peterson et al.

[41] in the form of a mixed exponential/Gaussian function:

EðnÞ ¼ ECBS þ A exp½2ðn2 1Þ�B exp½2ðn2 1Þ2�, where

n represents the aug-cc-pVnZ basis set (n ¼ 2, 3, 4, 5).

From our calculations, the CBS limits estimated by the two

extrapolation methods are nearly equal; with BSSE

correction, the CBS limits derived from the former

method have smaller potential energy minimum and

intermolecular distance than those from the latter method.

For our calculations in this article, Equation (1) was

chosen as the CBS limit extrapolation function.

3. Results

3.1 Comparison of MP2 and CCSD(T) interaction
energies

Table 1 lists the intermolecular interaction energies

calculated by the MP2 and CCSD(T) methods with the

same aug-cc-pVTZ basis set (CCSD(T)-bf with the aug-

cc-pVDZ basis set) for the face Ar þ F3CZF configur-

ation. Our calculations are not in complete agreement

with those of Vayner [35], probably due to the small

difference in the CF4 geometry. Nevertheless, the MP2

results are in good agreement with the CCSD(T) results

for each ArZC distance on the Ar þ F3CZF potential

energy surface, and the average relative error with and

without BSSE correction between the MP2 and CCSD(T)

values are merely about 1.6 and 1.5%, respectively. The

intermolecular interaction energies for the vertex Ar þ

FZCF3 configuration were also calculated at the MP2 and

CCSD(T) levels with the aug-cc-pVTZ basis set

(CCSD(T)-bf with the aug-cc-pVDZ basis set); the

results are listed in Table 2. Similar results were obtained

for the vertex Ar þ FZCF3 configuration intermolecular

interaction energies. The MP2/aug-cc-pVTZ and

CCSD(T)/ aug-cc-pVTZ potential energy curves with

BSSE correction for the two Ar þ CF4 configurations are

C.-C. Shen and R.-Y. Chang1112
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Table 2. MP2 and CCSD(T) theories for the vertex Ar þ FZCF3 potential energy surface with and without BSSE correction, and with
and without bond functionsa.

MP2 CCSD(T)
MP2-bfb CCSD(T)-bfb,c MP2-CBS(T,Q)d

ArZC No corr. With corr. No corr. With corr. With corr. With corr. With corr.

3.00 126.520 128.662 128.138 130.368 127.567 132.421 124.583
3.30 39.770 40.980 40.355 41.610 40.286 41.927 39.176
3.60 11.134 11.868 11.312 12.074 11.488 12.004 11.081
3.90 2.449 2.911 2.485 2.963 2.719 2.844 2.574
4.10 0.557 0.898 0.561 0.912 0.775 0.801 0.705
4.30 20.159 0.095 20.166 0.094 0.015 0.001 20.018
4.50 20.375 20.184 20.385 20.190 20.238 20.263 20.253
4.55 20.392 20.214 20.402 20.219 20.262 20.288 20.274
4.60 20.400 20.233 20.409 20.238 20.277 20.303 20.287
4.65 20.401 20.244 20.410 20.250 20.285 20.310 20.292
4.70 20.396 20.250 20.406 20.255 20.286 20.311 20.293
4.75 20.388 20.250 20.397 20.256 20.284 20.308 20.289
4.80 20.378 20.248 20.386 20.253 20.278 20.302 20.283
4.90 20.351 20.235 20.359 20.240 20.261 20.282 20.264
5.00 20.322 20.218 20.329 20.221 20.239 20.258 20.241
5.20 20.264 20.178 20.269 20.180 20.193 20.207 20.194
5.40 20.214 20.141 20.218 20.143 20.152 20.160 20.152
5.60 20.173 20.111 20.176 20.112 20.118 20.123 20.118
5.80 20.139 20.087 20.142 20.088 20.092 20.094 20.092
6.00 20.112 20.069 20.114 20.069 20.072 20.073 20.072

a The aug-cc-pVTZ basis set was used for all the calculations except those with the CCSD(T)-bf method. Energies are in kcal/mol, and ArZC distances are
in Å. bWith {3s3p2d1f} bond functions at the midpoint between the Ar and F atoms, collinear with ArZC. c The aug-cc-pVDZ basis set was used. d CBS is
the complete basis-set limit.

Table 1. MP2 and CCSD(T) theories for the face Ar þ F3CZF potential energy surface with and without BSSE correction, and with and
without bond functionsa.

