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The present work focuses on the analysis of the CHâââX- interactions between YnH3-nCH (n ) 0-3, Y ) F,
Cl as proton donors and X- (X ) F, Cl, OH) anions as proton acceptors using the MP2/6-31+G(d,p) method.
The optimized geometries of these complexes and their vibrational frequencies and intensities are discussed.
The changes in the populations of the relevant molecular orbitals are calculated using the natural bond orbital
(NBO) analysis. The interaction energies range from 2.4 to 32.4 kcal mol-1. The YnH3-nCH (n ) 0, 2, 3)âX-

systems are stabilized by CHâââX- hydrogen bonds. It is demonstrated that the interaction results in an
elongation of the incipient CH bond, a red shift of theν(CH) vibration, and an increase of its intensity. The
NBO analysis shows that the charge transfers go mainly to theσ*(CH) antibonding molecular orbital (MO)
and, to a lesser extent, to the lone pairs of Y. It is also shown that the lengthening of the CH bond increases
with the intermolecular distance and the increase of the population of theσ*(CH) MO. The interaction energies
are correlated to the frequency shifts of theν(CH) vibration. The CH3YâX- complexes show contrasting
behavior. The intermolecular distances and angles indicate that the CH3Y molecules and the X- anions are
not stabilized by CHâââX- hydrogen bonds. In contrast with the other systems, complex formation causes a
contraction of the CH bond, a blue shift of theν(CH) vibration, a small decrease of the population of the
σ*(CH) MO, and a marked increase of the population of theσ*(CY) MO. These features indicate that the
CH3YâX- systems are stabilized by electrostatic interactions and by charge transfer taking place in the remote
part of the CH3Y molecule.

1. Introduction

Since the early 1960s, crystallographic and spectroscopic
studies have shown that CH groups can act as proton donors in
hydrogen-bonded systems. In many cases, they control the
molecular architecture to a large extent.1 A variety of theoretical
studies focusing on CHâââO, CHâââN, and CHâââπ interactions
appeared recently. For many hydrogen bonds involving CH
groups, an elongation of the CH bond and a red shift of the CH
stretch have been detected in solution and in the gas phase as
well.2 There are a rather limited number of cases where, in
contrast to conventional hydrogen bonds, the bridging CH bond
is shortened and the corresponding stretching vibration is blue-
shifted.3 A thorough analysis of the energies and populations
of the molecular orbitals has led to the conclusion that there is
actually no fundamental difference between the conventional
OHâââO and CHâââO hydrogen bonds.3i,m

For the conventional AHâââB hydrogen bonds, correlations
have been established between the interaction energy, the
elongation of the AH bond, the frequency shift (or intensity) of
the AH stretching vibration, and the intermolecular distance.4

On the contrary, as shown in our recent work,3m for the
complexes of fluoro- or chloromethanes with water, there is no
correlation between the changes in the CH distance resulting
from complex formation and the intermolecular distances or
interaction energies. This intringing behavior has been explained
by the fact that in such CHâââO systems the forces pushing
toward contraction are slightly larger than the elongation forces,

whereas the opposite is valid for the conventional hydrogen
bonds. It might be worth mentioning that in the aforementioned
systems the interaction energies are low and vary over a small
interval, between 0.3 and 3.8 kcal mol-1, and the frequency
shifts range from+9 to+43 cm-1. In many aspects, the CHCl3â
H2O complex appears to be a precursor of the conventional
hydrogen bonds.

The main objective of the present work is to discuss the
validity of the correlations existing for conventional hydrogen
bonds for systems that involve CH proton donors. For this
purpose, the interaction between methane, mono-, di-, and
trisubstituted fluoro- and chloromethanes, on one hand, and F-,
Cl-, and OH- anions, on the other hand, is investigated. Such
systems were chosen because the hydrogen bond energies are
expected to be larger than those involving neutral bases as proton
acceptors. Since the early 1980s, the interaction between CH
groups and anions has been investigated by high-pressure mass
spectrometry and ion cyclotron resonance spectroscopy.5 The
experimental hydrogen-bond energies obtained for various CH
proton donors and the F- anion are large and fall between 25
and 30 kcal mol-1.5d Theoretical calculations are available for
the structure and energy of the CH4âCl- complex.6 This system
has been investigated recently by pulsed electron beam
spectroscopy.7a Gas-phase equilibria for clustering reactions of
the chloride ion with chloromethanes have also recently been
measured by pulsed electron-beam high-pressure spectroscopy.7b

