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The molecular dipole moments, their derivatives, and the fundamental IR intensities of the fluoro-, chloro-,
and fluorochloromethanes are determined from QTAIM atomic charges and dipoles and their fluxes at the
MP2/6-311++G(3d,3p) level. Root-mean-square (rms) errors of 0.01 D and 5.6 km mol-1 are found for the
dipole moments and fundamental IR intensities calculated using QTAIM parameters when compared with
those obtained directly from the MP2/6-311++(3d,3p) calculations and 0.04 D and 23.1 km mol-1 when
compared with the experimental values. Charge, charge flux, and dipole flux contributions are calculated for
all the normal vibrations of these molecules. A large negative correlation coefficient of-0.92 is calculated
between the charge flux and dipole flux contributions and indicates that electron transfer from one side of the
molecule to the other during vibrations is accompanied by relaxation with electron density polarization in the
opposite direction. The CF, CCl, and CH stretching normal modes of these molecules are shown to have
characteristic sets of charge, charge flux, and dipole flux contributions. Although the FCF and ClCCl
deformation normal modes can also be discriminated from one another based on the sizes and signs of these
contributions, some HCH deformations have contributions that are similar to those for some of the ClCCl
deformations.

Introduction

IR vibrational intensities of gas-phase molecules can now be
interpreted using a completely classical model.1-3 The dipole
flux contribution, previously treated within a quantum mechan-
ical framework in the charge-charge flux-overlap (CCFO)
model4 of intensities, now combines with the classical charge
contributions providing a simple interpretation of electronic
density changes for molecular vibrations. This model, the
charge-charge flux-dipole flux (CCFDF) model, has been
applied recently to most linear molecules for which complete
gas-phase IR fundamental intensity data exist as well as to a
few small polyatomic molecules.1-3 One of the most interesting
results of these studies was the observation of a high negative
correlation coefficient between the charge flux and dipole flux
contributions.2 This result indicates that as the molecule vibrates
intramolecular electron transfer in one direction is compensated
by electronic density polarizations in the opposite direction.

One of the goals of the work reported here is to determine
the accuracy of the charge-charge flux-dipole flux model for
a family of polyatomic molecules. One of the few families of
molecules for which complete gas-phase fundamental intensities
have been measured is the fluorochloromethanes.5-26 Since
experimental intensity data exist for these molecules, the
accuracies of CCFDF models for IR intensities as well as
expectation values obtained directly from molecular wave
functions can be assessed. One other goal is to investigate
whether a strong negative correlation between charge flux and
dipole flux exists for families of nonlinear polyatomic molecules.

The fluorochloromethanes are of special interest in this regard
since the movement of highly charged carbon and fluorine atoms
are expected to exert large polarization effects on the chlorine
atoms. Finally, it is of interest to determine if functional group
vibrations, such as the C-H, C-F, and C-Cl stretching and
bending modes, are characterized by relatively transferable
charge, charge flux, and dipole flux contributions.

The quantum theory of atoms-in-molecules (QTAIM) devel-
oped by Bader27 has been used to calculate atomic charges and
atomic dipoles of the CHxFy, CHxCly, and CFxCly molecules,
wherex ) 0, 1, ..., 4 andy ) 4 - x. Besides being useful in a
wide range of applications,28 these atomic charges and the
changes in both atomic charges and atomic dipoles have already
been used to determine dipole moment derivatives.29 6-311++G-
(3d,3p) basis sets were chosen for these calculations that were
carried out at the Møller-Plesset 2 electron correlation treatment
level. This kind of calculation has already been shown to be
adequate in accurately describing the relationship between IR
fundamental intensities of the fluorochloromethanes and their
carbon 1s electron ionization energies.30

Calculations

The Cartesian components of the molecular dipole moment
calculated from QTAIM27 charges and atomic dipoles can be
represented by

wherer ) x, y, z, qR is the atomic charge on atomR andmR,r

is the rth component of dipole moment for atomR. The
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derivatives of these components of the molecular dipole with
respect to atomic Cartesian coordinates are given by29

and

These derivatives are the elements of the atomic polar tensor
(APT) which is represented by

Using eqs 2 and 3, the APT can be expressed as the sum of
three contributions

where the first is the charge contribution, the second is the
charge flux, and the last one is the dipole flux.