MP2 CCSD(T)
MP2-bfb CCSD(T)-bfb,c MP2-CBS(T,Q)d

ArZC No corr. With corr. No corr. With corr. With corr. With corr. With corr.

2.00 145.577 148.645 147.492 150.689 147.021 154.271 142.860
2.30 54.069 56.072 54.819 56.910 55.125 58.122 53.264
2.60 17.663 18.945 17.914 19.247 18.420 19.544 17.652
2.90 4.630 5.425 4.688 5.511 5.128 5.470 4.815
3.10 1.347 1.925 1.355 1.953 1.715 1.833 1.540
3.30 20.064 0.368 20.076 0.370 0.215 0.230 0.115
3.50 20.585 20.252 20.602 20.259 20.365 20.390 20.424
3.60 20.676 20.381 20.692 20.390 20.479 20.511 20.524
3.65 20.696 20.419 20.712 20.427 20.509 20.542 20.548
3.70 20.703 20.443 20.719 20.452 20.527 20.560 20.561
3.75 20.701 20.457 20.716 20.465 20.534 20.567 20.564
3.80 20.691 20.462 20.706 20.470 20.533 20.565 20.559
3.85 20.676 20.460 20.689 20.468 20.526 20.556 20.549
3.90 20.656 20.454 20.669 20.461 20.514 20.543 20.534
4.00 20.609 20.431 20.620 20.436 20.482 20.505 20.491
4.20 20.504 20.364 20.512 20.368 20.400 20.415 20.407
4.40 20.406 20.295 20.410 20.297 20.319 20.327 20.322
4.60 20.322 20.234 20.325 20.235 20.250 20.253 20.251
4.80 20.255 20.184 20.256 20.184 20.195 20.195 20.195
5.00 20.202 20.144 20.202 20.144 20.152 20.150 20.151

a The aug-cc-pVTZ basis set was used for all the calculations except those with the CCSD(T)-bf method. Energies are in kcal/mol, and ArZC distances are
in Å. bWith {3s3p2d1f} bond functions at the midpoint between Ar and C atoms. c The aug-cc-pVDZ basis set was used. d CBS is the complete basis-set
limit.
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shown in Figure 1. As shown in the figure, the MP2

potential energy curves nearly coincide with the

CCSD(T) curves, and the latter have smaller energies in

the minimum region. The MP2/aug-cc-pVTZ potential

energy minima 1 and R0 values with and without BSSE

correction are very close to the CCSD(T)/aug-cc-pVTZ

values for both configurations. The MP2 potential energy

minima 1 values are at most 0.016 kcal/mol higher and

the R0 values are within 0.003 Å larger than the

corresponding CCSD(T) values. Thus, calculations with

MP2 theory not only afford accurate intermolecular

potentials for the two Ar þ CF4 configurations but also

require considerably less computational resources than

the CCSD(T) theory [42].

Tables 1 and 2 also list the MP2/aug-cc-pVTZ and

CCSD(T)/aug-cc-pVDZ potential energies with BSSE

correction and bond functions for the Ar þ F3CZF and

Ar þ FZCF3 configurations, respectively; both potential

energy curves are also shown in Figure 1. As shown in

Figure 1(b) and (d), the potential energy curves in the

minima region with the bond functions are appreciably

deeper than those without the bond functions, that is to say,

the interaction energies in the minima region with BSSE

correction calculated at the MP2/bf-aug-cc-pVTZ level are

lower than those calculated without bond functions added

to the MP2 and CCSD(T) theories with the same basis set.

The MP2/bf-aug-cc-pVTZ potential energy minima for the

face and vertex orientations are improved by 15.6 and

13.9%, respectively, compared to the MP2/aug-cc-pVTZ

values calculated without bond functions. The lowest

interaction energies were obtained at the CCSD(T)/bf-aug-

cc-pVDZ level; the potential energy minima of the two

orientations were enhanced by about 70% over those at the

CCSD(T)/aug-cc-pVDZ level and by 20% over those at

the CCSD(T)/aug-cc-pVTZ level without bond functions

added. Such considerable differences would indeed

influence the derived Ar þ CF4 potential functions applied

to simulate collisions of the Ar atom with the CF4
molecule. The applicability of adding the bond function

basis set to the MP2 and CCSD(T) theories in the systems

is discussed later.
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Figure 1. (a) Face Ar þ F3CZF potential energy curves for a full energy range. (b) Face Ar þ F3CZF potential energy curves for the
well region. (c) Vertex Ar þ FZCF3 potential energy curves for a full energy range. (d) Vertex Ar þ FZCF3 potential energy curves for
the well region. Calculated intermolecular potential energy (in kcal/mol) as a function of the ArZC distance (in Å). All calculations
include BSSE correction. Filled squares, MP2/aug-cc-pVTZ potentials; filled triangles, CCSD(T)/aug-cc-pVTZ potentials; open squares,
MP2/bf-aug-cc-pVTZ potentials; open triangles, CCSD(T)/bf-aug-cc-pVDZ potentials; open circles, MP2/CBS potentials.
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3.2 Ar 1 F3CZF and Ar 1 FZCF3 potential energy
minima

