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Two analytical representations for the potential energy surface of therfer were constructed on the basis

of ab initio calculations up to the fourth-order of MghePlesset (MP) perturbation theory. The best estimate

of the complete basis set limit of interaction energy was derived for analysis of basis set incompleteness
errors. At the MP4/aug-cc-pVTZ level of theory, the most stable structure of the dimer was obtaked at

6.82 auf,= 12.9, 6, = 76.C°, andp = 180, with a well depth of 716.E,. Two other minima were found

for canted and X-shaped configurations with potential energies aretm®b and—629 uE;,, respectively.
Hexadecapole moments of monomers play an important role in the anisotropy of interaction energy that is
highly R-dependent at intermediate intermolecular distances. The quality of potentials was tested by computing
values of the second virial coefficient. The fitted MP4 potential has a more reasonable agreement with
experimental values.

1. Introduction problems, an alternative approach is the use of bond functions
located somewhere between monomers. This approach has been

In recent years, high-level quantum mechanical computatlonsWiolely employed after the works of Tao et’af2 However,

have been used to construct numerous accurate potential energy, application of bond functions causes new difficulties. The

surfaces (PES.) for most of the sm_all- and med|ur_n-3|ze_d major issues are the artificial deformation of charge distributions
molecular species and have been applied successfully in a wide

¢ licati 4 here h b tew high-| Ion the monomers and the production of higher-order basis set
range of applications. However, there have been few high-leve superposition errors (BSSE) that are uncorrectable via the usual
studies on the Fcontained van der Waals complexed.

M lecular fluorine is a hiahl i 1. and counterpoise proceduté;1® To avoid these deficiencies, Tao
b oreover, f”.‘o ecularfiuorine 1s a hlg y rea}_cnye dmatena_ ,an Iand Pah! proposed two criteria to be satisfied by atom centered
ecause of its corrosive nature, there are limited experimentaly s fnctions before the addition of bond functions.

measurements for its moleculaf and bull properties. For such

a challenging system, the existence of an accurate intermolecula
pair potential will be helpful in future experimental and
theoretical studies. To our knowledge, the only ab initio
investigation of the f dimer is the work of Noorbala and
Sabzyafi that was based on the MP2/6-31G* calculations, for
which, at every point on the PES, the monomer bond lengths

wer:.e Left r?'?szd ztg ?g 4opt|m|tzed. I:r?W(;vEeg tz.ed'f adtopted g”ﬁ second virial coefficients. Recently, we constructed a new PES
(w 'C.bI'nCllj t'e ent tpom sfon € )b Id no coverfa}[h for the Nb dimer® utilized to calculate thermophysical properties
possible relative orientations of monomers because one of the ;¢ nitrogent” Both fluorine and nitrogen molecules are closed

fOLl'r mterTgl(()eocu:ar degrees Ct’:] freedorlrtl Wasdf_rotzzrlr:otatlhflxgd shell, linear, and homonuclear, and one might expect that they
\é‘.’" ue @’ E )- dn any .CaS”e’ tei)rl resu oslp;te Icted that tge have similar intermolecular interactions. In our present work,
Imer IS thermodynamicaily stable, and afier averaging over . q g aspects of the PESs of these systems were compared,

glggdrz_itlhangllebbtlatwgenl mo:ec_ul_es, th‘?y Obt"’lllmled gr}efﬁectnéeand we endeavored to relate the differences between these
with a global and a focal minimum in parafietand f-shape complexes to their monomer properties.

orientations, respectively.