The molecular polar tensor,31,32PX, is a juxtaposition of APTs

with N being the number of atoms in the molecule. Using eq 5,
the molecular polar tensor can be represented by

The polar tensor and the individual contributions can be
converted to derivatives in normal coordinate space by perform-
ing the transformation

resulting in charge, charge flux, and dipole flux contributions
to PQ, the dipole moment derivatives with respect to normal
coordinates

Here, theA, U, andL matrixes are well-known transformation
matrixes relating atomic Cartesian, internal, symmetry, and
normal coordinates.33

Within the harmonic oscillator-linear dipole moment ap-
proximations, fundamental IR intensities,Ai, are directly related
to the squares of the elements of thePQ matrix, ∂pr/∂Qi

(r ) x, y, z)

whereNA and c are Avogradro’s number and the velocity of
light, respectively.34

Theoretical calculations of the polar tensors,PX, and the
normal coordinate transformation matrixes (AUL ′) were per-
formed using the Gaussian 98 program35 on a DEC ALPHA
workstation. MP2 (Møller-Plesset) frozen-core perturbation
theory was used with a 6-311++G(3d,3p) basis set. All
calculations were made relative to theoretical equilibrium
geometries. Atomic charges and atomic dipoles were obtained
directly from the relaxed densities of the frozen-core MP2
energies of the Gaussian program using the DENSITY)
CURRENT option. The fluxes were calculated numerically from
0.01 Å geometrical distortions. Charge, charge flux, and dipole
flux contributions to the dipole moment derivatives were
calculated using a FORTRAN 77 program written in our
laboratory.

Results

MP2/6-311++G(3d,3p) level wave functions have already
been used to calculate the fundamental IR intensities of the
fluorochloromethanes.30 They provide estimates with root-mean-
square (rms) errors within 0.01 Å for the C-F, C-Cl, and C-H
bond lengths and within 0.91°, 0.21°, and 1.6° for the FCF,
HCH, and ClCCl angles, respectively. Excellent agreement
between dipole moments calculated from these wave functions
and the experimental values can be seen upon comparing the
last two columns of Table 1. The calculated absolute values
have a rms error of 0.05 D relative to the experimental ones. In
all cases, the absolute value of the calculated dipole is larger
than the experimental one. The QTAIM atomic charges and
atomic dipoles can also be used to calculate these dipole
moments and their values are given in Table 2. The third from
last column of Table 1 contains the dipole moments calculated
from these MP2/6-311++G(3d,3p) QTAIM parameters. They
result in dipole moment estimates having less than a 0.01 D
rms error relative to the dipole moments calculated directly from
the MP2 relaxed densities and a 0.04 D error when compared
with the experimental values. The atomic dipole contributions
are just as important as those of the atomic charges for accurately
calculating the molecular dipole moments. This can be seen by
comparing the values in the first two columns of Table 1.
Although the magnitudes of the charge contributions are larger
than the dipole ones, the latter are sometimes almost as large.

The experimental IR fundamental intensities along with those
calculated directly at the MP2/6-311++G(3d,3p) level and those
obtained from the corresponding QTAIM parameters are
presented in Table 3 for the fluoro-, chloro-, and fluorochlo-
romethanes. The intensities calculated directly with the MP2/
6-311++G(3d,3p) approach have a rms error of 23.1 km mol-1

relative to the experimental values that range from 0.0 to 1259.9
km mol-1. The intensities calculated from the QTAIM/MP2/
6-311++G(3d,3p) parameters are in excellent agreement with
only a 5.6 km mol-1 rms error relative to those determined

Ai )
NAπ

3c2 ( ∂pb
∂Qi

)2
i ) 1,2,...,3N - 6 (10)

∂px

∂xR

) pxx
(R) ) qR + ∑

i

xi

∂qi

∂xR

+ ∑
i

∂mi,x

∂xR

(2)