Accurate energy and geometry of MP2 and CCSD(T) van

der Waals minima with and without BSSE correction, and

with and without bond functions for the two Ar þ CF4
configurations are listed in Table 3. The values listed in the

table were calculated at each R0 value determined from the

potential energy curve for each individual model

chemistry; MP2 theory up to aug-cc-pV5Z and CCSD(T)

theory up to aug-cc-pVQZ. Calculations with BSSE

correction lead to larger 1 and R0 values than those without

BSSE correction. Energies of aug-cc-pVTZ, aug-cc-pVQZ

and aug-cc-pV5Z were fitted with Equation (1) to estimate

the CBS limits – CBS(T,Q) and CBS(Q,5) – for the

Ar þ F3CZF and Ar þ FZCF3 potential energy minima,

respectively. The CBS limits for the potential energy

minima at the MP2 and CCSD(T) levels of theory are all

very close both with and without BSSE corrections and

with and without bond functions. Therefore, the

calculations performed with bond functions and the

extrapolation to the CBS limit are reliable. As expected,

the potential energy minima approach the CBS values as

the number of basis functions increases. With BSSE

correction at the MP2 theory, the potential energy minima

differences compared to the CBS(T,Q) limit of CCSD(T)

theory with BSSE correction and without bond functions

(hereafter denoted as CC-CBS) for the basis sets aug-cc-

pVDZ, aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z are

42.0, 20.8, 11.0 and 7.5%, respectively, for face Ar þ F3-

CZF; 37.7, 16.9, 9.3 and 5.3%, respectively, for vertex

Ar þ FZCF3. The trend for the corresponding calculations

at the CCSD(T) theory is similar to the MP2 method, and

the potential energy minima differences compared to CC-

CBS for the basis sets aug-cc-pVDZ, aug-cc-pVTZ and

aug-cc-pVQZ are 43.2, 19.4 and 8.2%, respectively, for

face Ar þ F3CZF; 38.4, 15.2 and 6.3%, respectively, for

vertex Ar þ FZCF3. With bond functions included in the

MP2 calculations, the potential energy minima for the

basis sets aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ and

aug-cc-pV5Z would approach 89.5, 91.6, 93.7 and 95.0%,

respectively, of the CC-CBS value for face Ar þ F3CZF;

94.4, 94.7, 96.4 and 97.4%, respectively, for vertex

Ar þ FZCF3. Calculations with bond functions at the

CCSD(T) theory have achieved excellent performance in

the potential energy minima values, and for the basis sets

aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ are 97.3,

96.6 and 97.3%, respectively, of the CC-CBS value for

face Ar þ F3CZF; 103.0, 100.0 and 100.3%, respectively,

for vertex Ar þ FZCF3.

Table 3. Energy and geometry of MP2 and CCSD(T) van der Waals minima with and without BSSE correction, and with and without
bond functionsa.

Theory BSSE cc-pVDZ cc-pVTZ cc-pVQZ cc-pV5Z CBS(T,Q) CBS(Q,5)

Ar þ F3CZF potential curve
MP2 No corr. R0 3.700 3.712 3.720 3.727 3.726 3.734

1 20.716 20.703 20.644 20.619 20.601 20.592
Corr. R0 3.949 3.813 3.771 3.757 3.740 3.742

1 20.338 20.462 20.519 20.539 20.561 20.560
CCSD(T) No corr. R0 3.689 3.709 3.717 3.723

1 20.761 20.719 20.650 20.599
Corr. R0 3.959 3.810 3.762 3.727

1 20.331 20.470 20.535 20.583
MP2-bf Corr. R0 3.781 3.769 3.755 3.748 3.745 3.741

1 20.522 20.534 20.546 20.554 20.554 20.562
CCSD(T)-bf Corr. R0 3.762 3.757 3.746 3.738

