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The CH3F‚‚‚H2O complex has been studied using both the supermolecule approach through fourth-order
Møller-Plesset perturbation theory (MP4) and perturbation theory of intermolecular forces. Nine configurations
have been examined, seven of which were found to be attractive. The global minimum occurs when a bent
C-F‚‚‚H-O hydrogen bond is formed with the C‚‚‚O distance of 6.15a0 and the water molecule in the same
plane as the hydrogen bond. The binding energy for this geometry is equal to 5291µEh (3.32 kcal/mol) at the
MP4 level of theory. When bond functions are included in the basis set, this configuration is further stabilized
to 5739µEh (3.60 kcal/mol). The two configurations where a hydrogen atom of water is closest to the carbon
atom of fluoromethane are repulsive at all distances examined due to electrostatic interactions. The increase
of the magnitude of the binding energy when the basis set includes bond functions is primarily due to increased
attractiveness of dispersion energy. The electrostatic interaction is the most significant energy component for
all seven attractive configurations at their radial minima, particularly for configurations where the C-F bond
points toward the H2O molecule. The exchange and dispersion energies are, respectively, the second and
third most important contributions to the interaction energy for the seven attractive configurations at their
radial minima. The MP2 interaction energy is found to approximate the MP4 interaction energy qualitatively,
but underestimates the attraction of the seven attractive configurations at their optimal intermolecular separations
by 8-82 µEh. A model potential for the CH3F‚‚‚H2O system has been developed.

I. Introduction

Jeffrey and Saenger in their monograph on hydrogen bonding1

noted that the literature contained “very few references to X-H‚
‚‚F-C bonds” even though the biological activity of C-F-
containing compounds has been known since 1944 when
Marais2 reported the isolation of fluoroacetic acid from a
poisonous South African plant. Fluoroacetate, itself innocuous,
is converted by the enzyme citrate synthase into a toxic
fluorocitrate which competitively inhibits and inactivates the
critical enzyme aconitase ultimately resulting in the death of
an animal which consumed leaves of the plant.3 X-ray crystal-
lography has shown that a bent C-F‚‚‚H-O hydrogen bond
exists for fluorocitrate esters.4 However, questions have been
raised as to whether this arrangement is the most energetically
favorable or is a result of steric factors in the crystal lattice.
Furthermore, whether the C-F‚‚‚H-O interaction in 2-fluoro-
ethanol and related systems is a hydrogen bond has been debated
in several works.5-9 Various spectroscopic techniques10-15

demonstrated that 2-fluoroethanol exists largely in the gauche
configuration in both the liquid and the gas phase which
supported the existence of an intermolecular hydrogen bond.
However, Griffith and Roberts showed,16 using proton NMR,
that the chemical shift of the methylene protons did not vary
with solution concentration, nor was the hydroxylic proton
significantly deshielded. They therefore concluded that the C-
F‚‚‚H-O interaction was too weak to be a hydrogen bond.

More recently, the presence of the C-F‚‚‚H-N hydrogen
bonds has been observed in a study of DNA replication.17 It
was found that the difluorotoluene nucleoside did not form a
C-F‚‚‚H-N hydrogen bond with adenine derivatives even in

chloroform, which tends to stabilize hydrogen bonds.18,19

Nevertheless, the difluorotoluene nucleoside coded for adenine
quite efficiently. The degree to which energetics, in tandem with
geometry, helps the difluorotoluene nucleoside substitute for
thymine is not yet entirely clear although ab initio calculations
of Ryjáček et al.20 show that planar hydrogen bonded complexes
of difluorotoluene and adenine are significantly weaker than
the complexes of thymine and adenine.

Apart from the work of Ryja´ček et al. there were several other
ab initio studies concerned with C-F‚‚‚H-X hydrogen bonds.
Tarakeshwar et al.21 reported the results for fluorobenzene‚‚‚
water and difluorobenzene‚‚‚water complexes, and Caminati
et al.22 examined the difluoromethane‚‚‚water complex. Ab
initio calculations for difluoromethane‚‚‚water as well as
fluoromethane‚‚‚water complexes have been reported by Howard
et al.23 Finally, mention should also be made of the works of
Veenstra et al.24 as well as Alkorta and Maluendes25 who
examined the interaction of fluorocarbons with water. The
C-F‚‚‚H-O hydrogen bond was not examined in these stud-
iesas they were both focused on the C-H‚‚‚O hydrogen bond.
The results of Alkorta and Maluendes25 obtained using fourth-
order Møller-Plesset perturbation theory (MP4) and the
6-31++G(d,p) basis set are more accurate, giving the binding
energy of 2200µEh in their Approach A.

In the present study, we examine the CH3F‚‚‚H2O complex,
which we view as a model system for determining the stability
of the intermolecular C-F‚‚‚H-O hydrogen bond. The interac-
tion between CH3F and H2O is also of interest as an extension
of the alkane‚‚‚water interaction. The latter is a classic example
of a nonpolar‚‚‚polar interaction. Fluoromethane, however, is
a polar analogue of methane and is expected to interact with
water differently, especially when the electrostatic implications
of the C-F bond dipole are considered. The CH4‚‚‚H2O
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interaction has already been studied theoretically and experi-
mentally. At the MP4 level of theory, the most attractive
geometry of CH4‚‚‚H2O occurred when a C‚‚‚H-O hydrogen
bond was formed and the C‚‚‚O separation was 6.8a0.26 This
finding was corroborated by pulsed-nozzle Fourier transform
microwave spectrum of the complex27 which indicated that the
zero-point center-of-mass separation is approximately 7.0a0.
Further isotopic studies27 showed that a proton is donated from
the hydrogen of water to CH4 in a slightly nonlinear C‚‚‚H-O
hydrogen bond.

In this study, the CH3F‚‚‚H2O system is studied using the
supermolecule approach up to fourth-order of Møller-Plesset
perturbation theory (MP4). Simultaneous calculations of energy
components are also performed using perturbation theory of
intermolecular forces. The interaction energy and its components
are examined as functions of intermolecular geometry. The
effects of including bond functions are investigated, and a model
potential is developed. All quantities reported in this work are
given in atomic units: distances ina0 and energies inµEh.
Where necessary, the literature values were converted to these
units.