∂px

∂xR

) pyx
(R) ) ∑

i

yi

∂qi

∂xR

+ ∑
i

∂mi,y

∂xR

(3)

PX
(R) ) (∂px

∂xR

∂px

∂yR

∂px

∂zR
∂py

∂xR

∂py

∂yR

∂py

∂zR
∂pz

∂xR

∂pz

∂yR

∂pz

∂zR

)) (pxx
(R) pxy

(R) pxz
(R)

pyx
(R) pyy

(R) pyz
(R)

pzx
(R) pzy

(R) pzz
(R) ) (4)

PX
(R) ) (qa 0 0

0 qa 0
0 0 qa

) + (∑ xi

∂qi

∂xR
∑ xi

∂qi

∂yR
∑ xi

∂qi

∂zR

∑ yi

∂qi

∂xR
∑ yi

∂qi

∂yR
∑ yi

∂qi

∂zR

∑ zi

∂qi

∂xR
∑ zi

∂qi

∂yR
∑ zi

∂qi

∂zR

)+

(∑ ∂mi,x

∂xR
∑

∂mi,x

∂yR
∑

∂mi,x

∂zR

∑
∂mi,y

∂xR
∑

∂mi,y

∂yR
∑

∂mi,y

∂zR

∑
∂mi,z

∂xR
∑

∂mi,z

∂yR
∑

∂mi,z

∂zR

) (5)

PX ) {PX
(1)PX

(2),...,PX
(N)} (6)

PX ) {PX
(C) + PX

(CF) + PX
(DF)} (7)

PQ ) PXAUL ′ ) (PX
(C) + PX

(CF) + PX
(DF)AUL ′ (8)

PQ ) {PQ
(C) + PQ

(CF) + PQ
(DF)} (9)

4840 J. Phys. Chem. A, Vol. 110, No. 14, 2006 da Silva et al.



directly from the MP2 calculations. Figure 1 shows a graph of
QTAIM intensities plotted against the experimental intensities
and those calculated directly with the MP2/6-311++G(3d,3p)
approach. The excellent agreement shows that the MP2/6-
311++G(3d,3p) calculations adequately describe the experi-
mental intensities and that the QTAIM parameters provide an
accurate description of the MP2/6-311++G(3d,3p) electron
densities.

A study of the charge-charge flux-dipole flux contributions
to the dipole moment derivatives can be carried out in terms of
normal coordinates or Cartesian displacement coordinates.

Although the polar tensors in terms of the Cartesian coordinates
are very useful in many applications, they do not have one-to-
one relationships with the experimental intensities as do the
normal coordinates. Furthermore, owing to their symmetry
properties, the latter provide a more compact description of the
dipole moment derivatives. Unfortunately, uncertainties in the
normal coordinates are confounded with those in the QTAIM
parameter approximations of the molecular electronic densities.
Despite this problem, interpretation using derivatives with
respect to normal coordinates is much more appealing since
each derivative corresponds to only one experimentally mea-
sured intensity.

Table 4 lists the QTAIM charge (C), charge flux (CF), and
dipole flux (DF) contributions to the dipole moment derivatives
for the normal coordinates of the fluoro-, chloro-, and fluoro-
chloromethanes along with their total values. Any one of the
three derivative contributions can be predominant depending
on the molecule and form of the normal vibration. Perhaps the
most interesting aspect of these values is that for almost all
vibrations the signs of the charge flux and dipole flux are
opposite. Figure 2 contains a graph of the charge flux contribu-
tions against the dipole flux ones for all the∂p/∂Qi of these
molecules. The correlation coefficient for these two contributions
is -0.92 indicating a highly negative linear correlation between
the fluxes.

On the other hand, the atomic charge contribution to the
dipole moment derivative is not correlated with either of the
flux quantities. This observation is confirmed by principal
component calculations showing that 94% of the data variance
in Table 4 can be described in two dimensions, one specified
by the charges and the other by the differences between the
charge and dipole fluxes.