In this case, the interaction energies are also large, varying from
3.8 to 19.5 kcal mol-1, on going from CH4 to the more acidic
proton donor CHCl3. All of these studies deal with the structure
and energies of the complexes, and except for the CH4âCl-
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complex, where a red shift of the CH stretching vibration has
been theoretically predicted and experimentally observed,7a

vibrational data on other systems are unavailable. The same
remark also holds for the charge distribution and the population
of the molecular orbitals. As for the energies, we anticipate that
these parameters vary within a broad interval. It is noteworthy
that the interaction between methane derivatives, or more
specifically, the methylhalides and the halide ions, may be
important for bimolecular nucleophilic substitution (SN2) reac-
tions.8

This work is arranged as follows. In the first section, for the
YnH3-nCH (n ) 0, 2, 3, Y) F, Cl) proton donors, we discuss
the geometric changes resulting from interactions with the F-,
Cl- and OH- anions. The second section deals with the
interaction energies, vibrational frequencies, and infrared in-
tensities of theν(CH) stretching vibration. In the third section,
we present the results of the natural bond orbital (NBO) analysis
of the charge transfer and the change in occupation of the
relevant molecular orbitals of the proton donor. In the last
section, we discuss the same parameters for the interaction
between the CH3Y (Y ) F, Cl) molecules and the F- and Cl-

anions. For these systems, a totally different type of interaction
is found, and these complexes, therefore, had to be treated
separately.

2. Computational Methods

The geometries of the isolated molecules YnCH3-n (n ) 0-3,
Y ) F, Cl) and their complexes with the F-, Cl-, and OH-

anions were calculated at the MP2/6-31+G(d,p) level. These
geometries were fully optimized without any constraints. The
interaction energies were then determined as the difference in
energy between the complex, one one hand, and the sum of the
isolated monomers on the other hand. Basis set superposition
errors (BSSE) were corrected by the counterpoise procedure.9

Harmonic vibrational frequencies and intensities of the isolated
proton donor and the corresponding complexes with the anions
were calculated at the same computational level. The charges
on individual atoms, the population of the molecular orbitals,
and the coefficients of the hybrid orbitals were obtained by using
the natural bond population scheme.10 The Gaussian 98 package
of programs11 was used for all the calculations reported in the
present work. All data refer to the standard conditions of 1 atm
and 298 K.

3. Results and Discussion

Structure of the Complexes.Figure 1 schematically displays
the structure of the complexes between YnH3-n CH (n ) 0, 2,
3, Y ) F, Cl) and the F-, Cl-, and OH- anions. The
intermolecular distances, the CHâââX- angles, the changes of
the length of the bridging CH bond and of the free CH′ bond,
along with the elongations of the CY bond resulting from the
interaction with the anions, are gathered in Table 1.

In the case of the interaction between CH4 and F- or Cl-,
the minimum-energy configuration is aC3V structure in which
F- and Cl- are bound to the vertex of the CH4 tetrahedron.
The hydrogen bond is almost linear. These data are in agreement
with that of refs 7a and b. A face-boundC3V structure, although
being a stationary point as well, is placed 690 cm-1 above the
vertex-bound minimum.7a In the CH4âOH- complex, the
departure from linearity is slightly larger than that in the two
other ones.

The complexes between CH2Y2 and the studied anions have
an asymmetric bifurcated form. The CHâââX- angle ranges from

144.4 to 171.1°, and the second hydrogen atom H′ interacts with
the anions weakly. If X- ) OH-, the H′âââOH- distances are
relatively long: 3.129 Å for the CH2F2 complex and 3.184 Å
for the CH2Cl2 complex. In both complexes, the atoms of the
O-HCH′ group lie in the same plane. In the CH2Y2âF-

complexes, the H′âââF- distances are equal to 3.139 (Y) F)
and 3.172 Å (Y) Cl).

Figure 1. MP2/6-31+G(d,p) geometries of the CH4âX-, CH2Y2âX-,
and CHY3âX- complexes (Y) F, Cl; X ) F, Cl, OH).

TABLE 1: MP2/6-31+G(d,p) Geometrical Parameters for
the Interaction between YnH3-nCH (n ) 0, 2, 3) and F-, Cl-,
and OH-

system
r(HâââX-),

Å
∠CHâââX-,

deg
∆r(CH)a,

mÅ
∆r(CH′)a,

mÅ
∆r(CY),

mÅ

CH4âF- 1.955 179.9 16.1 4.4
CH4âCl- 2.730b 178.2 2.7b 2.4
CH4âOH- 2.040 173.4 12.9 4.5
CH2F2âF- 1.699 164.1 21.7 2.4 26.8
CH2F2âCl- 2.467 144.4 -1.7 0.4 16.1
CH2F2âOH- 1.802 151.4 12.0 1.4 26.2
CH2Cl2âF- 1.545 171.1 53.4 1.0 22.4
CH2Cl2âCl- 2.288c 162.4c 9.4c -0.4 11.1
CH2Cl2âOH- 1.607 166.5 56.6 2.8 22.8
CHF3âF- 1.537 179.7 51.3 26.0
CHF3âCl- 2.252 179.4 7.8 13.8
CHF3âOH- 1.625d 176.3 45.0 28.0
CHCl3âF- 1.379 180.0 104.2 22.4
CHCl3âCl- 2.126 180.0 27.5 8.3
CHCl3âOH- 1.431d 177.0 101.0 19.1