_ Electron correlation cor_ltributions to intermolecular inte_rac- 2. Approach and Methodology

tions have a central role in the structure and the energetics of

van der Waals Comp|exé§E|ectron correlation can commonly 2.1. Grid Points and Computational Levels.The interaction

be described adequately when one applies a high-level post-in the R—F, dimer is described in the body-fixed Jacobi

Hartree-Fock (HF) method in conjunction with an extended coordinates systens,in which the center of mass of molecule

basis set consisting of different types of polarization functions. & is located at the origin, and the position of the center of mass

This is a more difficult task in the case of intermolecular ©of molecule b is denoted by pointing vec®mwith modulusR

correlation effects because the standard basis sets are mostlgnd with angles),, 6, andg = @a — @b. The R, 04 Ob, @)

optimized for intramolecular properties, and so their application notation will be applied to identify different points, curves, or

to intermolecular problems usually results in a slow convergence slices of the PES, wheiRis given in atomic units (au). Before

to the complete basis set (CBS) limit. To overcome these complete exploration of the PES, the efficiency of different

computational levels was investigated by some test calculations

* Corresponding author. Tel and Fax+98-21-6646-9823, E-mail:.  along the (7.5, 06, 0) slice of the PES for which, varied in

maghari@khayam.ut.ac.ir. steps of 18. Note that this sliced-slice) is equivalent to the

Before any comprehensive exploration of the PES, it is
rnecessary to investigate the efficiency of different computational
levels to gain a reasonable compromise between precision and
computational cost. In the present work, along with a high-
level ab initio investigation of the Jdimer, analytical four-
dimensional representations were obtained for the calculated
PES at different levels and were tested against experimental
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(7.5,0, 0, 0) slice because, in the adopted Jacobi coordinates, The expansion coefficientg, . (R) were evaluated using a

the PES is symmetric with respect to thg= 6}, surface.
After a detailed analysis of the results of different methods
and basis sets along theslice was performed, the most efficient

weighted linear least-squares procedure. The most important
concern in the adopted fitting procedure was to obtain an
accurate representation of the PES in its bond redibr (0).

computational level was adopted to calculate the PES. All ab Consequently, at each value Bfall ab initio energieq Ui}
initio calculations were performed for 19 unequal distances of were weighted using a nonuniform weight function of the form
R between 4 and 20 au over two different angular grids. The (1 — (Ui — Umin)®) ™% In this step, a reliable accuracy was

first grid was obtained by varying all angles in steps of 30

obtained using a set of 24 . coefficients that covers all 18

and included 37 symmetry unique orientations. Note that the terms up td_, = 6 andL, = 2 and another six terms with, +

symmetry of the dimer reduces the range of anglesto <
0p < 90 and 0= ¢ < 180. Because this grid did not provide a

L, =L up toL, = 8 andL, = 6.
The full potential was obtained by fitting the resultéd,,,.

reliable accuracy in the fitting procedure, a second series of coefficients over the grid dR points. Following Vissers et &’,

calculations was performed over an angular grid with6, =
15, 30, and 75and¢ = 15, 30, and 165 In all calculations,
the monomer bond length was kept fixed in its vibrationally
averaged experimental value of 2.668%au.

The Mgller-Plesset (MP) perturbation thedfyup to the

fourth-order was applied to compute the interaction energy in

the long-range part oY/, was fitted by a two-parameter
single-term functional of the form shown in eq 4.

CLL,L

VLR = (4)

RVLabevL

a supermolecular fashion. According to the counterpoise These long-range terms were damped by a Tafgennied®

procedure (cp¥° the cp-corrected interaction energy at each
point (R, 04, Oy, @) is defined in eq 1:

(n)

_ M _
ab{ axb}

n
U% a)xb} Ea,{ axb}

EE)n{) axb} (1)

whereED, .3 andEL), (or E),,) are dimer and monomer
energies, respectively. All of them were obtained at thenMP
level of theory utilizing the basis sgaxb} of the total complex
that includes both the atom centeréd; and {b} sets of
monomers and the non-atom centered ggtof bond functions.
The calculations reported in this work employ the correlation

consistent cc-pVXZ, and their augmented version aug-cc-pVXZ,

sets of Dunning and co-worke#522(XZ and aXZ (X=D, T,

Q, 5, and 6), respectively). Because of computational limitations,

all h andi functions were eliminated from 5Z, a5Z, 6Z, and

abZ sets, and the resulting subsets will be denoted as 571, a5Z1,
672, and a6Z2, respectively. The 3s3p2d1f set of bond functions