1 20.567 20.563 20.567 20.571

Ar þ FZCF3 potential curve
MP2 No corr. R0 4.687 4.632 4.652 4.657 4.667 4.662

1 20.423 20.401 20.354 20.335 20.320 20.316
Corr. R0 4.848 4.734 4.703 4.687 4.680 4.670

1 20.188 20.251 20.274 20.286 20.292 20.298
CCSD(T) No corr. R0 4.685 4.630 4.651 4.666

1 20.446 20.411 20.355 20.314
Corr. R0 4.860 4.732 4.697 4.671

1 20.186 20.256 20.283 20.302
MP2-bf Corr. R0 4.705 4.695 4.684 4.678 4.676 4.672

1 20.285 20.286 20.291 20.294 20.295 20.297
CCSD(T)-bf Corr. R0 4.688 4.684 4.677 4.672

1 20.311 20.302 20.303 20.303

aWell depths (1) are in kcal/mol, and ArZC distances (R0) are in Å. The calculations were performed at each R0 value determined from individual model
chemistry potential energy curves. cc-pVXZ (X ¼ D, T, Q, 5) refers to Dunning’s aug-cc-pVXZ (X ¼ D, T, Q, 5) basis sets. CBS is the complete basis-set
limit.
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The intermolecular interaction energies calculated by

the MP2/CBS(T,Q) [36] method for the two Ar þ F3CZF

and Ar þ FZCF3 configurations are listed in Tables 1 and

2, and their potential energy surfaces are shown in Figure 1.

The MP2/bf-aug-cc-pVTZ and CCSD(T)/bf-aug-cc-pVDZ

potential energy curves are close to the MP2/CBS(T,Q)

potential energy curves. It emphasises the importance of

the electron correlation treated by the MP2 and CCSD(T)

levels of theory and implies that adding bond functions in

the calculations could easily approach the CBS limit even

with small basis sets, especially for those at the well-depth

region that are of high concern. The basis-set dependences

of the two Ar þ CF4 potential energy minima are shown in

Figure 2. The CCSD(T)/aug-cc-pV5Z values with and

without BSSE correction, and with and without bond

functions were estimated from Equation (1). The

differences in potential energy minima between the

CCSD(T) and MP2 levels with BSSE correction increase

as the quality of basis sets is enhanced, implying that MP2

results with larger basis sets might not be suitable

approximations of CCSD(T) results for intermolecular

interaction energies. For the two Ar þ CF4 potential

energy curves with BSSE correction, CCSD(T) has lower

potential energy minima than MP2 for all basis sets used

Figure 2. (a) Basis-set dependence of the face Ar þ F3CZF van der Waals minima (1). (b) Basis-set dependence of the vertex
Ar þ FZCF3 van der Waals minima (1). Energies are in kcal/mol. Filled squares, results of MP2 theory without BSSE correction; open
squares, MP2 theory with BSSE correction; filled triangles, CCSD(T) theory without BSSE correction; open triangles, CCSD(T) theory
with BSSE correction; open circles, MP2 theory with bond functions and BSSE correction; filled circles, CCSD(T) theory with bond
functions and BSSE correction. The CCSD(T)/aug-cc-pV5Z and CCSD(T)/bf-aug-cc-pV5Z values were estimated from Equation (1).
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Figure 3. (a) Basis-set dependence of the face Ar þ F3CZF van der Waals minima ArZC distance (R0). (b) Basis-set dependence of the
vertex Ar þ FZCF3 van der Waals minima ArZC distance (R0). Distances are in Å. Filled squares, results of MP2 theory without BSSE
correction; open squares, MP2 theory with BSSE correction; filled triangles, CCSD(T) theory without BSSE correction; open triangles,
CCSD(T) theory with BSSE correction; open circles, MP2 theory with bond functions and BSSE correction; filled circles, CCSD(T)
theory with bond functions and BSSE correction. The CCSD(T)/aug-cc-pV5Z and CCSD(T)/bf-aug-cc-pV5Z values were estimated from
Equation (1).
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except aug-cc-pVDZ. As shown in Figure 2, the potential

energy minima slowly converge to their CBS limits for the

Ar þ F3CZF and Ar þ FZCF3 configurations with and

without BSEE correction. However, it is clear that adding

bond functions to the MP2 calculation with BSSE

correction causes the potential energy minima to converge

dramatically fast to the CBS limit even with the smallest

aug-cc-pVDZ basis set; the largest differences from CC-

CBS for the Ar þ F3CZF and Ar þ FZCF3 orientations

are only 0.061 and 0.017 kcal/mol, respectively. Similar

calculations to the CCSD(T) theory show that the largest

differences from CC-CBS for the Ar þ F3CZF and

Ar þ FZCF3 configurations are merely 0.02 and

0.009 kcal/mol, respectively. Note that the potential

energy minima calculated by the CCSD(T)/bf-aug-cc-

pVDZ level for the two Ar þ CF4 configurations are

slightly too small; probably the number of basis functions

of the aug-cc-pVDZ basis set is not adequate for the

CCSD(T) calculations with bond functions.