a Average of the values when the CH or CH′ bonds are not entirely
equivalent.b The calculated MP2(full)/aug-cc-pVTZ distance and elon-
gation of the CH bond are 2.543 Å and 6 mÅ, respectively.7a c The
HâââX-distance and the CHâââX- angle calculated at the QCISD(T)/
6-311+G(d,p)//B3LYP/6-31+G(d) level are 2.30 Å and 156.9°,
respectively. The elongation of the CH bond is 14 mÅ.7b d From ref
12.
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The CHY3âF- and CHY3âCl- systems are characterized by
C3V symmetry. In the CHCl3âCl- complex, the optimized
HâââCl- distance of 2.126 Å is somewhat smaller than the
average HâââCl- contact of 2.38 Å that is found in the crystalline
state for CHCl3 complexed with Cl- anions.1g In the CHY3âF-

and CHY3âCl- systems, the bridging proton resides preferen-
tially closer to the C atom. In the CHCl3âF- complex character-
ized by a perfectly collinear hydrogen bond, the CâââF- distance
is very short, 2.567 Å, although it is still about 0.3 Å longer
than it is in the (FHF)- ion.12 The corresponding hydrogen bond
is not symmetrical, the CH distance of 1.188 Å being smaller
than the intermolecular HâââF- distance of 1.379 Å. For this
complex, the elongation of the CH bond is very large, 104.2
mÅ. The complexes between CHY3 and OH- are stationary
points on the potential energy surface. However, as shown in a
recent work,13 the most stable structures are the proton-
transferred ones, Y3C-âââH2O, which are energetically favored
by 1.1 kcal mol-1 (F3CH) and 7.1 kcal mol-1 (Cl3CH) over the
Y3CHâââOH- structures. From these data, we have concluded
that proton transfer occurs if the difference between the proton
affinity (PA) of the X- anion and the proton affinity of the
CY3

- anion is at least 8 kcal mol-1.
As follows from Table 1, the intermolecular distances, ranging

from 1.379 to 2.730 Å, are smaller than the sum of the van der
Waals radii of the hydrogen atom and the anions, and the
CHâââX- angles significantly exceed 90°. It therefore seems,
following the criteria of ref 1c, that all of the CH proton donors
and the anions listed in Table 1 are held together by CHâââX-

hydrogen bonds. Furthermore, the interaction operates to
elongate the CH bond by 2.7 to 104.2 mÅ, except in the
CH2F2âCl- complex, whose CH bond is slightly contracted. It
is worth noticing, particularly for the following discussion, that
the latter complex is characterized by the largest departure from
linearity of the CHâââX- bond. The CH′ bond is also lengthened,
although to a much smaller extent than the CH bond. As
indicated by the data of Table 1, the elongations of the CH and
CH′ bonds are not correlated to each other.

For the CHâââO hydrogen bonds, the lengthening of the CH
bond (�10 mÅ) is just discernible by diffraction methods, so
no correlation could be found between the experimental CH
and HâââO distances.1f However, for the CHâââX- hydrogen
bonds, the elongation of the CH bond is much larger, and the
intermolecular distances vary within a much broader interval.
It is thefore possible to find a correlation between these two
parameters. Such a correlation is illustrated in Figure 2. We
notice that very similar correlations were obtained for hydrogen
bonds involving NH groups. The NHâââO and NHâââF systems

are situated on the same curve, and the NHâââCl system is
strongly shifted to the right,1a which is obviously due to the
larger van der Waals radius of the Cl atom (1.80 Å) compared
with that of the H and F atoms (1.2 and 1.35 Å, respectively).

Interaction Energies, Frequency Shifts, and Intensities of
the ν(CH) Vibration. Table 2 reports the interaction energies
(E) calculated without and with BSSE corrections. There appears
to be some inconsistency related to the BSSE-corrected values;
therefore, they seem to be less reliable than the noncorrected
ones. Indeed, chloroalkanes can be considered to be better proton
donors than fluoroalkanes.14 However, the BSSE-corrected
values of the interaction energies for the Cl- complexes are
nearly the same for the chloro- and fluoroalkanes. Furthermore,
the OH- anion is a stronger proton acceptor than is the F- anion,
although for CH2Y2 complexed with these two anions nearly
the same interaction energies are obtained. Interestingly, these
discrepancies disappear when dealing with the BSSE uncor-
rected energies, which will be further considered in the present
work. It is also worth noticing that the experimental energies
obtained for the standard state of 1 atm7b are closer to the
uncorrected values than to the corrected ones (Table 2). It is
likely that such an inconsistency between BSSE-corrected and
uncorrected interaction energies is due to the rather small basis
set employed in the present work that poorly describes the
polarization and dispersion terms of the interaction energies of
the studied systems.