II. Methods and Definitions

The supermolecule interaction energies at the SCF level of
theory,∆ESCF, and at thenth order of Møller-Plesset perturba-
tion theory,∆EMPn, can be related to the intermolecular Møller-
Plesset perturbation theory (IMPPT) component energies.28 The
latter represent physically meaningful terms contributing to the
interaction energy, such as electrostatics, induction, dispersion,
and exchange.28 Such components are designated asε(ij ), where
i and j are the orders of the corrections with respect to the
intermolecular interaction and intramolecular correlation opera-
tors, respectively. In the present work, we limit our analysis to
the SCF and MP2 levels of theory since partitioning of∆EMP3

and∆EMP4, even though it has been described,29,30 remains to
be implemented.

A. Partitioning of ∆ESCF. The ∆ESCF energy is composed
of electrostatic, exchange, and deformation components.29-31

The electrostatic energy,εes
(10), describes interactions of the two

molecules’ permanent moments and charge overlap effects. The
exchange energy,εexch

HL , accounts for the repulsion of electrons
on opposing molecules.32 Their sum is known as the Heitler-
London energy,∆EHL. The SCF deformation energy,∆Edef

SCF, is
a quantum induction term which takes into account both classical
induced moments and exchange effects. By contrast, the second-
order induction energy,εind,r

(20), includes only classical induction.
The coupled Hartree-Fock (CHF) induction energy series

was found to be divergent, so we will examine only its first
term, εind,r

(20), which has been useful in modeling.33 It can be
treated as an exchangeless approximation to the deformation
energy.

B. Partitioning of ∆E(2). The second-order correlation
correction can be dissected as follows:

whereεes,r
(12) is the second-order electrostatic correction energy

with response effects31 andεdisp
(20) is the second-order dispersion

energy.32 ∆Edef
(2) and ∆Eex

(2) are, respectively, the second-order
deformation correlation correction to the SCF deformation and
the second-order exchange correlation.

C. Interaction Energy Calculations.Unless stated otherwise,
all calculations were performed in the basis set of the dimer,34-38

which is equivalent to using the counterpoise procedure of Boys
and Bernardi to eliminate basis set superposition error (BSSE).39

The experimentally determined monomer geometries were
assumed to be frozen during the interaction. For CH3F, the
experimental parameters of Duncan40 were used: the C-F and
C-H bond lengths were 2.612 and 2.069a0, respectively, and
the H-C-H angle was 110.5°, giving an F-C-H angle of
108.6°. For H2O, the parameters of Benedict et al.41 were used:
the O-H bond length was 1.809a0 and the H-O-H angle
was 104.52°. The use of frozen monomer geometries was the
necessary approximation that allowed us to focus on the
intermolecular degrees of freedom in the development of the
intermolecular potential for the CH3F‚‚‚H2O complex. Such an
approximation is justified since it is well-known that geometries
of monomers in weakly interacting complexes undergo only
small changes. For example, in the HF dimer, the intramolecular
H-F bonds were found to change by only 0.004-0.006 a0

compared to the H-F bond length in an unperturbed molecule.42

The calculations were carried out withGaussian9443 and
Molpro200044 programs andTrurl 9845 IMPPT package.

D. Basis Sets.In all cases, Sadlej’s (10s6p4d/6s4p)/[5s3p2d/
3s2p] basis set46,47 was used as a minimum. It has two sets of
doubly contracted polarization functions on all nuclei, but is
still relatively small. Nonetheless, its accuracy in calculations
of electric properties is on a par with larger basis sets.46,47The
frozen core approximation was employed at only the MP3 and
MP4 levels of theory since its use affected the MP2 interaction
energy by less than 1%.

Sadlej’s basis sets, with their lack of orbitals with symmetry
higher than d, tend to underestimate the dispersion energy.26,48

To saturate the dispersion energy more fully, in some calcula-
tions a set of bond functions49-51 was used. It comprised three
sp orbitals with exponents 0.9, 0.3, and 0.1 and two d-symmetry
orbitals with exponents 0.6 and 0.2.51

III. Results and Discussion

A. Properties of the Monomers.To aid in the development
of a potential, properties of the isolated fluoromethane and water
monomers were calculated in the basis sets of the monomers.
The SCF and MP2 values were calculated analytically, and the
MP4 values were determined using the finite field method (field
strength(0.001 au) since analytic codes were not available.
Results are shown in Tables 1 and 2. For all properties, we
adopt the spherical tensor notation and denote multipole
moments byQlm, and polarizabilities byRmm′

ll ′ . Literature values
are given for comparison; extensive compilations of earlier
results may be found in the quoted sources. Values presented
in Tables 1 and 2 are typically in good agreement with those
reported by other workers despite our smaller basis set. For both
molecules, the dipole moment,Q1m, the quadrupole moment,
Q2m, and the dipole polarizability,Rmm′

11 , are close to the
accepted theoretical and experimental values.52-62 We did not
find any literature data for dipole-quadrupole,Rmm′

21 , and
quadrupole,Rmm′

22 , polarizability components of fluoromethane.
Wormer and Hettema57 reported dipole-quadrupole and quad-
rupole polarizabilities of water calculated with the origin of

∆ESCF) ∆EHL + ∆Edef
SCF (1)

∆EHL ) εes
(10) + εex

HL (2)

εind,r
CHF = εind,r

(20) + εind,r
(30) + ... + εind,r

(n0) + ... (3)

∆E(2) ) εes,r
(12) + εdisp

(20) + ∆Edef
(2) + ∆Eex

(2) (4)
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multipole expansion placed at the center of mass of the
molecule. Results in Table 2 correspond to the origin placed at
the oxygen atom, but for comparison we also calculated these
properties at the center of mass. In contrast to dipole polariz-
abilities, for Rmm′

21 and Rmm′
22 we found larger differences com-

pared to the values of Wormer and Hettema, particularly for
R-1-1

21 and R-1-1
22 components. The main reason for these

differences is the lack of f symmetry functions in our basis set.
We verified that adding f symmetry functions to our basis set
produced results in better agreement with the values of dipole-
quadrupole and quadrupole polarizabilities reported by Wormer
and Hettema.