As shown in Table 3, the R0 values from aug-cc-pVTZ,

aug-cc-pVQZ and aug-cc-pV5Z were also fitted to

determine their R0 CBS limit values; the basis set

dependence of the R0 values for the two configurations are

shown in Figure 3. Similarly, R0 values for CCSD(T)/aug-

cc-pV5Z with and without BSSE correction, and with and

without bond functions were estimated from Equation (1).

As before, all the R0 CBS limits for both theories are very

close to both with and without BSSE corrections and with

and without bond functions. As shown in Figure 3, R0

slowly converges to the CBS limit for both configurations

with and without BSEE correction. Again, adding bond

functions to the MP2 and CCSD(T) calculations with

BSSE correction causes R0 to converge considerably fast

to the CBS limits. Therefore, adding bond functions in the

calculations not only extremely improve the potential

energy minima 1 but also simultaneously promote the R0

values. The R0 values for the vertex Ar þ FZCF3

configuration at the MP2/aug-cc-pVDZ and

CCSD(T)/aug-cc-pVDZ levels without BSSE correction

were much higher than expected; this might result from the

aug-cc-pVDZ basis set being insufficient. To sum up, for

the face Ar þ F3CZF and vertex Ar þ FZCF3 orien-

tations, potential energy minima 1 and R0 are better with

the bond functions than without, and are closer to their

CBS limits.

The influences of bond function positions between the

Ar atom and the CF4 molecule were also studied and the

results are shown in Figure 4. All calculations were

performed using BSSE correction at each R0 value

determined from individual model chemistry potential

energy curves and the bond functions are collinear with

ArZC. It shows the calculated intermolecular potential

energy as a function of the distance between bond

functions and the ArZC midpoint. The arrows in the figure

indicate the positions which are the lowest points of

individual model chemistry potential energy curves. From

our calculations at both MP2 and CCSD(T) levels of

theory, the optimised bond function positions for the basis

sets aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ are

about 0.4, 0.5 and 0.3 Å, respectively, away from the

ArZC midpoint tilted towards the Ar atom for the face

Ar þ F3CZF configuration; 0.4, 0 and 0.3 Å, respectively,

Figure 4. (a) Basis-set dependence of the face Ar þ F3CZF intermolecular potential energy vs. bond functions location. (b) Basis-set
dependence of the vertex Ar þ FZCF3 intermolecular potential energy vs. bond function location. Calculated intermolecular potential
energy (in kcal/mol) as a function of the distance (in Å) between bond functions and the ArZC midpoint. All calculations include BSSE
correction. Open squares, MP2/bf-aug-cc-pVDZ potentials; open circles, MP2/bf-aug-cc-pVTZ potentials; open triangles, MP2/bf-aug-
cc-pVQZ potentials; filled squares, CCSD(T)/bf-aug-cc-pVDZ potentials; filled circles, CCSD(T)/bf-aug-cc-pVTZ potentials; filled
triangles, CCSD(T)/bf-aug-cc-pVQZ potentials. The arrows indicate the positions which are the lowest points of individual model
chemistry potential energy curves.
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for the vertex Ar þ FZCF3 configuration. As we expected,

optimising the positions of bond functions enables

ArZCF4 intermolecular interaction potential energy to

decrease, especially at the aug-cc-pVDZ level. But the

effect is not apparent at the aug-cc-pVTZ and aug-cc-

pVQZ levels. Therefore, the dependence of bond function

locations on the ArZCF4 intermolecular potential energy

is significant at the aug-cc-pVDZ level and the bond

functions should carefully be placed near the optimal

positions for accurate potential energy minima 1 values.

As shown in Figure 4, the optimisation of bond function

positions would cause MP2/bf-aug-cc-pVDZ intermole-

cular potential energy to be close to the MP2/bf-aug-cc-

pVTZ intermolecular potential energy. There are cusps in

Figure 4(b); this phenomenon may be the interference of

basis functions since bond functions are within collinear

CZF atoms. It is plausible to say that the optimal position

of bond functions might be the strongest interaction site in

van der Waals complexes. In other words, a van der Waals

system with bond functions placed at the optimal position

would possess the lowest intermolecular interaction

energy.