The frequency shifts (∆ν) and the square root of the intensity
enhancement (x∆I) of theν(CH) vibration caused by complex
formation are also collected in Table 2. To obtain reliable
spectroscopic data, we have calculated the frequencies and
intensities for the CHD′Y2 and CD′3H isotopes where the CH
bond acts as a proton donor and the CD′ bonds do not directly
interact with the anion. Mixing the free and complexedν(CH)
vibrations can indeed substantially influence their frequencies
and intensities. In isolated CH4, for example, the triply degener-
ate vibration F is predicted to occur at 3265 cm-1 and the A1

vibration, at 3120 cm-1. In the CH4âF- complex, the doubly
degenerate vibration E, calculated to occur at 3146 cm-1,
involves mainly a displacement of the free CH′ bond, but the
two components at 3146 and 2953 cm-1, which are red-shifted

Figure 2. Elongations of the CH bond as a function of the
intermolecular distancesr(HâââX-) for YnH3-nCH (n ) 0, 2, 3; Y) F,
Cl) complexes. Curve A refers to the CHâââF- and CHâââOH-

complexes, and curve B, to the CHâââCl- complexes.

TABLE 2: MP2/6-31+G(d,p) Interaction Energies
Calculated without and with Counterpoise Correction of
BSSE, Frequency Shifts of theν(CH) Vibration, and Square
Root of the Intensity Increase of theν(CH) Vibration in the
Complexes between YnH3-nCH (n ) 0, 2, 3, Y ) F, Cl) and
F-, Cl-, and OH-

system
E(without BSSE),

kcal mol-1
E(with BSSE),

kcal mol-1
∆ν(CH)

cm-1
xdI,

km1/2 mol-1/2

CH4âF- 5.57 4.78 -234 17.8
CH4âCl- 2.45a 1.58 -32b 6.6
CH4âOH- 5.90 4.55 -179 16.5
CH2F2âF- 20.22 20.41 -321 20.4
CH2F2âCl- 12.54 11.52 +27
CH2F2âOH- 21.03 20.36 -207 16.5
CH2Cl2âF- 23.59c 23.16 -777 34.9
CH2Cl2âCl- 13.82 11.74 -137 21.0
CH2Cl2âOH- 24.34 22.75 -733 32.3
CHF3âF- 27.65 29.26 -719 29.8
CHF3âCl- 16.62 15.11 -124 15.1
CHF3âOH- 27.59 27.82 -678 30.0
CHCl3âF- 31.04 32.68 -1422 51.2
CHCl3âCl- 18.24d 15.0 -318 32.1
CHCl3âOH- 32.42 33.07 -1511 54.3

a Experimental value) 3.8 kcal mol-1.7b b The calculated MP2(full)/
aug-cc-pVTZ shifts for the hydrogenated isotopomer are-34 and-60
cm-1 for the split components of the F vibration and-55 cm-1 for the
A1 vibration.7a c Experimental value) 14.8 kcal mol-1. 7b d Experi-
mental value) 19.5 kcal mol-1.7b
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by 119 and 312 cm-1 from the vibrational frequencies of the
free molecule, include vibrations of both the CH and CH′ bonds.
The vibration predicted at 3234 cm-1 in free CD3H describes
only a displacement of the CH bond. This mode is shifted to
3000 cm-1 in the CH4âF- complex. Thus, the value of-234
cm-1 represents the real shift resulting from complex formation.
Similar comments also hold for the intensity changes of the
ν(CH) vibration. The infrared intensity, which is equal to 17
km mol-1 in the free CD3CH isotopomer, increases to 335 km
mol-1 in its complex with F-.15 We must also mention that in
the CHD′Cl2âF- complex two vibrational modes that are shifted
by -751 and-804 cm-1 with respect to the free molecule both
include large contributions from theν(CH) andν(CD′) modes.
In this case, the average value of the two frequency shifts is
considered.