B. Orientations of the Monomers.The radial dependence
of the interaction energy was examined for nine configurations
which are shown in Figure 1. For configurations for which
additional calculations with a basis set that included bond
functions were performed, the location of bond functions is
denoted by a dot (•). The C-1 structure was chosen to provide
the characterization of the linear C-F‚‚‚H-O hydrogen bond.
It has been previously examined by Howard et al.23 The C-2
and C-3 structures are similar to the most attractive configura-
tions found for the CH4‚‚‚H2O complex.26 The C-4 and C-5
structures have C-H‚‚‚O hydrogen bonds and correspond to
approaches A and B of the study of the same system by Alkorta
and Maluendes,25 except that their intramolecular geometry for
fluoromethane was slightly different (rCH ) 2.079 a0, rCF )
2.613a0, ∠HCH ) 110°37′).63 The C-6 structure is related to
the previous two although instead of the linear C-H‚‚‚O
hydrogen bond we considered a contact between two hydrogen
atoms of fluoromethane and lone pairs of the oxygen atom. The
C-7 and C-8 structures were chosen because of the alignment
of the dipoles of the two molecules. Finally, the C-9 structure
with a bent C-F‚‚‚H-O hydrogen bond was examined and

found to be the global minimum so its radial dependence was
considered as well.

The C-1, C-7, C-8, and C-9 orientations are the most stable
overall because of the attractive electrostatic and dispersion
energies. In fact, these four configurations are more stable than
the other five at all investigated levels of theory. Because of
the similarities of the radial dependence of the overall interaction
energy as well as its components, the nine configurations
examined were divided into five groups characterized by the
linear C-F‚‚‚H-O hydrogen bond (C-1), the bent C-F‚‚‚H-O
hydrogen bond (C-9), the alignment of the dipoles (C-7 and
C-8), the C-H‚‚‚O hydrogen bond (C-4, C-5, and C-6), and
the repulsive interactions (C-2 and C-3).

In addition to the just mentioned nine configurations for which
we performed calculations at different intermolecular separa-
tions, we also examined 50 randomly generated structures to
take into account the areas of the potential energy surface which
the nine configurations did not probe.

C. Interaction Energy and Its Components. The radial
dependence of the interaction energy is shown in Table 3, where
RC-O denotes the C‚‚‚O separation andRcom denotes the center
of mass separation, both ina0. The most stable configuration
presented in Table 3 is the C-9 structure shown in Figure 1. It
contains a bent C-F‚‚‚H-O hydrogen bond with a C‚‚‚O
separation of 6.15a0. The F‚‚‚H distance is equal to 4.0a0; the
F‚‚‚H-O angle, a measure of nonlinearity of the hydrogen bond,
is equal to 144°; the C-F‚‚‚O angle is approximately 90°; and
the water molecule lies in the plane formed by C, F, and one of
the hydrogen atoms of fluoromethane. An interesting feature
of this structure is the formation of a secondary C-H‚‚‚O
hydrogen bond with the H‚‚‚O distance of 4.9a0 which is the
most probable explanation of its increased stability. The

TABLE 1: Molecular Properties of CH 3Fa

property SCF MP2 MP4 literature

Multipole Moments
Q10 ) µz -0.80 -0.72 -0.71 -0.73,b -0.74c

Q20 -2.57 -2.31 -2.27 -2.63,d -2.42e

Polarizabilities
R00

11 16.47 17.78 17.94 16.52f

R11
11 15.54 16.50 16.58 15.56f

Rj 15.85 16.93 17.03 16.79,c 16.94g

R00
21 26.28 29.37

R11
21 1.30 2.86

R21
21 9.08 9.16

R00
22 186.92 206.47 207.56

R11
22 155.54 176.82 178.85

R22
22 106.45 114.44 114.89

R12
22 -14.59 -15.86

a The origin is at the carbon atom with a positivez-axis directed
along the C-F bond. All values in atomic units. Conversion factors:
dipole moment:ea0 ) 8.478 356× 10-30 C m; quadrupole moment 1
ea0

2 ) 4.486 552× 10-40 C m2; dipole polarizabilitye2a0
2Eh

-1 )
1.648 78× 10-41 C2 m2 J-1; dipole-quadrupole polarizabilitye2a0

3Eh
-1

) 8.724 97× 10-52 C2 m3 J-1; quadrupole polarizabilitye2a0
4Eh

-1 )
4.617 05× 10-62 C2 m4 J-1. The following relationships hold:R11

11 )
R-1-1

11 ; R11
21 ) R-1-1

21 ; R21
21 ) R-2-1

21 ; R11
22 ) R-1-1

22 ; R22
22 ) R-2-2

22 ; R12
22 )

R21
22 ) -R-1-2

22 ) -R-2-1
22 . b Previously published experimental value.52

c Previouslypublished relaxed MP2 value.53 d SCF value calculated
from results of Amos54 assuming the geometry of CH3F used in this
work. e Calculated from previously published MP2 value.55 f Previously
published SCF value.54 g Previously published experimental value
(linear extrapolation to zero frequency).53

TABLE 2: Molecular Properties of H 2Oa

property SCF MP2 MP4 literature

Multipole Moments
Q10 ) µz 0.78 0.73 0.72 0.72,b 0.73,c 0.73d

Q20 0.10 0.08 0.08 0.084e

Q22 2.13 2.18 2.15 2.21e

Polarizabilities
R00

11 8.49 9.73 9.81 9.93,f 9.91g

R11
11 9.17 10.05 10.15 10.13,f 10.31g

R-1-1
11 7.82 9.53 9.58 9.76,f 9.55g

rj 8.49 9.77 9.84 9.78,b 9.94,f 9.64h

R00
21 3.53 4.40

R11
21 9.13 9.85

R-1-1
21 2.73 3.88

R20
21 2.91 3.01

R00
22 28.11 32.92 33.13

R11
22 47.70 54.08 54.93

R22
22 34.73 41.45 41.74

R-1-1
22 26.57 33.14 33.41

R-2-2
22 30.57 38.12 38.53

R02
22 0.60 2.36

a The origin is at the oxygen atom with the molecule in thexzplane,
and a negativez-axis bisecting the HOH angle. All values are given in
atomic units. See Table 1 for conversion factors. The following
relationship holds:R02