(+b) recommended by Tao and Pawas utilized in conjunction
with aXZ atom centered basis sets. All bond functions were
located at the middle of intermolecular pointing vedtrThe

ab initio calculations reported in this paper were carried out
using the PC GAMESS suite of prografig*

2.2. Global Representation of the PESTo obtain an analytic
representation of the,FF, potential, the interaction energies
calculated at each value d® were fitted to the spherical
expansion shown in eq2:%6

UR 0, 6y, ) = Z VLa,Lb,L(R)ALa,Lb,L(ea’ 0 @) (2)
Lalol

wherel, Lp = 0,1,2,... andLy — Ly = L < Ly + Ly. The
symmetry of the Fdimer leads to the relatio¥_,. = Vi, L.L

between expansion coefficients, and only even moments appeais orrors introduced in the angular fitting step

in eq 2. Angular basis function#\(,.,,.) are shown in eq 3:

min(La,Lb)

A1 (0 6 9) = NZD ("2 = Oy LMLy, —

(La— M)!(L, — M)!]2

X

ML, 0
(L, + M)I(L, + M)!

P'(cos0, )Pl cosby,) cosMg) (3)

where P'ﬁ"(cos 0) stands for the associated Legendre polyno-
mials, andll,M;L,,—M|L,0CIs the Clebsch Gordan coefficient.

damping function, shown in eq 5.

n (@R

F(Rn,o) =1 — exp—oR) ZOT (5)

The resulting terms were subtracted fréfn,,,. to obtain the
short-range contributions as shown in eq 6:

CL

2Ll
— (6)

SR _ .
VELIR =V (R —FRn o, 1) Rt
whereng,,,. was taken to be the integer closeswig, . The
resulting short-range contributions were then fitted to the form
shown in eq 7:

Kmax

VE:Lb,L(R) =exp(-a_, R Z) dLa,Lb,LRk (7
=

wherekmax is a proper integer between 2 and 6. The parameters
o,L,L, Which appeared both in the damping function and in
the short-range functional form, were obtained by an iterative
procedure started with an initial guess far,;, in eq 6. It
must be noted that certaiflL, Ly, L} combinations do not
contribute to the long-range part ¥f_, . In these cases, the
long-range fit of eq 4 was not possible; consequently, the
corresponding . parameters were set equal to zero.

In an alternative approach for global representation of the
PES and after the least-squares fitting of eq 2 was performed,
radial fitting of theV,,,,. terms was replaced by a piecewise
polynomial interpolation of their values along tRegrid. This
fitting-interpolating surface, which is accurate to within the order
was applied to
trace the behavior of the above-mentioned full-fitting surface
and to remove its unexpected errors by refinement of radial
parameters.

3. Results and Discussions

3.1. Monomer Properties. Before proceeding with the
calculation of interaction energies, we investigated some
monomer properties that are relevant to intermolecular forces.
Quadrupole ®) and hexadecapole®) moments and static
polarizability (@) of the F, molecule were calculated with both
XZ and aXZ basis sets at HF and MP2 levels of theory. The
corresponding results are collected in Table 1, in which the mean
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TABLE 1: Quadrupole (®), Hexadecapole ®), Mean (@) 0
and Anisotropic (Aa) Polarizability of the F, Molecule

Obtained with Different Basis Sets at HF and MP2 Levels of —-0— MP2/aTZ
Theorya 2100 \\ —~v— MP2/aTZ+b -