3.3 Two simple approximation methods for the
intermolecular interaction energy at the CCSD(T) level

Optimisation of the potential energy minima R0 at the

CSSD(T) level with basis sets of quality higher than that of

aug-cc-pVTZ and subsequently extrapolating them to their

CBS limits is very time-consuming. Consequently, several

approximation methods have been developed to achieve

similar results but with reduced computational resources

and time. We compared two general approximation

methods that are widely used; the first is discussed

below [35]. The potential energy minima 1 and R0 for two

Ar þ CF4 orientations were determined at the MP2/aug-

cc-pVTZ, CCSD(T)/aug-cc-pVTZ, MP2/bf-aug-cc-pVTZ

and CCSD(T)/bf-aug-cc-pVTZ levels. In order to evaluate

the well depth at the CBS limit for both orientations,

additional calculations at the MP2 and CCSD(T) levels

were performed with the aug-cc-pVDZ and aug-cc-pVQZ

basis sets. For simplicity, the R0 values used in the two

aug-cc-pVDZ and aug-cc-pVQZ basis-set calculations

were the same as those of aug-cc-pVTZ. As shown in

Table 4, the calculations for the aug-cc-pVDZ and aug-cc-

pVQZ basis sets were performed at individual R0 values

determined from these four above-mentioned model

chemistries and thereafter extrapolated them to their

CBS limits. All of the calculated potential energy minima

and fitted CBS limit values in Table 4 are similar to the

corresponding values in Table 3, the largest differences not

exceeding 0.03 kcal/mol for those calculated with the aug-

cc-pVQZ basis set and estimated CBS limit values. The

CBS values fitted by MP2/bf-aug-cc-pVXZ and

CCSD(T)/bf-aug-cc-pVXZ (where X ¼ D, T, Q, respect-

ively) are similar to CC-CBS values, showing that adding

the bond functions to the MP2 and CCSD(T) calculations

is reasonable for this approximation method. Again, for all

three basis sets, the potential energy minima determined

with the bond functions are closer to the CBS limits than

those determined without the bond functions. At both

configurations with BSSE correction, the potential energy

minima at the MP2/bf-aug-cc-pVTZ and CCSD(T)/bf-

aug-cc-pVDZ levels can approach those at the

CCSD(T)/aug-cc-pVQZ level and CBS limit, respectively.

The other approximation is based on the focal-point

method [36,40,43–45]. This method developed from

Allen and co-workers [43–45] has been used to estimate

Table 4. Energy and geometry of MP2 and CCSD(T) van der Waals minima using the approximate method with and without BSSE
correction, and with and without bond functionsa.

Theory BSSE R0 cc-pVDZ cc-pVTZ cc-pVQZ CBS(T,Q)

Ar þ F3CZF potential curve
MP2 No corr. 3.712 20.716 20.703 20.644 20.601

Corr. 3.813 20.318 20.462 20.517 20.557
CCSD(T) No corr. 3.709 20.761 20.719 20.650 20.599

Corr. 3.810 20.307 20.470 20.532 20.577
MP2-bf Corr. 3.769 20.522 20.534 20.546 20.554
CCSD(T)-bf Corr. 3.757 20.567 20.563 20.567 20.570

Ar þ FZCF3 potential curve
MP2 No corr. 4.632 20.420 20.401 20.354 20.319

Corr. 4.734 20.179 20.251 20.274 20.291
CCSD(T) No corr. 4.630 20.442 20.411 20.354 20.313

Corr. 4.732 20.175 20.256 20.282 20.301
MP2-bf Corr. 4.695 20.285 20.286 20.291 20.295
CCSD(T)-bf Corr. 4.684 20.311 20.302 20.303 20.303

a Energies are given in kcal/mol, and ArZC distance (R0) values are given in Å. The calculations were performed at individual R0 values determined from
the MP2/aug-cc-pVTZ, CCSD(T)/aug-cc-pVTZ, MP2/bf-aug-cc-PVTZ and CCSD(T)/bf-aug-cc-PVDZ potential energy curves. R0 values are from Table
3. cc-pVXZ (X ¼ D, T, Q) refers to Dunning’s aug-cc-pVXZ (X ¼ D, T, Q) basis sets. CBS represents the complete basis-set limit.
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CCSD(T) energies with the basis sets higher than aug-cc-

pVDZ. The concept of the focal-point method is that the

energy differences between the MP2 and CCSD(T) levels

are independent of the basis sets. We prefix ‘fp-’ to the

focal-point CCSD(T) energies as fp-CCSD(T) hereafter.