The data reported in Table 2 indicate that the interaction
energies vary over a very broad range, from 2.4 to 32.4 kcal
mol-1. It is also worth mentioning that the interaction energy
between CHCl3 and F- is large: 31 kcal mol-1. However, this
value is smaller than that for the symmetrical (FHF)- ion: 40-
44 kcal mol-1.12 We also notice large perturbations of theν-
(CH) vibrations, which are all red-shifted by-32 to -1511
cm-1, except in the CH2F2âCl- system, where a blue shift
resulting from a contraction of the CH bond is predicted. The
present data demonstrate, for all other systems, the existence
of a rough correlation between the calculated interaction energies
and the harmonic frequency shifts of the relevant CH stretching
vibrations, the so-called Badger-Bauer relation.16 Such cor-
relation, illustrated in Figure 3, shows great departure from
linearity. A similar effect was also observed for OHâââO systems
when considering a broad energy range.17 As discussed by
Sandorfy,18a it might appear astonishing that good relationships
have been obtained between the hydrogen bond energies and
the experimental (anharmonic) frequency shifts. The explanation
is that, as demonstrated for different hydrogen-bonded sys-
tems,18b-d the changes in anharmonicity are roughly proportional
to the interaction energies. Thus, the Badger-Bauer correlation
holds for harmonic and anharmonic frequency shifts as well
but is characterized by different slopes and intercepts.18b This
is likely to be the case for the present complexes. It is also
worth mentioning that for transitions involving a single mini-
mum the vibrations become superharmonic, and the anharmo-
nicity correction has been estimated to increase the calculated
harmonic frequency.18e,f However, as discussed in the first
section, all of the complexes investigated in the present work,
even the strongest one, CHCl3âF-, have a double minimum
potential.

The results of Table 2 also demonstrate that the square root
of the intensity enhancement of theν(CH) vibration increases
with increasing frequency shift.

It has been recently shown19 that the hydrogen bond strength
qualitatively parallels an increase of the acidity of the CH proton
donor. For hydrogen bonds involving various CH proton donors
and a constant proton acceptor like a water molecule, correla-
tions exist between the hydrogen bond strength and the
deprotonation energy (DPE) of the proton donor.3l,3m For the
present complexes, the interaction energies relative to a given
anion are, as expected, linearly correlated to the DPE of the
CH proton donors. The correlation coefficients vary from 0.967
to 0.985. The slopes and intercepts depend on the nature of the
anion. For complexes involving different proton acceptors and
donors, the interaction energies can be expressed as a function
of the differences in DPE and PA of the isolated molecules or
anions. For the present complexes, a plot ofE versus (DPE-
PA) gives a correlation coefficient of only 0.863. The best
correlation coefficient is found for the following equation:

This relation illustrated in Figure 4 clearly demonstrates that
the acidity plays a more important role in determining the
hydrogen bond energies than does the basicity of the proton
acceptor. The correlations, deduced for the interaction between
neutral molecules and more specifically, the interaction between
nucleobases and water,20 can now be extended to CHâââX-

hydrogen bonds.
NBO Analysis of the Electronic Structure. The formation

of a hydrogen bond complex implies that a certain amount of
electronic charge is transferred from the proton acceptor to the
proton donor molecule. In addition, a rearrangement of elec-
tronic density within each monomer occurs. In conventional
hydrogen bonds such as OHâââO or OHâââN, the decrease of
the AH stretching frequencies is consistent with the bond
weakening associated with increasing occupation of theσ*(AH)
antibonding molecular orbital (MO). Table 3 lists the charge
transfer (CT), the change in occupation of theσ*(CH) anti-
bonding MO and of the lone pairs of each Y atom of the studied
complexes YnH3-nCHâX- (n ) 1). These results show that the
charge that is transferred from the anion to the proton donor
goes mainly into theσ*(CH) MO and to the lone pair of the Y
atom. Furthermore, as illustrated in Figure 5, there is an almost
linear correlation between the elongation of the CH bond and
the change in the population of the correspondingσ*(CH)
antibonding MO.

The present results further indicate that the amount of charge
transfer does not exactly match the sum of the changes in the
population of theσ*(CH) orbitals and of the lone pairs of Y.
The differences can be accounted for by small variations in the
populations of the other orbitals of the proton donor. In the three

Figure 3. Interaction energies as a function of the frequency shifts of
the ν(CH) vibration.

Figure 4. Interaction energies as a function of 1.7 DPE- PA(X-).

E ) 0.212+ (1.7 DPE- PA(X-)) r ) 0.9604
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CH4âCl- complexes, we observe a small increase of the
population of theσ*(CH′) orbital and of the Rydberg orbitals
of the carbon atom as well. In contrast, we notice a small
decrease of the populations of theσ*(CH′) andσ*(CY) MOs
and of the Rydberg orbitals of the carbon atom for all other
complexes. In the CHCl3âCl- complex, for example, the
decrease of theσ*(CY) population is equal to 1.4 me, and the
decrease of the population of the Rydberg orbital of the C atom
takes the value of 4.5 me.