— —-0— MP2/CBS
(€] () a Aa —e— MP4/aTZ
basisset HF MP2 HF MP2 HF MP2 HF MP2 -200

—v— MP4/aTZ+b
—a— MP4/CBS

TZ 0.541 0.737 11.52 13.05 6.267 5.053 10.274 6.527 AN

Qz 0.520 0.750 11.57 13.27 7.167 6.115 9.857 6.091 2300 - NN\
571 0.500 0.749 11.63 13.54 7.716 6.844 9.639 5.848
aTz 0.534 0.784 12.10 14.03 8.418 7.869 9.088 5.108
aQz 0.511 0.770 12.03 13.89 8.563 8.095 9.053 5.011
abz1 0.495 0.756 11.86 13.73 8.577 8.140 9.072 5.022

a All values are in atomic units (au).

U/ uEp

400 |

-500

polarizability @) and its anisotropy/Xa.) are defined asofxx +

Qyy + 02)/3 ando; — (0xx + 0yy)/2, respectively® Different -600 |

components of the polarizability tensor were obtained by the

finite field method??:30 200 ‘ , . . ‘
In agreement with the well-known crucial role of diffuse 0 15 30 45 60 75 90

functions for accurate description of intermolecular interactions,

their presence is important for rapid convergence of multipole Op / degree

moments and polarizabilities to the CBS limit. In comparison Figure 1. Comparison of MP2 and MP4 interaction energies obtained

with the N, moleculel® an important feature of the;Fnolecule with aTZ and aTZb basis sets with the estimated CBS values along

is its larger hexadecapole and smaller quadrupole moments. Thighe (7.5, 0.6, 0) slice of the PES.

fact has important consequences for anisotropic aspects of the

Pisstch:r: \()vglsbeeer? I;SnCl'JI'SaSE)(T(ej Ila,lt%rést of the calculated multipole average was adopted as our best estimatt_e of the HF limit of

moments with the aXxZ and the XZ basis sets converge to themteractlon energy. In the case of correlation components of

CBS limit from opposite sides. Therefore, the CBS limit is Interaction energy, thg values obtained V.V'th a%Dlwere
bounded between aXZ and XZ values, and the simple arithmetic chosen as our best est|mate_s of the CBS limit. Comparison of
mean of a5Z1 and 5Z1 values can be used to estimate the CBS'leZer .W'th aSZli_rb vaIu_es n Tgble 2 dem_onstrates that the
limit of quadrupole and hexadecapole moments. Accordingly, cqrrelatlon corrections of interaction energy is nearlly .converged
we have obtained 0.49 and 11.75 au for the CBS limits of HF with respect iq spdfg ba}5|s functllons, and thg remaining errors
quadrupole and hexadecapole moments and 0.75 and 13.63 a@ue to higher polanzatu_)n functions are minor _(as_expected),
for the CBS limits of MP2 quadrupole and .hexadecabole ecause the bond functions recover their contributions.
moments, respectively. Polarizability cannot be estimated ina A Well-known feature of MP perturbation theory is its
similar manner because both XZ and aXZ values converge to Problematic convergence, in some systems, due to exaggeration
the CBS limit from the same side. However. the small difierence ©f correlations at some levels of MP. This behavior is expected
between the aQZ and the a5Z1 values (which is less than 0l5%)to occur at situations with a high degree of electron cIuste’ﬁng.
shows that a5Z1 polarizabilities are nearly converged to the CBS N the -—F2 system, the convergence pattern of the MP series
limit. It is also observed that the correlation contribution to for total energy of the complex is similar to that of(3r)nono(r2r)1ers.
multipole moments and to the polarizabilities of monomers is !N both cases, there are oscillations in whigh > E®) > E ,
nearly the same for different axZ basis sets and seems to be” E®. This trend seems to be independent of the selected basis

converging more rapidly than the HF contribution. set and the geometry of the complex. In the case of interaction
3.2. Benchmark Calculations along the 6-Slice The energies, the noticeable fact that could be found in Figure 1 is