22) R20
22. b Previously published CCSD(T) value.56

c Previously published MP2 value.57 d Previously published experi-
mental value.58 e Calculated using the previously published experi-
mental values of the dipole moment58 and the components of the
quadrupole moment.59 f Previously published MP4 value.60 g Previ-
ously published experimental value.61 h Previously published experi-
mental value.62
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interaction energy for this geometry is-5291µEh at the MP4
level of theory. The global minimum area contains additional
shallower wells corresponding to structures whose interaction
energies are within 100µEh of the global minimum. For
example, the C-9a structure in Figure 2 which results when the
fluoromethane molecule is rotated by 60° around itsC3 axis is
only 86µEh higher in energy than the most stable C-9 structure.
On the other hand, if the water molecule is rotated by 180°
with respect to the line connecting the two hydrogen atoms,
which results in the C-9b structure in Figure 2, the interaction
energy is equal to only-1228µEh. Similarly, the C-9c structure

for which the position of the oxygen atom with respect to
fluoromethane is the same as in C-9b is much less stable than
C-9. However, its interaction energy of-2278µEh significantly
exceeds the magnitude of the interaction energy for the C-9b
structure. This is caused by the stabilizing interaction between
fluorine atom and the more remote hydrogen atom of the water
molecule. All this shows that the presence of the C-H‚‚‚O
interaction is important in stabilizing the global minimum
structure, although the overall interaction energy is not very
sensitive to certain geometrical modifications such as the rotation
of the fluoromethane molecule around itsC3 axis. The just
described differences in the interaction energy for different C-9
structures depicted in Figures 1 and 2 have their origin in
changes of the electrostatic component. The differences between
other components for the four C-9 structures considered are
much smaller.

The geometry of the C-F‚‚‚H-O hydrogen bond in the C-9
structure shares some similarities with the structures determined
by Murray-Rust et al.4 in their X-ray study of C-F‚‚‚H-(O,
N) hydrogen bonds. They specified geometries of C-F‚‚‚H-N
hydrogen bonds for two systems in which the F‚‚‚H separations
were 4.3 and 4.46a0, respectively, and the F‚‚‚H-N angles
were 141° and 155°. These parameters have values similar to
the already mentioned F‚‚‚H distance equal to 4.04a0 and the
F‚‚‚H-O angle equal to 144° which were found for the C-9
structure. However, the C-F‚‚‚H hydrogen bonds described by
Murray-Rust et al. involve multiple hydrogen bonds in chelate-
like complexes rather than a cyclic arrangement with two
hydrogen bonds of different lengths such as in our case.
Although good agreement between our geometrical parameters
is likely to be accidental, our conclusions agree with those of
Murray-Rust et al. who stated that “C-F can act as a weak
proton acceptor” and that “C-F‚‚‚H-O bonds are energetically
favorable, but that other stronger interactions are usually formed
in preference.”

Figure 1. Configurations of the CH3F‚‚‚H2O complex examined in this work. Dots indicate the position of bond functions for the seven attractive
configurations.

Figure 2. Three modified configurations derived from the C-9 structure
of CH3F‚‚‚H2O.
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The C-1 structure which contains a linear C-F‚‚‚H-O
hydrogen bond is much higher in energy than the C-9 config-
uration. The interaction energy at the radial minimum with the
C‚‚‚O distance of 8.5a0 was found to be only-3561µEh. It is
this value that should be considered as the true measure of the
intrinsic strength of the C-F‚‚‚H-O hydrogen bond since in
the C-1 configuration there are no additional hydrogen bonds
which could further stabilize the structure. The C-8 structure,
which lacks a linear hydrogen bond, but in which the dipoles
of the two molecules are aligned, is the third most stable
configuration, possessing the MP4 interaction energy of-2882
µEh at a C‚‚‚O separation of 8.5a0. Slightly less stable is the
C-7 configuration with∆EMP4 ) -2635 µEh. The C-H‚‚‚O
hydrogen bonded structures C-4, C-5, and C-6 have interaction
energies of only-2044,-1952, and-1698µEh, respectively,
at the MP4 level of theory. In contrast to the CH4‚‚‚H2O
complex26 for which the C-2 and C-3 configurations were found
to be the most attractive, in the present case they were found to
be repulsive at the MP4 level of theory for all distances
examined.

To gain some insight into the nature of the interaction between
CH3F and H2O, the electrostatic, exchange, deformation, and
dispersion energies were examined for all nine configurations

as functions of the center of mass separation of the two
interacting molecules. The use of the center of mass separations
in Figures 3-7 rather than the C‚‚‚O separations was dictated
by the fact that the former emphasized qualitative similarities
between energy components for different configurations. This
allowed us to show plots for only one chosen configuration from
each of the five groups described earlier. For example, the curves
representing the electrostatic energy,εes

(10), as a function ofRcom

are very similar for the C-1, C-4, C-5, C-6, C-7, and C-8
structures and therefore in Figure 3 the curves for three of them,
C-5, C-6, and C-8, are omitted.