Charge density on the individual C and H atoms must be
considered with caution. Indeed, whereas the hydrogen atom
acquires a positive charge in all the monomers, the natural
charges on the C atom depend on the nature of the halogeno-
methanes and cover a wide range of values and reversed signs.
However, a common feature of all the studied complexes is the
increase of the charge on the C atom and a decrease of the
charge on the H atom, leading to enhanced C--H+ polarization.
For example, in the strong CHCl3âF- complex, the C atom gains
0.03 e and the H atom loses 0.18 e.

Complex formation also results in an increase of the percent-
age of s character of the CH bond from 25 to 29% in the weakest
CH4âCl- complex and from 32 to 40% in the strongest
CHCl3âF- and CHCl3âOH- complexes.

To visualize the formation of the CHâââX- bond in terms of
the MO pattern, we present in Figure 6 the electron density
difference section of the CHF3âF- complex.21 It clearly shows
the charge transfer from H, which loses electron density to F-

under the formation of the CHâââF- hydrogen bond. A substan-
tial gain of density occurs on the fluorine of CHF3.

Interaction between CH3Y (Y ) F, Cl) and the F- and
Cl- Anions. In this section, we comment on the interaction
between CH3Y (Y ) F, Cl) and the F- and Cl- anions. The
structure of such complexes is schematically displayed in Figure
7, which shows that the X- anion is coordinated to theC3V
principal axis of the methylhalide. We notice that an analogous
structure has recently been found for the CH3ClâCl- complex
using the B3LYP/6-31+G(d) method:r(HâââCl-) ) 3.06 Å and
the CHâââCl- angle has not been mentioned.7b The present
geometric parameters including the intermolecular HâââX-

distances and CHâââX- angles along with the variations of the
CY and CH distances are listed in Table 4. The intermolecular
distances range from 2.472 to 3.082 Å. Surprinsingly, they are
not ordered according to the proton donor ability of the
methylhalide. Indeed, these distances are longer than those for
the complexes involving the weaker proton donor CH4. Fur-
thermore, the HâââCl- distance is almost the same in the
CH3FâCl- and CH3ClâCl- complexes, despite the larger acidity
of CH3Cl.14 We also notice that the intermolecular distances
are slightly shorter than the sum of the van der Waals distances
(2.55 Å) for the F- complexes and slightly longer than this sum
(3.0 Å) for the Cl- complexes. The CHâââX- angles vary
between 84.1 and 89.5°. Noting that hydrogen bond character
decreases with the decreasing donor-acceptor angle and es-

Figure 5. Elongation of the CH bond as a function of the increase of
the population of theσ*(CH) antibonding MO.

TABLE 3: Charge Transfer and Changes in the Occupation
of the σ*(CH) Orbital and of the Lone Pairs of Y (me) in
the Complexes between YnH3-nCH (n ) 0, 2, 3, Y ) F, Cl)
and F-, Cl- and OH-

system CT ∆σ*(CH) ∆LP

CH4âF- 21.7 20.3
CH4âCl- 8.9 8.7
CH4âOH- 17.5 17.4
CH2F2âF- 44.0 29.5 10.9
CH2F2âCl- 20.4 10.9 7.6
CH2F2âOH- 35.0 23.0 11.2
CH2Cl2âF- 73.9 56.8 11.4
CH2Cl2âCl- 40.5 28.9 7.8
CH2Cl2âOH- 84.8 68.1 11.6
CHF3âF- 72.0 46.9 13.8
CHF3âCl- 45.2 28.4 9.3
CHF3âOH- 75.0 50.0 13.0
CHCl3âF- 117.9 89.7 12.5
CHCl3âCl- 69.9 49.8 8.4
CHCl3âOH- 145.0 114.0 12.7

Figure 6. Electron difference distribution of the CHF3âF- complex
using the MOLDEN program.20 The contour spacing is 0.00250 e/au3.
Contour 1 refers to the value of 0.00250 e/au3 whereas contour 17 refers
to the value of-0.00250 e/au3. Dotted lines represent a loss of electron
density relative to that of isolated CHF3 and F-. Dark regions
correspond to an increase in the density.