estimated CBS limit of MP2 and MP4 interaction energies and the angular dependence of the MP convergence pattern. In most

those obtained with aTZ and a¥b basis sets along tteslice configurations, MP interaction energies have the same oscillatory

are shown in Figure 1. For the most stable point of this slice, behavior as those of total energies, but in configurations near
the corresponding numerical values and those of other basist® (R 0 0, 0),U?) becomes more stable tha?.
sets are summarized in Table 2. Different strategies were 3.3. Role of Electrostatic Interactions on the Shape of the
employed to estimate the CBS limit of HF and the correlation PES. As is expected from the physical nature of interaction in
components of interaction energy, because they have differentthis systent® the R 0, 0, 0) orientation is the most repulsive
convergence behaviors. Moreover, considering the computa-one along thed-slice, because the short-range exchange and
tional cost of these methods, it is possible to obtain HF values the overlap repulsions are maximized for the linear structure of
with more extended basis sets than with those applied in the complex. Furthermore, the electrostatic components of
calculation of correlation corrections. interaction have their maximum repulsive values at this orienta-
As can be seen in Table 2 by the comparison of a5Z1 with tion. The main difference between this complex and other similar
a6Z2, the values of the HF interaction energy demonstrate thatSystems, such as the, Mimer, corresponds to the location of
the a6Z2 values are nearly converged. Moreover, the cp-the most attractive orientation in Figure 1. This characteristic
corrected and uncorrected values of interaction energy and itsstructural feature is controlled by the relative importance and
components converge to the CBS limit from opposite sides, and anisotropic behavior of dispersion and electrostatic attractions
the magnitude of BSSE for the HF/a6Z2 energy is, on average,and by the anisotropic nature of decay rate of short-range
less than 24E, along thef-slice. According to these facts, a  repulsions.
simple average of the cp-corrected and uncorrected values is To examine anisotropy and the importance of multipole
expected to be within kEy of the CBS limit. This simple multipole interactions, the electrostatic components of interaction
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TABLE 2: Basis Set Convergence of HF, MP2, and MP4 Interaction Energies and Their Correlation Contributions at the (7.5,

0, 45, 0) Configuratior?

(4)

basis set UHF Ucorrelation Ucorrelation U(Z) U(A)
aTz 386 (-107) —953 (—148) —951 (—186) —567 —565
aQz 399 (-60) —994 (—92) —1000 (—89) —595 —601
a5Z1 396 {-10) —1013 (-53) —1020 (-42) —616 —624
a6z2 396 {-2)
aTZ+b 398 (-1113) —1019 (-2194) —1035 (-2422) —621 —636
aQZz+b 396 (—316) —1028 (—901) —1039 (-818) —632 —643
a5Z1+b 396 (—30) —1030 (—407) —1039 (—-323) —634 —644
estimated CBS 395 —1030 —1039 —635 —645
@Values in parentheses are cp-corrected BSSEs. All energies ak.in
300 T T T T \' T T T T T T T T T T 1000
\ L
| \ —e— QQ/a5Z1 i |
230 Y \\ —¥— QH/a5Z1 800
\ —=a— HH/a5Z1 I
200 ——— total/aSZ1 600
- L
150 ¢ 2 400 -
:>B L
& 100 2 200
= =]
~ o r
S sof g of
§ L
ol 2 200
250 -400 -
-100 -600 -
Qom0 N Lot L
0 15 30 45 60 75 90 4 6 8 10 12 14
6, / degree R/au

Figure 2. Different components of the electrostatic interaction energy,
and its total value along the (7.5, @, 0) slice of the PES obtained at
the MP2/a5Z1 level of theory.

energy along thé-slice are shown in Figure 2. These contribu-
tions are defined via a multipole expansion of the form shown
in eq 8:

MLaMLbBLa,Lb,L(Ha' O @)

Rhatlitl

UedR 0, 6,, @) = Ot (8)