TABLE 1: MP2/6-311++G(3d,3p), QTAIM/MP2/6-311++G(3d,3p), and Experimental Dipole Moments for the Fluoro-,
Chloro-, and Fluorochloromethanes in Units of Debye (D)

molecule µq(QTAIM) a µm(QTAIM) b µ(QTAIM)
µ (MP2/6-

311++G(3p,3d) |µ (exp)|
CH4 0.00 0.00 0.00 0.00 0.00
CH3F -4.31 2.39 -1.92 -1.93 1.86
CH2F2 -5.11 3.07 -2.04 -2.04 1.98
CHF3 4.72 -3.04 1.68 1.68 1.65
CF4 0.00 0.00 0.00 0.00 0.00
CH3Cl -2.27 0.34 -1.93 -1.93 1.89
CH2Cl2 -2.20 0.57 -1.63 -1.63 1.60
CHCl3 1.62 -0.57 1.05 1.05 1.04
CCl4 0.00 0.00 0.00 0.00 0.00
CClF3 3.43 -2.87 0.56 0.56 0.50
CCl2F2 -3.80 3.20 -0.60 -0.60 0.51
CCl3F -3.15 2.65 -0.50 -0.50 0.46

a Atomic charge contribution for the molecular dipole moment.b Atomic dipole contribution for the molecular dipole moment.

TABLE 2: QTAIM/MP2/6-311 ++G(3d,3p) Equilibrium Atomic Charges and Atomic Dipoles for the Fluoro-, Chloro-, and
Fluorochloromethanes in Units of Electron (e) and Debye (D), Respectively

molecule qC qH qF qCl mC,z mHa,z mHb,z mFa,z mFb,z mCla,z mClb,z

CH4 0.09 -0.02 0.00 -0.35 0.12
CH3F 0.64 0.00 -0.65 1.52 0.15 0.43
CH2F2 1.22 0.03 -0.64 1.93 0.20 0.37
CHF3 1.85 0.08 -0.64 -1.89 -0.28 -0.28
CF4 2.51 -0.63 0.00 0.76 -0.25
CH3Cl 0.19 0.02 -0.25 0.42 0.16 -0.54
CH2Cl2 0.27 0.06 -0.20 0.48 0.22 -0.17
CHCl3 0.34 0.10 -0.14 -0.41 0.05 -0.31
CCl4 0.40 -0.10 0.00 -0.56 0.19
CClF3 1.96 -0.62 -0.09 -1.54 -0.29 -0.45
CCl2F2 1.42 -0.62 -0.10 1.77 0.43 0.28
CCl3F 0.90 -0.61 -0.10 1.51 0.61 0.18

Figure 1. Comparison of IR fundamental intensities obtained from
AIM-CCFDF-MP2/6-311++G(3d,3p) with those calculated directly
from the wave function at the MP2/6-311++G(3d,3p) level and
experimental ones.
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Discussion

The negative correlation of the charge and dipole fluxes can
be interpreted as follows. Electron transfer from one side of
the molecule to the other during the vibration is accompanied
by relaxation with electronic density polarization in the opposite
direction. This compensation may be compared to the charge
donation-back-donation effects often invoked to explain com-
plex formation. The back-donation in the complex involves
out-lying orbitals relative to the inner ones involved in the
charge donation.36 For vibrations, the analogy would be
the dipole flux contributions involving the more polarizable
outer portions of the electronic density whereas electron trans-
fer would occur through the inner portions of the valence
orbitals.

A more detailed examination of the charge, charge flux, and
dipole flux contributions can be made as a function of the type
of molecule and/or vibration involved. It is interesting to
determine if functional group vibrations can be characterized
by specific ranges of values for the derivative contributions at
least for families of molecules. These contributions have signs
that depend on both the alignment of the molecule along the
fixed Cartesian coordinate axes and the phase of the normal
coordinate. Figure 3 shows this alignment and the normal
coordinate phases for theC3V symmetry molecules. Normal
coordinate phases are always positive for bond extension or an
opening of the angle of the functional group involved. Further-
more, the terminal atom of the functional group is always
displaced in the positive Cartesian coordinate direction.