Figure 7. MP2/6-31+G(d,p) geometry of the CH3YâX- complexes
(Y ) F, Cl; X ) F, Cl).
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sentially vanishes around 90°,1c,f we conclude that these highly
bent geometries do not actually correspond to a hydrogen
bonding interaction. These features clearly indicate that the
interaction is electrostatic, in agreement with the statement of
ref 7b. It is also worth mentioning that, as shown in ref 7b, the
ion-dipole complex geometry in (CH3Cl)nCl- can be extended
to those of large clusters. The fact that the HâââCl- distance of
3.06 Å forn ) 1 is almost the same as that forn ) 2 indicates
the electrostatic nature of the interaction. However, for a
hydrogen bond, anticooperativity should lead to an increase of
the HâââCl- distance with increasingn.22

For all of the CH3YâX- systems, complex formation results
in a weak contraction of the CH bond from 3.9 to 6.5 mÅ. This
contraction parallels a blue shift of 39-81 cm-1 of the
correspondingν(CH) vibration and a decrease of its infrared
intensity by a factor of 0.4-0.6. We also note that, in contrast
with the complexes involving the other halomethanes, a
relatively large lengthening of the CY bonds takes place.

The interaction energies and the results of the NBO analysis
(CT and population changes) are given in Table 5. The
interaction energies vary from 6 to 13.9 kcal mol-1. It is worth
mentioning that they are not ordered according to the acidity
of the proton donor. The acidity of CH3Cl is larger than the
acidity of CH3F14 by 13 kcal mol-1, but the same energy of
13.9 kcal mol-1 is calculated for the interaction with F-.

Despite the nonlinearity of the intermolecular CHâââX- bonds,
the CT occurring from the X- anion to the CH3Y molecule takes
relatively large values, varying from 10.7 to 18.7 me. Interest-
ingly, these values are of the same order of magnitude as those
obtained for the CH4 complexes, being somewhat weaker for
the F- complexes, on one hand, and somewhat larger for the
Cl- complexes, on the other hand. This implies that the CT,
like the intermolecular distances or interaction energies, does
not actually follow the order predicted by the acidity of the
proton donor. Furthermore, the charge transferred from the anion
to the neutral molecule mainly goes to theσ*(CY) antibonding
MO and to a lesser extent to the lone pairs of Y. The population
of the σ*(CH) MO slightly decreases by 1.2 to 1.9 me. As
mentioned above, such a decrease parallels a small contraction
of the CH bond and a blue shift of theν(CH) vibration.

The last difference concerns the charges on the C and H
atoms. In the CH3YâX- complexes, the carbon atom loses

electronic density whereas the H atom becomes slightly more
positive, which indicates decreasing polarity of the CH bond.
For example, in the CH3ClâF- complex, the C atom loses 0.08
e and the H atom, about 0.02 e. Thus, the results of the NBO
analysis also clearly indicate that the nature of the interaction
in the CH3YâX- complexes is different from that in the CH4âX-,
CH2Y2âX-, and CHY3âX- complexes. The present data suggest
that the present systems are largely stabilized by electrostatic
interaction and by CT taking place in the remote part of the
CH3Y molecule.

As mentioned above, in the complex CH2âF2âCl-, the
CHâââX- angle is smaller than those in the other CH2Y2âX- or
CHY3âX- systems, which means that the CH2F2âCl- complex
is stabilized not only by the CHâââCl- hydrogen bond but also
by a secondary interaction between the CH′ bond and Cl-. This
is, in some sense, an intermediate complex, where the interaction
results in a weak contraction of the CH bond, a blue shift of
the ν(CH) vibration, and an increase of the population of the
σ*(CH) orbital.

Finally, we would like to address some comments on recent
MP2/6-311G(d,p) calculations on the CH3BrâCl- complex.6b

The HâââCl- distance and the CHâââCl- angle have not been
indicated in ref 6b. However, the fact that the intermolecular
distances calculated in the present work are almost the same as
those for the CH3FâCl- and CH3ClâCl- complexes suggests that
these distances are likely to be the same in the CH3BrâCl-

complex. Furthermore, the latter complex posseses other features
that are very similar to the CH3ClâCl- complex: ∆r(CH) )
-4 mÅ, ∆r(CY) ) 35.4 mÅ, ∆νas(CH) ) 44 cm-1, and
∆νs(CH) ) 57 cm-1.6b Altogether, this data strongly suggests
that the CH3Br molecule and the Cl- anion are held together
by electrostatic interactions rather than by three bifurcated
CHâââX- hydrogen bonds, as claimed in ref 6b. This statement
also agrees with the similar permanent dipole moments of CH3F
(1.86 D), CH3Cl (1.89 D), and CH3Br (1.82 D).