Lalpl

where M, and M, are permanent multipole moments of
molecules a and b, which have nonzero values onhyLfot,
> 2 Mz =0, Mg = @, ...). The functiondB,,, ., which are

Figure 3. Radial dependence of the isotropic part of fitted potentials
and the corresponding minimized (min) and maximized (max) values
over angular coordinates.

theory is controlled by the anisotropy of electrostatic component
of interaction, and the latter is dominantly affected by the terms
containing the hexadecapole moment in the multipole expansion.
It is important to note that the order of magnitude of the overlap
repulsions and of the dispersion attractions is usually larger than
that of the electrostatic interactioHsput at an intermediate
range they compensate for each other at correlated levels of
theory, and the shape of the PES becomes more sensitive to
the anisotropy of electrostatic components. At the HF level of
theory, the dispersion contributions are absent, and the overall
shape of the PES, which monotonically decreases along the
0-slice, is determined by strong overlap repulsions and the

responsible for the angular dependence of interaction, are relatedanisotropy of electrostatic components is effaced. At other

to AL,L,L in eq 2 with the same indices. The first three terms,
which appeared in eq 8, are quadrupetgiadrupole (QQ),
quadrupole-hexadecapole (QH) and hexadecapdiexadeca-

intermolecular distances, the location of the minimum in
Figure 1 will shift toward the end of the slice, because (i) at
larger values ofR the minimum of electrostatic interaction

pole (HH) interactions. As can be seen in Figure 2, the minimum moves to the R, 0, 90, 0) orientation, because the QQ term,

of the leading QQ term along theslice corresponds tdx( O,

which appeared in eq 8, becomes more and more dominant;

90, 0) (the T-shaped orientation), but those of the QH and the and (ii) at smaller values oR, despite the fact that the

HH contributions occur ad, = 59.5 and 49, respectively.

electrostatic interaction becomes more attractive around inter-

For the total electrostatic interaction, the shape of the curve mediate values ofl,, the rapid increase of overlap repulsions

and the location of its minimum depend on the relative

efface all electrostatic components in favor of tRe @, 90, 0)

magnitude of quadrupole and hexadecapole moments of di-orientation.

atomic monomers. In comparison with the, Nimer® the
minimum of the total electrostatic interaction of the dimer

is shifted to smallerd, angles as a result of overall larger
hexadecapole and smaller quadrupole moments.

3.4, Structural Features of the Fitted PES According to
the above-mentioned results along thalice, the best com-
promise between accuracy and computational cost was achieved
by the aTZ-b basis set. Consequently, this basis set was utilized

Comparison between Figures 1 and 2 suggests that theto calculate the interaction energy over the selected grid up to
anisotropy of total interaction energy at correlated levels of the fourth-order of MP, and then both the resulting MP2 and
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Figure 4. Angular dependence of fitted potentials and electrostatic
interactions along the (7.2, 6, 0) slice of the PES in comparison
with calculated points that were not included in the fit.

the MP4 ab initio points were fitted. The analytical representa-
tion of potential is sufficiently flexible that, despite the large
number of radial grid points used, the overall agreement of the
fit is very good. In the bond region of the potenti&dl « 0),

discrepancies between the fitted values and the calculated ab[

initio points are smaller than 4/8;,, with a root-mean-square
error of 0.7uE,. At more repulsive energiet)(> 300uE;) the
largest relative error isz4.2%, with an average error ef0.6%.
Notably, the fitted PES is accurate at the most stable structures
Its relative error at the well depth of investigated orientations
is, on average, less tham0.2%, with a maximum error of
~1.3%.