TABLE 3: Experimental, MP2/6-311++G(3d,3p), and QTAIM/MP2/6-311++G(3d,3p) IR Fundamental Intensities of the
Fluoro-, Chloro-, and Fluorochloromethanes

experimental
MP2/6-

311++G(3d,3p) QTAIM experimental
MP2/6-

311++G(3d,3p) QTAIM

i
υi

(cm-1)
Ai

(km/mol)a
Ai

(km/mol)
Ai

(km/mol) refs i
υi

(cm-1)
Ai

(km/mol)a
Ai

(km/mol)
Ai

(km/mol) refs

CH4

3 3019 68.8 54.4 45.9 5, 6, 7 4 1311 34.2 30.8 28.8 5, 6, 7

CH3F
1 2910 31.1 32.0 57.0 8, 9 4 3006 49.2 46.2 51.6 8, 9
2 1460 2.2 1.6 0.0 8, 9 5 1468 7.4 9.0 8.5 8, 9
3 1049 101.7 103.7 86.7 8, 9 6 1182 2.2 2.7 4.2 8, 9

CH2F2

1 2948 26.7 37.7 34.8 10, 11 6 3014 41.6 23.7 20.6 10, 11
2 1508 0.0 0.4 0.4 10, 11 7 1178 4.5 15.9 16.3 10, 11
3 1113 60.7 96.7 98.4 10, 11 8 1435 10.5 12.8 12.6 10, 11
4 529 4.9 4.8 4.6 10, 11 9 1090 269.1 252.4 252.4 10, 11

CHF3

1 3036 27.4 22.2 20.3 6, 12, 13, 14 4 1372 90 75.2 75.0 6, 12, 13, 14
2 1117 129 93.9 95.6 12 5 1152 525.0 603.5 601.0 12,13
3 700 14.0 12.1 11.9 6, 12, 13, 14 6 507 4.9 4.2 4.1 6, 12, 13, 14

CF4

3 1283 1259.9 1215.2 1194.9 6, 15 4 632 13.7 10.5 10.5 6, 15

CH3Cl
1 2930 18.9 22.4 20.4 9, 14, 16 4 3006 9.7 5.5 3.8 9, 14, 16
2 1355 7.9 12.4 11.7 9, 14, 16 5 1452 11.0 10.0 8.9 9, 14, 16
3 732 22.1 23.7 24.1 9, 14, 16 6 1017 4.1 4.5 4.0 9, 14, 16

CH2Cl2
1 2997 6.9 4.9 3.6 17 6 3055 0.0 0.6 1.2 17
2 1467 0.6 0.0 0.2 17 7 898 1.2 1.4 1.0 17
3 717 8.0 10.1 10.6 17 8 1268 26.6 41.0 40.5 17
4 282 0.6 0.4 0.4 17 9 758 95.0 123.9 123.6 17

CHCl3
1 3034 0.3 1.6 2.0 18 4 1221 30.8 44.0 40.6 18, 19
2 681 4.4 3.0 3.3 18, 19 5 769 222.4 272.0 268.6 18, 19
3 366 0.5 0.1 0.1 18 6 258 0.1 0.0 0.0 18

CCl4
3 793 322.0 408.2 400.4 18 4 310 20.0 0.4 0.4 18

CClF3

1 1102 439.9 480.7 486.9 20, 21 4 1210 593.5 558.2 558.4 20, 21
2 783 31.5 23.2 20.6 20, 21 5 560 3.3 2.1 2.4 20, 21
3 470 0.0 0.0 0.0 20, 21 6 350 0.0 0.0 0.1 20, 21

CCl2F2

1 1095 284.3 279.5 274.9 11, 22, 23 6 1152 183.3 192.0 191.5 11, 22, 23
2 665 12.3 7.7 8.2 11 7 475 0.1 0.0 0.1 13
3 442 0.2 0.0 0.0 11 8 915 324.8 375.3 381.7 11, 22, 23
4 261 2.6 0.2 0.1 11 9 432 0.1 0.0 0.0 11

CCl3F
1 1085 158.0 159.8 160.1 22, 24, 25, 26 4 846 388.3 465.1 445.6 22, 24, 25, 26
2 539 1.1 0.9 1.2 24 5 384 0.1 0.0 0.1 24
3 347 0.3 0.4 0.8 24 6 243 0.0 0.2 0.1 24

a These values are the mean of experimental IR fundamental intensities obtained from the references shown in the last column of the table.
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Three-dimensional (3D) graphs with charge, charge flux, and
dipole flux axes could be drawn to describe the functional group

vibrations. However, since the charge flux and dipole flux have
such a high negative correlation, they both provide essentially
the same information and bidimensional graphs involving the
charge on one axis and either of the fluxes on the other results
in a very accurate representation of the 3D space.