As anticipated, the electrostatic energy plays a large role,
significantly more so than for CH4‚‚‚H2O.26 Interestingly, the
dipole-dipole interaction does not explain the electrostatic trend
well: the C-7 and C-8 configurations, which have molecular
dipoles aligned, are considerably less attractive electrostatically
at their most attractive intermolecular separations than the C-1
and C-9 configurations, which do not represent the alignment
of dipoles. Higher order moments, whose interactions with the
dipole moments and each other are more favorable for C-1 or
C-9 than for C-7 or C-8 structures, account for these results.
The influence of higher order moments is also responsible for
the differences between the electrostatic energies of the two

TABLE 3: Interaction Energy and Its Components Calculated Using Sadlej’s Basis Set for the Nine Configurations of
CH3F‚‚‚H2Oa

RC-O Rcom εes
(10)

εexch
HL ∆Edef

SCF
εdisp

(20) ∆EMP2 ∆EMP4 RC-O Rcom εes
(10)

εexch
HL ∆Edef

SCF
εdisp

(20) ∆EMP2 ∆EMP4

Configuration C-1 Configuration C-6
7.00 5.525-21 989.7 58 389.4-15 861.0-10 033.8 18 268.5 18 697.3 6.00 6.703-2 840.5 3 300.7 -560.6 -1 948.5-1 178.8 -1 300.6
8.00 6.525 -6 916.3 7 048.0 -2 141.5 -2 793.6-2 763.7-2 791.4 6.50 7.194-1 905.8 1 264.8 -310.7 -1 159.2-1 617.0 -1 698.0
8.50 7.025 -4 647.3 2 410.9 -913.6 -1 550.1-3 522.5-3 560.8 7.00 7.686-1 415.0 479.7 -186.0 -713.1-1 529.5 -1 579.7
9.00 7.525 -3 406.3 819.0 -434.7 -893.2-3 171.3-3 192.4 7.50 8.178-1 117.8 180.2 -118.1 -453.7-1 302.6 -1 331.5

10.00 8.525 -2 099.1 92.6 -133.6 -334.9-2 100.8-2 092.2 8.00 6.672 -915.2 67.0 -78.5 -298.0-1 071.8 -1 086.7
12.00 10.525 -997.6 1.0 -26.3 -71.9 -940.1 -921.1 9.00 9.662 -648.7 9.1 -38.2 -139.7 -718.5 -719.2

10.00 10.653 -478.7 1.1 -20.3 -71.9 -498.1 -493.9
Configuration C-2 12.00 12.640 -279.8 0.0 -6.9 -23.3 -268.1 -262.7

6.00 7.325 2 072.2 5 029.1-1 375.0 -2 909.4 3 199.0 2 951.6
7.00 8.324 1 814.8 666.6 -304.4 -1 014.8 1 045.5 878.3 Configuration C-7
8.00 9.324 1 290.4 82.9 -99.5 -405.0 717.0 622.5 5.00 6.524-7 048.7 11 089.4 -1 593.8 -4 468.3 283.6 155.2
9.00 10.324 922.3 9.3 -42.8 -182.6 584.9 530.1 5.50 7.024-4 230.8 4 130.6 -740.4 -2 545.8-2 132.7 -2 245.4

10.00 11.324 680.5 0.8 -21.4 -91.0 476.5 442.2 6.00 7.524-2 921.6 1 518.5 -388.9 -1 497.4-2 555.3 -2 635.2
12.00 13.324 402.0 -0.1 -6.8 -28.2 311.5 294.9 6.50 8.024-2 225.3 551.2 -225.7 -911.1-2 337.1- 2 386.0

7.00 8.524 -1 797.5 197.5 -141.2 -573.0-1 976.8 -2 001.9
Configuration C-3 8.00 9.524-1 277.9 24.5 -64.1 -248.2-1 354.3 -1 352.9

6.00 6.508 -833.5 10 204.5 -2 430.3 -3 865.7 3 992.8 3 774.1 9.00 10.524 -958.1 2.9 -32.9 -119.5 -954.3 -943.4
7.00 7.490 897.6 1 534.4 -505.3 -1 315.5 669.7 498.5 10.00 11.524 -739.7 0.3 -18.2 -62.8 -702.9 -689.8
8.00 8.476 855.3 218.6 -141.7 -504.3 351.9 255.9 12.00 13.524 -467.4 0.0 -6.5 -20.9 -421.1 -409.9
9.00 9.465 632.6 29.5 -53.4 -219.5 314.6 262.6

10.00 10.456 457.0 3.6 -24.5 -106.5 272.1 242.2 Configuration C-8
12.00 12.441 252.1 0.0 -7.0 -31.9 180.2 167.9 7.00 5.476-16 116.7 32 204.9 -4 035.3 -7 163.2 9 893.7 9 636.4

8.00 6.476 -5 150.5 4 165.3 -760.4 -2 134.6-2 342.5 -2 486.2
Configuration C-4 8.50 6.976-3 626.7 1 484.7 -386.1 -1 218.0-2 800.5 -2 882.0

6.00 6.703 -6 683.7 10 328.6 -2 148.6 -3 396.5 -18.9 -50.5 9.00 7.476 -2 795.1 527.7 -217.4 -720.3-2 569.0 -2 607.5
6.50 7.194 -3 807.6 3 998.8 -965.4 -1 915.6-1 666.9-1 719.6 10.00 8.476-1 892.3 65.9 -87.4 -283.2-1 835.8 -1 831.4
7.00 7.686 -2 440.4 1 533.3 -475.8 -1 115.9-1 908.5-1 951.5 12.00 10.476-1 034.1 0.9 -22.6 -64.7 -941.2 -921.2
7.50 8.179 -1 722.2 582.7 -256.9 -674.0-1 704.0-1 731.4
8.00 8.672 -1 300.3 219.6 -150.4 -422.2-1 407.2-1 421.2 Configuration C-9
9.00 9.662 -833.6 30.5 -62.1 -182.8 -911.2 -909.7 5.00 4.573-27 555.2 53 434.9-12 328.3-11 796.0 8 800.0 9 275.5

10.00 10.653 -580.2 4.1 -30.0 -88.5 -604.3 -597.5 5.50 5.059-14 732.2 20 004.9 -4 762.2 -6 458.7-2 475.6 -2 359.4
12.00 12.640 -317.6 0.0 -9.1 -26.7 -304.8 -297.7 6.15 5.743 -7 581.9 5 371.1 -1 390.8 -3 042.8-5 277.1 -5 290.7