In Figure 3, the radial dependence of the isotrogig, part
of the fitted MP2 and MP4 potentials are compared with each
other. Note that in eq 2000 = 1. This figure also contains the
optimized energy curves obtained at each valueRoby
minimization and maximization of potentials over all angular
coordinates. Both the MP2 and the MP4 potentials show the
same double-well structure over the minimized energy curve,

J. Phys. Chem. A, Vol. 111, No. 27, 2005081
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6),/degree
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Figure 5. A cut through the fitted MP4 potential fop = 0 and
R-values that minimize interaction energy for the given angles. See
Table 3 for a description of minima and saddle points. The contours
are separated by S0E.

individual QQ term has a single minimum along this slice, and
he double-well structure of the curves in Figure 4 originates
from similar structures of QH and HH interactions.

The oscillatory behavior of the PES along theg= 6y, surface
can be seen more obviously in Figure 5. This figure is a cut
through the full MP4 surface fop = 0 and forR values that
minimize the interaction energy in eacBh,( 6y) point. By
extending the range @k, and6, to 180, this figure also contains
all planar structures witlp = 180. To interpret this figure, note
the following relation (eq 9):

UR 6,0, ¢)=UR 0,7— 60, 7—¢)=UR,7—
O Ot — @) =UR 7 — 0, 7w — 6, @) (9)

The same minimized 2D cross-section of the PES¢fer 90

but the former is shallower, especially around the local minimum is depicted in Figure 6. The characteristic points visible in these
located at smalleR. The same thing can be said about the figures are listed in Table 3. The global minimum of the PES
isotropic part of the potentials. At distances smaller than 6 au, (M1 in Figure 5 and Table 3) is the (6.82, 12.9, 76.0, 180)
all minimized and maximized energies correspond to the (90, configuration with a well depth of 71@E,. Remember that
90, 90) and (0, 0, 0) orientations, respectively. In agreement this configuration is equivalent to (6.82, 104.0, 12.9, 0). Also,
with our previous discussion about the oscillatory behavior of there are two other minima with well depths of 596 and
MP series, comparison of the maximized energy curves shows629uEy. The former (M2 in Figure 5) is a planar structure with
that the MP2 potential is less repulsive than the MP4 one at 6, = 6, = 73°, and the latter (M3 in Figure 6) that is located
short range. at shorter distances is a crossed structure @4t 6, = ¢ =
Exploration of the fitted surfaces demonstrated that some of 90°. As can be seen in Figure 5, the global minimum M1 and
the most important characteristic points on the PES of the F the local minimum M2 are connected via a saddle point (S2).
dimer are located at th&, = 6y, surface. Thus, some further ab  Relative to M1, the barrier for this motion is around 188.
initio calculations were performed to check the reliability of Energetically, there is a more favorable motion with a barrier
the fitted potentials over this surface. In Figure 4, the (8,2, around 60uEy that passes the T-shaped structure (S4) in

0, 0) slice of fitted surfaces is compared with ab initio points,
none of which were included in the fit. The PES oscillates along
thed,= 6y surface. This feature remains valid at all intermediate

Figure 5. This saddle point connects the global minimum to a
symmetrically equivalent structure on the PES. For local
minimum M2, a similar motion to its symmetrically equivalent

distances, and as a result, the PES shows two saddle points andtructure has a barrier around B, and is associated with the

a local minimum withd, = 6, andg = 0. To further emphasize

the role of electrostatic forces on the shape of the PES of the
F, dimer, the corresponding MP2 values of total electrostatic
interactions are plotted in Figure 4. It must be noted that the

parallel structure (S1 in Figure 5).