The differences between the MP2 and CCSD(T) energies

are calculated with a smaller basis set (e.g. aug-cc-pVDZ)

for the potential energy surfaces, and those differences

were used to estimate the CCSD(T) energies with larger

basis sets (e.g. aug-cc-pVTZ and aug-cc-pVQZ) according

to the MP2 calculations. That is to say, the interaction

energy of fp-CCSD(T)/aug-cc-pVTZ ¼ CCSD(T)/aug-cc-

pVDZ þ MP2/aug-cc-pVTZ 2 MP2/aug-cc-pVDZ, fp-

CCSD(T)/aug-cc-pVQZ ¼ fp-CCSD(T)/aug-cc-pVTZ þ

MP2/aug-cc-pVQZ 2 MP2/aug-cc-pVTZ and so forth.

The results from the focal-point method are listed in

Table 5. As shown in the table, all the results are close to

the corresponding results listed in Table 3; the largest

differences of 1 and R0 values are below 0.05 kcal/mol and

0.03 Å, respectively. Thus, the CBS limit values derived

from the focal-point method are in agreement with the

optimised data. Hence, the focal-point approximation

method is a convenient way to determine the Ar þ CF4

potential energy curves without the loss of accuracy.

3.4 Analytic intermolecular potential energy surfaces

It is crucial to obtain accurate analytic intermolecular

potential energy surfaces determined from ab initio

molecular orbital theory in molecular dynamics simu-

lations such as rare gas–organic surface collisions [17]. In

this work, electronic structure data at the CCSD(T)/aug-

cc-pVTZ, MP2/CBS and CCSD(T)/bf-aug-cc-pVDZ

levels, respectively, were used to derive the ArZCF4

pairwise analytic potential energy curves [35,36]. The

analytic potential energy surfaces are written as a sum of

two-body interactions, where these two-body potentials

are expressed as a Buckingham potential of the form

Vij ¼ A expð2BrijÞ þ C=r6
ij: ð2Þ

The potential energy surfaces of the two Ar þ CF4

configurations were fitted simultaneously with a nonlinear

least-squares procedure. The fitted parameters are listed in

Table 6, and the comparison of 1 and R0 values of ab initio

and analytic potential is shown in Table 7. As shown in

Figure 5, the two-body Buckingham potentials given by

Equation (2) are in good agreement with the ab initio data

in all levels of theory (MP2/CBS level-fitted potential

Table 5. Energy and geometry of CCSD(T) van der Waals minima using the focal-point method with and without BSSE correctiona.

BSSE cc-pVDZ fp-cc-pVTZ fp-cc-pVQZ fp-cc-pV5Z fp-CBS(T,Q) fp-CBS(Q,5)

Ar þ F3CZF potential curve
No corr. R0 3.689 3.701 3.709 3.716 3.715 3.723

1 20.761 20.749 20.690 20.664 20.646 20.638
Corr. R0 3.959 3.823 3.781 3.767 3.750 3.752

1 20.331 20.455 20.512 20.532 20.554 20.553

Ar þ FZCF3 potential curve
No corr. R0 4.685 4.630 4.650 4.655 4.665 4.660

1 20.446 20.424 20.377 20.358 20.342 20.338
Corr. R0 4.860 4.746 4.715 4.699 4.692 4.682

1 20.186 20.248 20.272 20.284 20.290 20.296

aWell depths (1) are given in kcal/mol, and ArZC distances (R0) are given in Å. The CCSD(T)/aug-cc-pVDZ values and related MP2 data used in the focal-
point method are from Table 3. cc-pVXZ (X ¼ D, T, Q, 5) refers to Dunning’s aug-cc-pVXZ (X ¼ D, T, Q, 5) basis sets. CBS represents complete basis-set
limit.

Table 6. Parameters of the analytic ArZCF4 pairwise
Buckingham potentialsa.

System Pair A B C

I ArZC 57282.6 3.43606 2185.003
ArZF 183,815 4.09467 2517.44

II ArZC 106,730 3.65065 2215.022
ArZF 176,892 4.10142 2544.761

III ArZC 85821.5 3.51857 2250.065
ArZF 238,115 4.18777 2560.755

a The parameters for systems I, II and III were determined by fitting the
CCSD(T)/aug-cc-pVTZ, MP2/CBS and CCSD(T)/bf-aug-cc-pVDZ
potential energy curves, respectively.