General Conclusions. The present work focuses on a
theoretical study of the interaction between YnH3-nCH (n )
0-3, Y ) F, Cl) and X- anions (X) F, Cl and OH). These
systems have been chosen because their interaction energies,
spectroscopic parameters, and populations of the relevant MO
orbitals were expected to vary within a broad range. The main
objective of this work is to analyze whether the relations among
the interaction energies, the elongation of the CH bond, the
intermolecular distances, and the infrared frequency shifts,
established for conventional hydrogen bonds, are valid for ionic
CHâââX- hydrogen bonds. In the studied systems involving the
YnH3-nH (n ) 0, 2, 3) molecules and the X- anions, the
interaction energies vary from 2.4 to 32.4 kcal mol-1. We have
shown that they correlate fairly well with the intermolecular
distances, similarly to that of hydrogen bonds involving NH
groups. As also demonstrated, the interaction energies correlate
to the deprotonation enthalpies of the CH bond of the proton
donors and to the proton affinity of the anions. Hydrogen bond
formation results in a lengthening of the recipient CH bond, a
red shift of theν(CH) vibration, and an enhancement of its
infrared intensity. The Badger-Bauer correlation between the
interaction energies and the frequency shifts of theν(CH)
vibration appears to be valid for the studied systems, although
it shows a large departure from linearity. The NBO analysis
demonstrates that the charge transfer from the anion to the
proton acceptor goes mainly to theσ*(CH) antibonding MO
and, to a lesser extent, to the lone pair of the Y atom. As for
conventional hydrogen bonds, the lengthening of the CH bond
increases with increasing population of theσ*(CH) MO. The

TABLE 4: MP2/6-31+G(d,p) Geometrical Parameters,
Variations of the CH and CY Bond Distances, and
Frequency Shifts of theν(CH) Vibration for the Interaction
between CH3Y (Y ) F, Cl) and F- and Cl-

system
r(HâââX-)

Å
∠CHâââX-,

deg
∆r(CY),

mÅ
∆r(CH),

Å
∆ν(CH)a,

cm-1

CH3FâF- 2.501 83.5 48.7 -6.5 81
CH3FâCl- 3.082 88.6 31.1 -4.3 56
CH3ClâF- 2.472 84.1 52.9 -6.2 39
CH3ClâCl- 3.081 89.5 30.1 -3.9 54

a Frequency shift of the E vibration of the CH3 group.

TABLE 5: Interaction Energies, Charge Transfers, and
Changes in the Occupation of theσ*(CH) and σ*(CY) MO
and of the Lone Pairs of Y for the Interaction between
CH3Y (Y ) F, Cl) and F- and Cl-

system Ea CT ∆σ*(CH) ∆σ*(CY) ∆LP

CH3FâF- 13.91(13.51) 16.3 -1.9 17.8 9.0
CH3FâCl- 6.04(5.34) 10.7 -1.4 10.9 6.5
CH3ClâF- 13.98(13.24) 18.7 -1.8 19.2 9.6
CH3ClâCl- 9.55(8.55) 11.4 -1.2 10.8 6.7

a The values in parentheses are the BSSE-corrected values.
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systems involving the CH3Y (Y ) F, Cl) molecules and the F-

and Cl- anions show a totally different type of interaction. The
values of the intermolecular distances and angles suggest that
the molecules and ions are not held together by hydrogen bonds.
Their complex formation results in a contraction of the recipient
CH bond, a blue shift of theν(CH) vibration, and a decrease of
its infrared intensity. Furthermore, the NBO analysis indicates
that complexation causes a small decrease of the population of
theσ*(CH) MO. The charge transfer goes mainly to theσ*(CY)
MO and, to a lesser extent, to the lone pairs of the Y atom.

Finally, we would like to address some comments on the so-
called H index, which is defined as the ratio of charge transferred
to theσ*(CH) MO to the total charge transfer between the proton
acceptor and donor.23 The value of this index should be 0.7-1
for hydrogen-bonded complexes and should approach unity for
very strong hydrogen bonds whereas values between 0.3 and 0
should be typical for improper blue-shifting hydrogen bonds.
For the complexes investigated in the present work, the H index
takes the following values: for the CH4âX- complexes, it varies
from 0.93 to 0.98; for the CH2Y2âX- complexes, from 0.53 to
0.80; and for the CHY3âX- complexes, from 0.63 to 0.79.
Overall, these results clearly demonstrate that, contrary to the
statements of ref 22, the H index is larger for the weaker
CH4âX- complexes and does not show any regularity for the
other complexes. We have recently studied the CHâââO interac-
tion in fluoromethaneâH2O and chloromethaneâH2O complexes.3m

Our results indicate that for these systems the H index varies
from 1 for the weakest CH4âH2O complex to 0.48 for the
strongest CHCl3âH2O complex. These results can be accounted
for by the fact that the overall charge transfer, taking place from
the O lone pairs to the proton donor, increases with the number
of halogen atoms implanted on the C atom. Furthermore, the H
index is unlikely to be negative. Indeed, in all of the CH
hydrogen bonds investigated to date, including the blue-shifting
ones, there is always an increase of theσ*(CH) population.3m,10,13
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