3.5. Second Virial Coefficient.As a pure two body interac-
tion property, the second virial coefficieB{T) was calculated
to give a first, simple test of the quality of the fitted MP2 and
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0 20 40 60 30 Figure 7. Calculated second virial coefficients in comparison with

experimental results. See refs 32 and 33.
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Figure 6. Same as Figure 5 fap = 90. The contours are separated s 16.4 cnd-mol~! (x6.8%) lower than the experimental result.

by 20 uEn. At higher temperatures deviations decreased, butTfor
TABLE 3: Position of the Minima (M) and Saddle Points 120 K they are larger than the experimental uncertainty.
(S) on the Fitted MP4 PES and Their Associated Interaction
Energieg 4. Conclusions
minima and In the present work, after a detailed analysis of various ab
saddle points R ba 6 @ ue U@ initio derived interaction energies along an angular slice of the
M1 6.82 129 76.0 180 -716.3 —657.4 PES, the aTZb basis set was utilized for calculation of the
M2 6.04 737 737 0 —596.2 —493.6 PES up to the fourth-order of MP perturbation theory. Basis
’\S"13 56%% %% %% 9% :ggg-i :igi-g set convergence of monomer properties were analyzed, and
S2 641 826 528 0 —5351 —452.6 MP2 values of 0.75, 13.63, and 8.14 au were obtained for
s3 761 226 226 0 —616.4 —609.1 quadrupole, hexadecapole, and the mean polarizability of the
S4 6.78 0 90 0 -658.3 -591.5 F> molecule near the CBS limit. Best estimates of the CBS limit
S5 6.56 533 90 90 —-455.1 —3725 of interaction energy were derived and were used for analysis
S6 767 272 272 90 —4925 —486.3 of the basis set incompleteness errors at different computational
a All distances are in au, angles are in degrees, and energies are inevels. Basis set incompleteness error of the MP4/aliZ
UEn. interaction energies was estimated to be, on average, less than
3%. It was found that the MP2 method is unable to reproduce
MP4 potentials. The value d&(T) for a given temperaturé the anisotropy of the PES accurately, even near the CBS limit.
was calculated from eq 10: Especially at short range and close to tRe(, 0, 0) orientation,

the relative stability of the configurations obtained with MP2

Ny on . . © 5 is completely different from those of MP4. Examination of the

B(T) Zjﬂ) dp |, j(; sin6,sin 6, deadebﬁ redr x different components of the electrostatic contribution of the
—U(R, 6, 6,, ¢) interaction energy demonstrated that the hexadecapole moments

[1_ ex;{ ’kaF & )] (10) of molecules play an important role in the anisotropy of

electrostatic and total interaction energy of the dimer at

intermediate intermolecular distances.
in which ks andNa are Boltzman’s and Avogadro’s constants, Both the MP2 and the MP4 interaction energies were
respectively. We used a multidimensional adaptive quadrature calculated at 1387 points on the PES and were used to construct
method with an absolute error estimate of better than analytical potentials with a spherical expansion functional form.
0.05 cn¥-mol~1. The stability of the results was checked against The global minimum of the fitted MP4 PES was found to be
the variation of the integration parameters. The quantum the (6.82, 12.9, 76, 180) configuration with the well depth of
correction toB(T) was expected to be small and was ignored. 716uE,. Two other minima were found at the (6.04, 73.7, 73.7,

In Figure 7, calculated second virial coefficients are compared 0) and the (5.76, 90, 90, 90) configurations with potential

with experimental dat&33Available experimental data &{(T) energies aroune596 and—629uEy, respectively. Comparison
are lower than the Boyle temperature, and those of ref 33 seemof the results obtained for the;Eimer in the present study
to be more accurate. At all temperatures, the MP4 potential with those of the N dimert® demonstrated that the anisotropy
exhibits a more reasonable agreement with experiment than theof the PESs of these systems at short range is similar, but it
MP2 one. Differences between the MP2 and the MP4 values becomes completely different at intermediate and large inter-
of B(T) are consistent with the shallowness of the MP2 potential. molecular distances as a result of differences between the
At the lowest temperature, the uncertainty of the measurementsmultipole moments of these molecules. Values of the classical
reported in ref 33 is 40 cfrmol™1, and the MP4 value dB(T) second virial coefficient calculated with fitted MP2 and MP4
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potentials were compared with experimental data. The MP4
potential exhibits a more reasonable agreement with experi-
mental data.
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