Figure 4 shows a graph of charge vs dipole flux values for
the stretching modes of all the molecules studied here. The use
of charge flux instead of dipole flux in this graph would amount
essentially to changing the sign of the ordinate values but would
have little effect on the relative positions of the points. Three
distinct groups can be identified, one for each characteristic
stretching vibration.

The large negative fluorine charges and positive carbon ones
in the fluoromethanes and fluorochloromethanes result in large
charge contributions to the C-F stretching dipole moment
derivatives ranging from-0.13 to-0.43 e. The right-most point
in this group corresponds to the CF stretch in CH3F and the
one on the extreme left to the CF4 stretch. The sum of the
electronegativities of the terminal atoms gradually increases as
one moves from right to left in this group.

The C-F stretches have charge fluxes varying between-0.02
to 0.22 e whereas their dipole fluxes are mostly negative ranging
from +0.12 to-0.22 e. Figure 3 shows the relative sizes of

TABLE 4: QTAIM Charge (C), Charge Flux (CF), and Dipole Flux (DF) Contributions to Dipole Moment Derivatives for the
Normal Modes of the Fluoro-, Chloro-, and Fluorochloromethanes in Units of Electrons (e)a

∂p/∂Qi ∂p/∂Qi

molecule Qi vibration C CF DF TOTAL molecule Qi vibration C CF DF TOTAL

CH4 Q3 νCH -0.02 0.36 -0.42 -0.08 CHCl3 Q1 νCH 0.04 0.28 -0.29 0.03
Q4 δHCH -0.02 -0.07 0.15 0.06 Q2 νCCl -0.07 -0.03 0.07 -0.03

CH3F Q1 νCH -0.01 0.19 -0.31 -0.13 Q3 δClCCl -0.03 -0.01 0.03 -0.01
Q2 δHCH -0.03 -0.01 0.03 -0.01 Q4 δHCCl -0.04 0.18 -0.05 0.09
Q3 νCF -0.13 0.11 -0.15 -0.17 Q5 νCCl -0.07 -0.19 0.04 -0.22
Q4 νCH -0.03 0.33 -0.38 -0.08 Q6 0.02 0.00 -0.01 0.01
Q5 δHCH -0.02 -0.07 0.13 0.04 0.00
Q6 0.06 0.04 -0.07 0.03 CCl4 Q3 νCCl -0.07 -0.22 0.08 -0.21

CH2F2 Q1 νCH -0.03 0.26 -0.34 -0.11 Q4 δClCCl -0.02 0.00 0.02 0.00
Q2 δHCH -0.04 -0.06 0.09 -0.01 CClF3 Q1 νCF -0.33 -0.18 0.10 -0.41
Q3 νCF -0.21 0.06 -0.04 -0.19 Q2 νCCl -0.12 -0.10 0.13 -0.09
Q4 δFCF -0.10 -0.02 0.09 -0.03 Q3 δFCF -0.07 0.02 0.05 0.00
Q6 νCH -0.05 0.31 -0.35 -0.09 Q4 νCF -0.34 0.21 -0.18 -0.31
Q7 0.13 0.06 -0.12 0.07 Q5 δFCF -0.10 -0.05 0.13 -0.02
Q8 δHCH 0.04 -0.01 0.04 0.07 Q6 δClCF -0.02 -0.01 0.03 0.00
Q9 νCF -0.22 0.16 -0.24 -0.30 CCl2F2 Q1 νCF -0.25 -0.02 -0.04 -0.31