Table 7. Comparison of ab initio and analytic energy and
geometry for the ArZCF4 van der Waals minimaa.

System Face Vertex

I 1 20.467 (20.470) 20.249 (20.256)
R0 3.816 (3.810) 4.736 (4.732)

II 1 20.557 (20.561) 20.287 (20.292)
R0 3.742 (3.740) 4.679 (4.680)

II 1 20.559 (20.567) 20.300 (20.311)
R0 3.767 (3.762) 4.681 (4.688)

a Systems I, II and III represent the CCSD(T)/aug-cc-pVTZ, MP2/CBS
and CCSD(T)/bf-aug-cc-pVDZ potential energy curves, respectively.
Values in parentheses are the corresponding ab initio data. Well depths
(1) are given in kcal/mol, and ArZC distances (R0) are given in Å.
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energy curves were not shown in the figure for clarity). For

the Ar þ F3CZF and Ar þ FZCF3 potential energy

curves, the maximum difference in energy between the

fitted analytic and ab initio 1 values is 0.011 kcal/mol, and

the R0 values estimated by the analytic potential energy

surfaces are within 0.007 Å of the ab initio calculations in

all levels of theory.

4. Conclusions

The potential energy surfaces for two Ar þ CF4 orien-

tations were calculated using the MP2 and CCSD(T)

theories and several basis sets from aug-cc-pVDZ to aug-

cc-pV5Z. The influence of the number of basis functions of

basis sets, BSSE and bond functions on the ab initio

intermolecular interaction energies is significant. The

potential energy minima 1 and R0 values determined from

the MP2 calculations are similar to the corresponding

CCSD(T) results. Adding the bond functions to the MP2

theory improves resulting values of the potential energy

minima and the distance between the Ar atom and the CF4

molecule. Calculation at the MP2/bf-aug-cc-pVTZ level

with BSSE corrections may afford deeper 1 than those at the

CCSD(T)/aug-cc-pVQZ level; however, it is suggested that

the MP2/bf-aug-cc-pVQZ level of theory provides more

accurate and reliable results for both Ar þ CF4 configur-

ations. Furthermore, the R0 values determined at the

MP2/bf-aug-cc-pVQZ level with BSSE correction are

closer to the CBS limits than those determined at the

CCSD(T)/aug-cc-pVQZ level. Optimisation of the bond

function position between the Ar atom and the CF4

molecule affords more accurate potential energy minima 1

and R0 values. At smaller basis sets such as aug-cc-pVDZ,

the bond functions would probably be placed closer to the

optimal positions for accurate potential energy minima.

The positions of the bond functions are near the midpoint

between the Ar and C atoms, slightly tilted towards the Ar

atom. At the CCSD(T)/bf-aug-cc-pVDZ level with BSSE

correction, the best potential energy minima 1 andR0 values

are obtained, which approach CC-CBS values. Therefore,

even when high-level CCSD(T) theory and the large aug-

cc-pVQZ basis set are used, adding bond functions to the

calculations is suggested for accurate intermolecular inter-

action potentials. Calculations with bond functions are

suitable to evaluate the intermolecular interaction poten-

tials between the Ar rare gas and the non-polar CF4

molecule; moreover, it saves a great amount of compu-

tational resources and time required to acquire CBS

estimates at the CCSD(T) level. The attractive region of the

potential energy surfaces dominated by dispersion inter-

actions could be easily enhanced to the extent of the CBS

limit values if bond functions were included in the ab initio

calculations. Analytic potential energy surfaces were derived

to fit the ab initio potential with a sum of Buckingham two-

body potential terms. The analytic potentials are in good

agreement with the ab initio calculations.
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Figure 5. (a) Comparison of ab initio and analytic intermolecular potential energy curves for face Ar þ F3CZF. (b) Comparison of ab
initio and analytic intermolecular potential energy curves for vertex Ar þ FZCF3. Calculated intermolecular potential energy (in
kcal/mol) as a function of the ArZC distance (in Å). All calculations include BSSE correction. The open triangles denote the
CCSD(T)/aug-cc-pVTZ potentials and the filled circles denote the CCSD(T)/bf-aug-cc-pVDZ potentials. The corresponding fitted
analytic values are shown as solid lines.
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