6.50 6.037 -5 677.2 2 608.8 -857.9 -2 067.6-4 998.2 -5 020.0
Configuration C-5 7.00 6.529-4 001.5 916.5 -409.7 -1 225.2-4 111.3 -4 124.2

6.00 6.703 -6 837.9 10 343.6 -2 150.9 -3 398.3 -148.5 -178.0 8.00 7.515 -2 298.0 108.4 -119.8 -480.5-2 492.1 -2 483.0
6.50 7.194 -3 933.9 4 004.3 -967.0 -1 916.2-1 780.9-1 831.3 10.00 9.497 -993.2 1.2 -20.5 -106.3 -992.0 -974.3
7.00 7.686 -2 543.0 1 535.4 -476.9 -1 116.0-2 003.5-2 044.3 12.00 11.485 -513.5 -0.1 -5.6 -32.5 -483.5 -471.0
7.50 8.179 -1 805.4 583.5 -257.5 -674.0-1 782.0-1 807.4
8.00 8.672 -1 367.9 219.9 -150.8 -422.2-1 470.9-1 483.2
9.00 9.662 -878.5 30.5 -62.3 -182.8 -953.9 -951.2

10.00 10.653 -610.6 4.1 -30.2 -88.5 -633.3 -625.6
12.00 12.640 -332.4 0.0 -9.2 -26.7 -318.9 -311.4

a The MP4 results were calculated using the frozen core approximation, and the MP2 results were obtained by taking into account the correlation
of all electrons.RC-O andRcom are given ina0 and energies inµEh.
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repulsive configurations, C-2 and C-3, at the center of mass
separations shorter than 6.7a0, where the former remains
repulsive and the latter becomes attractive as shown in Figure
3. The electrostatic energy calculated from a multipole expansion
does not account for a significant portion of the nonexpanded
energy, so it appears that penetration effects are important.

The second-order intramolecular correlation correction to the
electrostatic energy,εes,r

(12), displays a markedly different trend
than that ofεes

(10). The C-1, C-8, and C-9 configurations have
repulsiveεes,r

(12) values at their most attractive geometries. On
the other hand, C-2 and C-3 have attractiveεes,r

(12) values at all
distances studied. The remaining configurations have values
close to each other and are scattered between these two

extremes. Theεes,r
(12) component is not very important compared

to εes
(10) since its magnitude for most structures is smaller than

10% of εes
(10). Only for the C-1 configuration does it amount to

approximately 13%.

The exchange energy,εexch
HL , shown in Figure 4 is much less

repulsive at short intermolecular separations for the C-9 structure
than for any other configuration. This is due to the bent geometry
of the C-9 structure in which the centers of mass of the two
molecules must be closer to each other before the repulsive
forces reach the same level of magnitude as in other configura-
tions. The radial dependence of the exchange energy for the
remaining eight structures is fairly similar. This is shown in
Figure 4 for four of the eight configurations.

Figure 3. Radial dependence of the electrostatic energy,εes
(10), for

selected configurations.

Figure 4. Radial dependence of the exchange energy,εexch
HL , for

selected configurations.

Figure 5. Radial dependence of the SCF-deformation energy,∆Edef
SCF,

for selected configurations.

Figure 6. Radial dependence of the dispersion energy,εdisp
(20), for

selected configurations.
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The SCF deformation energy presented in Figure 5 amounts
to less than one-quarter of the electrostatic energy at each of
the radial minima for the seven attractive configurations. As
with the exchange energy, the curve representing∆Edef

SCF for
the C-9 configuration is shifted to shorter intermolecular
separations in comparison to the curves for the remaining
configurations which are fairly close together. The second-order
induction energy,εind,r

(20), mirrors the trends of the deformation
energy although at short intermolecular distances the former is
much more attractive due to the neglect of exchange effects.

The dispersion energy shown in Figure 6 is generally less
important than the electrostatic energy, in contrast to the large
role of the former in the CH4‚‚‚H2O system. At the radial
minima,εdisp

(20) is by far the most attractive for the C-9 configu-
ration and, as with other components, the curve representing
its dispersion energy is shifted to shorter intermolecular separa-
tions. The similarities between the curves for the remaining
structures are apparent in Figure 6. The dispersion energy is
consistently the most attractive of the five components examined
for the repulsive C-2 and C-3 configurations.

The MP4 interaction energy,∆EMP4, is plotted in Figure 7.
From the results of the component studies above, it is clear that
a highly attractive electrostatic term,εes

(10), and a significant
contribution from the dispersion energy,εdisp

(20), are responsible
for the increased stability of the C-9 configuration. The
differences between component energies for the C-1, C-4 and
C-7 structures are much smaller in magnitude, but the curves
representing∆EMP4 are clearly different. This underscores the
fact that even small modifications of component energies can
have a profound effect on the supermolecule interaction energy.

In general, the MP2 interaction energies calculated in this
work qualitatively resemble the MP4 results. That is, the shapes
of the∆EMP2 and∆EMP4 curves and the locations of attractive
wells are similar. However, for the seven attractive structures
∆EMP2 often significantly underestimates the interaction energy
at short distances, with the difference reaching 476µEh, or 5%,
for the C-9 structure atRC-O ) 5.0 a0. The underestimation is
somewhat smaller in magnitude, but often larger percentage-
wise, at the radial minimum of each configuration (by up to 80
µEh, or 5%, atRC-O ) 6.5 a0 for C-6). ForRC-O between 1
and 2a0 larger than the radial minimum,∆EMP2 often crosses
∆EMP4 and becomes more attractive at long distances. For the
two completely repulsive configurations,∆EMP2 is more repul-
sive than∆EMP4 at all distances studied. Furthermore, relative
differences are large, reaching 38% for the C-3 structure at 8.0
a0, mainly because interaction energies are small in magnitude.
Interestingly, for the global minimum,∆EMP2 and ∆EMP4 are
very close to each other with a difference of only-13.6µEh.