CHF3 Q1 νCH -0.05 0.30 -0.34 -0.09 Q2 νCCl -0.08 -0.07 0.10 -0.05
Q2 νCF -0.30 0.00 0.12 -0.18 Q3 δClCCl -0.06 -0.03 0.09 0.00
Q3 δFCF -0.16 -0.05 0.15 -0.06 Q4 δClCCl 0.01 -0.01 0.01 0.01
Q4 δHCF -0.09 0.03 -0.05 -0.11 Q6 νCF -0.25 0.22 -0.23 -0.26
Q5 νCF -0.31 0.18 -0.19 -0.32 Q7 δFCF -0.05 0.01 0.05 0.01
Q6 δFCF -0.10 -0.03 0.10 -0.03 Q8 νCCl -0.25 -0.30 0.19 -0.36

CF4 Q3 νCF -0.43 0.20 -0.14 -0.37 Q9 δFCF -0.08 0.02 0.05 -0.01
Q4 δFCF -0.13 -0.06 0.16 -0.03 CCl3F Q1 νCF -0.17 0.11 -0.18 -0.24

CH3Cl Q1 νCH 0.00 0.13 -0.21 -0.08 Q2 νCCl -0.02 -0.04 0.03 -0.03
Q2 δHCH -0.01 0.2 -0.12 0.07 Q3 δClCCl -0.02 -0.02 0.05 0.01
Q3 νCCl -0.04 -0.06 0.01 -0.09 Q4 νCCl -0.16 -0.26 0.14 -0.28
Q4 νCH 0.00 0.37 -0.39 -0.02 Q5 δFCCl -0.06 0.01 0.04 -0.01
Q5 δHCH 0.00 0.06 -0.10 -0.04 Q6 δClCCl 0.01 -0.01 0.00 0.00
Q6 0.01 0.03 -0.06 -0.02

CH2Cl2 Q1 νCH 0.02 0.24 -0.29 -0.03
Q2 δHCH 0.03 -0.09 0.07 0.01
Q3 νCCl -0.06 -0.06 0.05 -0.07
Q4 δClCCl -0.03 -0.01 0.02 -0.02
Q6 νCH 0.02 0.37 -0.38 0.01
Q7 0.01 0.06 -0.08 -0.01
Q8 δHCH 0.03 -0.21 0.06 -0.12
Q9 νCCl -0.06 -0.16 0.01 -0.21

a νCH, νCF, andνCCl are symbols for the CH, CF, and CCl stretching modes.δHCH, δFCF, andδClCCl are symbols for the HCH, FCF, and ClCCl
deformations modes. Unmarked lines correspond to modes that are mixed and hence not characteristic of functional groups. The form of the
theoretical molecular vibration and its frequency value were used to classify the vibrations,νCH ranged from 2910 to 3055 cm-1, νCF from 1049 to
1283 cm-1, νCCl from 539 to 915 cm-1, δHCH from 1221 to 1508 cm-1, δFCF from 442 to 632 cm-1, andδClCCl from 243 to 432 cm-1.

Figure 2. Charge flux vs dipole flux contributions to dipole moment
derivatives for the normal coordinates of the fluoro-, chloro-, and
fluorochloromethanes.
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the charge, charge flux, and dipole flux contributions for the
CF stretch of CH3F. The charge contribution is of about the
same size as both flux contributions. Since the charge and dipole
fluxes partially cancel one another, the total dipole moment
derivative has a value close to the one for charge contribution.
As more fluorines (and/or chlorines) are substituted for hydro-
gen, the charge contribution increases in importance while the
two flux contributions still cancel one another. As such, the
charge contributions dominate the C-F stretching derivatives
of the fluoromethanes. For the same reason, charge contributions

are also important for determining the values of the C-F
stretching derivatives in the fluorochloromethanes.

The C-Cl stretching derivatives have charge, charge flux,
and dipole flux contributions represented by points forming a
distinct group in Figure 4. Charge contributions for this group
range from-0.04 e for CH3Cl to -0.25 e for CF2Cl2. The points
in the right part of this group correspond to C-Cl stretches for
the chloromethanes whereas the ones on the left represent C-Cl
stretches for the fluorochloromethanes. The positive dipole
fluxes for these stretches,+0.01 to+0.19 e, and the negative
charge fluxes,-0.03 to-0.30 e, tend to cancel each other. This
cancellation can be seen in Figure 3 for the C-Cl stretch of
CH3Cl.

The C-H stretching derivatives have points in the group at
the bottom right of Figure 4. The charge contributions are small
ranging from-0.05 to+0.04 e. On the other hand, the dipole
flux contributions, ranging from-0.21 to -0.42 e, and the
charge flux ones, ranging from+0.13 to +0.37 e, are much
larger but cancel one another. The relative contributions of the
C-H stretching derivatives of CHCl3 and CHF3 can be seen in
Figure 3. The huge flux contributions cancel one another, and
the direction of the dipole moment derivative vector is deter-
mined by the effectiveness of this cancellation and the direction
of the charge contribution.

Figure 5 contains a graph of the charge vs charge flux
contributions for those normal modes that can be securely
classified as FCF, ClCCl, and HCH bending vibrations. The
FCF and ClCCl deformations have points falling in distinct
groups whereas the HCH deformation points form a diffuse
group. The charge contributions normally have larger magni-
tudes for FCF deformations relative to the ClCCl ones, which
are, in turn, usually larger than the HCH ones. Whereas the
FCF and ClCCl deformations have moderate ranges for their
charge and dipole fluxes, these contributions are more variable
for the HCH deformations. The largest magnitudes of the charge
fluxes in Figure 5 correspond to HCH deformations of the
chloromethanes with the fluoromethane points being positioned
closer to the zero charge flux line.

Finally, the charge flux-dipole flux cancellations are helpful
in understanding why the carbon mean dipole moment deriva-
tives of the fluorochloromethanes are so well correlated with
the electrostatic potentials near the carbon nuclei of these
molecules.30 Graphs of the experimental carbon 1s electron
ionization energies corrected for their neighboring atom elec-
trostatic potentials against the corresponding carbon mean dipole

Figure 3. Functional group stretching and deformation vibrations and
their corresponding charge, charge flux, and dipole flux contributions.
The arrows represent- f + polarity.

Figure 4. Charge plotted against dipole flux contribution for the
stretching modes of the fluoro-, chloro-, and fluorochloromethanes.

Figure 5. Charge plotted against charge flux contribution for the
bending modes of the fluoro-, chloro-, and fluorochloromethanes.
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moment derivatives determined from IR intensities are surpris-
ingly very linear. Siegbahn’s simple potential model37 predicts
this linear relationship to be expected if the carbon atomic charge
is used instead of its mean dipole moment derivative. Of the
66 derivatives in Table 4, charge flux and dipole flux cancel-
lations occur for 52 or almost 80% of the derivatives. It is not
surprising then that the mean dipole moment derivatives are
expected to be correlated with carbon atomic charges and would
provide good fits to Siegbahn’s simple potential model for
carbon 1s electron ionization energies. A graph of the charge
flux contributions against the dipole flux ones for the carbon
mean dipole moment derivatives (not shown here) shows an
even more negative correlation than the one illustrated in Figure
2.

Conclusions

The charge-charge flux-dipole flux (CCFDF) model quanti-
fied with QTAIM parameters at the MP2/6-311++G(3d,3p)
level provides accurate estimates of the IR fundamental intensi-
ties of the fluorochloromethane molecules. This accuracy can
be expected to improve upon using higher level quantum
methods. Atomic dipoles and dipole fluxes are shown to be very
important in modeling the molecular dipole moment and its
derivatives. Charge flux-dipole flux cancellations are shown
to be important in describing electronic density changes during
molecular vibrations and seem to be important for explaining
why mean dipole moment derivatives work so well in Sieg-
bahn’s simple potential model for calculating the 1s carbon
electron ionization energies for the fluorochloromethanes.
Atomic dipoles and their fluxes as well as atomic charges and
charge fluxes are seen to be important in describing the
electronic densities of the fluorochloromethane vibrational
distortions. As such, one should consider their use in models
of electronic structures for even larger molecular distortions that
are important for describing complex chemical phenomena.
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