D. Effect of Bond Functions.The calculations for the radial
minima for each of the seven attractive configurations were also
performed using a basis set that included bond functions located
as shown in Figure 1. The results of these calculations are
compared in Table 4 with the results of calculations in which
a basis set without bond functions was used. By adding bond
functions, the MP4 interaction energy is lowered in every case.
The most significant changes are 448µEh (8%) for the C-9
structure and 359µEh (9%) for the C-1 structure. The dispersion
energy,εdisp

(20), is typically the most affected component, be-
coming 10-14% more attractive when bond functions are used.
This is yet another confirmation of the known effect51 of bond
functions on the saturation of dispersion energy. In the present
case, this effect is quite pronounced since Sadlej’s basis sets
lack orbitals with symmetry higher than d. Other energy
components are not significantly affected by the addition of bond
functions. For example, the electrostatic energy changes by 2%

TABLE 4: Interaction Energy and Its Components at the Radial Minima for Each of the Seven Attractive Configurations of
CH3F‚‚‚H2O Studieda

configuration basis set εes
(10)

εexch
HL ∆Edef

SCF
εdisp

(20) ∆EMP2 ∆EMP4

C-1 (8.50) S -4647.3 2410.9 -913.6 -1550.1 -3522.5 -3560.8
S+bf -4730.0 2409.6 -938.7 -1716.4 -3851.0 -3919.9

C-4 (7.00) S -2440.4 1533.3 -475.8 -1115.9 -1908.5 -1951.5
S+bf -2433.3 1528.8 -484.3 -1264.7 -2064.6 -2131.7

C-5 (7.00) S -2543.0 1535.4 -476.9 -1116.0 -2003.5 -2044.3
S+bf -2534.9 1529.9 -485.5 -1264.9 -2162.1 -2228.1

C-6 (6.50) S -1905.8 1264.8 -310.7 -1159.2 -1617.0 -1698.0
S+bf -1892.6 1261.7 -321.7 -1332.1 -1748.2 -1859.2

C-7 (6.00) S -2921.6 1518.5 -388.9 -1497.4 -2555.3 -2635.2
S+bf -2864.0 1513.9 -403.8 -1736.8 -2736.1 -2854.8

C-8 (8.50) S -3626.7 1484.7 -386.1 -1218.0 -2800.5 -2882.0
S+bf -3641.7 1492.9 -398.0 -1385.5 -2946.4 -3064.2

C-9 (6.15) S -7581.9 5371.1 -1390.8 -3042.8 -5277.1 -5290.7
S+bf -7537.7 5366.9 -1552.8 -3373.5 -5648.6 -5739.1

a The C‚‚‚O separation ina0 is given in parentheses. S and S+bf denote, respectively, Sadlej’s basis set without and with an additional set of
bond functions located as shown in Figure 1. The MP4 results were calculated using the frozen core approximation, and the MP2 results were
obtained by taking into account the correlation of all electrons. Energies are given inµEh.

Figure 7. Radial dependence of the MP4 interaction energy,∆EMP4,
for selected configurations.
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or less and the exchange energy by less than 0.6%. The
unusually large difference of 10.4% was observed for the SCF
deformation energy but only for the C-9 structure.

IV. Potential Energy Surface

A potential energy surface for the CH3F‚‚‚H2O interaction
has been developed using a similar functional form to the one
proposed for the water dimer by Wheatley.64 Wheatley’s method
uses components of the interaction energy so that fewer points
on the potential energy surface need to be fitted in order to
obtain a reasonable description of the potential energy surface.

First, the properties of the monomers were calculated, as
described earlier. Next, the SCF and MP2 multipole moments
and polarizabilities were used to attempt to reproduce the
electrostatic and induction energies for all configurations in
Table 3 and additional 50 random structures.

The interaction energy was divided into five contributions:

The multipole-expanded electrostatic,Ees, was calculated
using the distributed multipole momentsQlm:

wherel andmare the usual labels used for spherical harmonics,
Tlm,l′m′ is a function of the nuclear separationRab and the relative
monomer orientationsΩab. The summation overl and l′ was
performed up tol + l′ ) 4, since interactions of higher ranks
are expected to contribute little to the potential.64 Good
agreement between the multipole representation of the electro-
static energy and the nonexpandedεes

(10) component was found
only for long intermolecular distances. As the intermolecular
distances decrease, the differences betweenεes

(10) and Ees in-
crease due to penetration effects.

The induction energy was calculated using the equation

whereRmm′
ll ′ denotes a polarizability of appropriate rank andFlm

A

denotes an electric field induced by molecule B on molecule
A:

In eq 8,Q denotes a multipole moment, andT an interaction
tensor. As with the electrostatic energy, using eq 7, we were
able to reproduce theεind,r

(20) component only for long distances.
The exchange repulsion energy was calculated using the

formula

whereR andA are adjustable parameters determined by fitting
the Heitler-London exchange energy,εexch

HL , and theS tensor is
determined by the orientation65

Here, ωa and ωb denote the local axis orientations of sites a
and b relative to a fixed set of axes, andω denotes the
orientation of the vector from site a to site b relative to the
same fixed axes.D’s denote the Wigner rotation matrices,
whereas the parenthetical rows of coefficients represent a
Wigner 3-j symbol.66 Overall, 24 adjustable parameters were
used. To ensure that the fit of the exchange repulsion energy
was not unphysical, we had to include in the fit the results of
some selected configurations at short intermolecular separations.

Calculation of the dispersion energy was achieved using

where

whereCn;l,l′,l′′
m,m′ are adjustable parameters fitted toεdisp

(20). We used
29 adjustable parameters to describe the dispersion energy. The
damping functionG suppresses the singularities of theR-n terms
in eq 11. It is defined by

R0 for the dispersion energy was set as 7.7a0 and was chosen
from several other values since it gave the fit of the best quality.

The last component which is named “the correlation energy”
was fitted to the difference between the MP4 interaction energy
and the sum of the already described four components:

Its functional form is essentially the same as that of the repulsion
energy, but in this case also a corrector-damping functionG
was applied:

whereG(Rab) is defined by eq 13 withR0 ) 10.0 a0 and is
chosen to provide the best fit as in the case of the dispersion
energy.â and B are analogous toR and A in eq 9 so in this
case also 24 parameters were used. Because of the flexibility
of the function given by eq 15 some of the points had to be
excluded from the fit. The tests performed on final form of the
potential did not show any unphysical behavior forRcom larger
than 5.0a0. For a set of 40 randomly selected structures which
were not used in the fit, we found that the fitted potential gave
a standard deviation of 342µEh. A FORTRAN program for
evaluating the interaction energy between CH3F and H2O is
available on request.

V. Summary

The global minimum has been found for the C-9 structure
with a bent C-F‚‚‚H-O hydrogen bond with the C‚‚‚O
separation of 6.15a0 and with the MP4 interaction energy of
-5739µEh. The stability of this structure is enhanced by the
presence of an additional elongated C-H‚‚‚O hydrogen bond.
The magnitude of this effect does not seem to have been
previously examined in the literature although a structure very

E ) Ees+ Eind + Edisp + Erep + Ecorr (5)

Ees) ∑
ab

∑
lm,l′m′

Qlm,aQl′m′,bTlm,l′m′(Rab,Ωab) (6)

Eind ) -
1

2
∑
A

∑
lm,l′m′

Rmm′
ll ′ Flm

A Fl′m′
A (7)

Flm
A ) ∑

b,l′′,m′′
Ql′′m′′,bTlm,l′′m′′(Rab,Ωab) (8)

Erep ) ∑
ab

exp(-RabRab) ∑
lm,l′m′

Alm,l′m′
ab Sl,l′,l + l′

m,m′ (Ωab) (9)

Sl,l ′,l′′
m,m′ ) i l-l′-l′′ ∑

k,k′,k′′
(l l ′ l′′
k k′ k′′ )Dkm

l (ωa)*Dk′m′
l′ (ωb)*Dk′′0

l′′ (ω)*

(10)

Edisp(Rab,Ωab) ) [∑n)6

8

Cn(Ωab)R
-n]G(Rab) (11)

Cn(Ωab) ) ∑
l,l ′,l′′,m,m′

Cn;l,l ′,l′′
m,m′ Sl,l ′,l′′

m,m′(Ωab) (12)

G(Rab) ) {exp[-0.4( R0

Rab
- 1)2] Rab < R0

1 Rab g R0

(13)

Ecorr ) ∆EMP4 - Ees- Eind - Edisp - Erep (14)

Ecorr ) ∑
ab

G(Rab) exp(-âabRab) ∑
lm,l′m′

Blm,l′m′
ab Sl,l′,l + l′

m,m′ (Ωab)

(15)
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similar to C-9 has been found by Caminati et al.22 for the
difluoromethane‚‚‚water complex. A structure with a linear
C-F‚‚‚H-O hydrogen bond is significantly less stable with the
MP4 interaction energy of-3920µEh at the C‚‚‚O separation
of 8.0a0. Howard et al.23 have found for a similar configuration
a slightly weaker interaction energy of-3790 µEh. They did
not provide all of the geometrical parameters used in their
calculations, but the equilibrium F‚‚‚H separation of 3.6a0 is
significantly shorter from the value of 4.1a0 which we found.
In their analysis of crystallographic databases, Howard et al.23

focused on the length of the F‚‚‚H hydrogen bonds in assessing
the propensity of fluorine to act as a hydrogen bond acceptor,
but as our calculations show, the stability of the C-F‚‚‚H-O
hydrogen bonds can be greatly influenced by neighboring atoms.

The strength of the C-F‚‚‚H-O hydrogen bond can be
compared to the strength of hydrogen bonds in other complexes.
A convenient reference system is the water dimer for which
the most accurate estimate of the binding energy appears to have
been reported by Klopper et al.67 Their CCSD(T) result is 8000
( 80 µEh (5.02( 0.05 kcal/mol). Since we did not use CCSD-
(T) theory in the present work, a more appropriate comparison
is with the MP2 results obtained by Klopper et al. (∆EMP2 )
-7896µEh) and Schu¨tz et al.68 (∆EMP2 ) -7872µEh). Using
the geometry of Klopper et al. and Sadlej’s basis set without
bond functions, we obtained for the water dimer∆EMP2 )
-7033µEh. When bond functions were used, the MP2 interac-
tion energy was found to be-7609µEh which is 3.6% higher
in energy than that the result of Klopper et al. and 3.3% higher
than the result of Schu¨tz et al. Good agreement with the litera-
ture data for the water dimer validates our approach to the
fluoromethane-water system, particularly the results obtained
with a basis set that included bond functions. The results for
(H2O)2 can be compared with the interaction energies for the
C-9 (∆EMP2 ) -5649 µEh) and C-1 (∆EMP2 ) -3851 µEh)
configurations of the CH3F‚‚‚H2O complex obtained with
Sadlej’s basis set augmented with bond functions. The interac-
tion energy for the C-9 structure amounts to approximately 70%
of the results for the water dimer. The interaction energy for
the C-1 structure, which in our opinion is a better measure of
the intrinsic strength of the C-F‚‚‚H-O hydrogen bond, is
approximately two times smaller than in the water dimer.

From these results, it seems quite possible that a C-F‚‚‚H-O
hydrogen bond interaction in fluorocitrate ester crystals is
energetically favorable. Similarly, energetics may be a factor
in the difluorotoluene nucleoside’s ability to code for adenine.
While steric factors are certainly important in these two systems,
fluorine’s ability to form a hydrogen bond is not insignificant
either. Perhaps further studies could determine why the NMR
spectrum of 2-fluoroethanol does not show evidence of hydrogen
bonding.
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(26) Szcze¸ śniak, M. M.; Chałasin´ski, G.; Cybulski, S. M.; Cieplak, P.

J. Chem. Phys.1993, 98, 3078.
(27) Suenram, R. D.; Fraser, G. T.; Lovas, F. J.; Kawashima, Y.J. Chem.

Phys.1994, 101, 7230.
(28) Rybak, S.; Jeziorski, B.; Szalewicz, K.J. Chem. Phys.1991, 95,

6576.
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