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The infrared fundamental intensities of benzene and hexafluorobenzene have been calculated at the MP2/6-
311++G(3d,3p) level. The theoretical values are in excellent agreement with the averaged experimental
CgHg results having a rms error of 15.3 km mol~!. However, the theory badly underestimates the CF stretching
and ring deformation intensities of C4Fs having an overall rms error of 141 km mol ™. The theoretical results
confirm the dipole moment derivative signs previously attributed on the basis of the comparison of C¢Hg and
Ce¢Dg derivatives and semiempirical molecular orbital results. A quantum theory atoms in molecules
charge—charge flux—dipole flux interpretation of the theoretical results shows that electronic density changes
for out-of-plane vibrations can be explained using a simple bond moment—rehybridization moment model
proposed many years ago. However, these changes were found to be much more complicated for the in-plane
vibrations involving important charge flux and dipole flux contributions for both molecules as well as
contributions from the displacement of equilibrium atomic charges for hexafluorobenzene.

Introduction

The infrared fundamental intensities of benzene and hexafluo-
robenzene were measured in the gas phase some years ago by
several research groups.'™ Interest originally centered on the
interpretation of the infrared intensity parameters in terms of
CH and CF bond moments as well as on an electron rehybrid-
ization moment of the ring s electrons. Out-of-plane deforma-
tions were expected to be strongly affected by rehybridization
moments, whereas in-plane deformations were not. This simple
bond dipole—rehybridization moment model was found to
describe the intensity differences in the in-plane and out-of-
plane CH and CF deformations adequately.>® Later, however,
semiempirical CNDO results suggested essentially equal rehy-
bridization moments for the in-plane and out-of-plane CH
deformations of benzene.!” These findings were confirmed by
a charge—charge flux—overlap model analysis of density
functional results for benzene.!!

Recently, our group has proposed the application of the
charge—charge flux—dipole flux model using atomic charges
and dipoles obtained from the quantum theory atoms in
molecules (QTAIM/CCFDF)!>"!* for interpreting the infrared
fundamental intensities of molecules. The model is based on
the atoms in molecules theory proposed by Bader and
collaborators'>!® and has been applied to the molecular vibra-
tions of diatomic and polyatomic molecules including the
fluoro-, chloro-, and fluorochloromethanes!* as well as the
difluoro- and dichloroethylenes.!” It can describe the electronic
changes that accompany molecular vibrations by movements
of equilibrium atomic charges, intramolecular charge transfer,
and changes in the atomic dipoles. The dipole changes can be
interpreted to be changes in the polarization of the electron
density. If the bond moment—rehybridization moment model
holds for the out-of-plane benzene and hexafluorobenzene
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vibrations, then one can expect null intramolecular charge
transfer contributions, whereas movements of static atomic
charges and changes in the atomic dipoles should be important.
However, all three contributions could be significant for the in-
plane CH and CF deformations. Furthermore, the CCFDF model
partitions the charge and dipole fluxes into atomic contributions.
In this way, the rehybridization moments are directly expressed
by the dipole flux terms of the carbon atoms and can be
calculated in a straightforward way.

Atomic charges and atomic dipoles obtained from other
methods might be used in a CCFDF model. Besides QTAIM,
ChelpG atomic charges and dipoles are readily accessible and
have been shown to be capable of reproducing the infrared
intensities of the fluorochloromethanes adequately.'® However,
only the QTAIM charge and dipole values were consistent with
electronegativity and chemical valency concepts. As such, the
QTAIM parameters have been used in this application.

Polar tensor'®? values calculated from the experimental
intensities of C¢Hg and Cg¢F¢ were first reported more than 30
years ago. The elimination of the sign ambiguities for the dipole
moment derivatives of C¢Hg was first attempted by comparison
with derivatives from the intensity results for the isotopically
related molecules, C¢HsD and p-C¢H,D,.! Later, these preferred
sign choices for the dipole moment derivatives were confirmed
by a comparison of the C¢Hg polar tensor element values with
those obtained for C¢Dg using the isotopic invariance criterion
and semiempirical molecular orbital calculations.?’ Because the
quantum chemical derivative estimates were essential for
choosing the correct sets of polar tensors for these molecules,
the sign ambiguity problems for benzene and hexafluorobenzene
are re-examined here using more reliable theoretical procedures.
First of all, ab initio molecular orbital results at the MP2/6-
311++G(3d,3p) level are used to provide additional information
for the benzene and hexafluorobenzene sign selections. The
experimental force field for benzene was recalculated to vali-
date the normal coordinates used in this work to transform the
experimental gas-phase intensities into dipole moment derivative
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Figure 1. Equilibrium atomic positions and atom numbering scheme.
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and polar tensor values. Then, the experimentally derived polar
tensor elements are compared with those obtained from quantum
chemical calculations and the QTAIM/CCFDF model. The
charge, charge flux, and dipole flux contributions of each atom
are examined to determine whether the bond moment—rehybrid-
ization moment model is supported at the quantum theoretical
level for all C¢Hg and CgFy vibrations.

Calculations

The Cg¢Hg polar tensors have been previously determined
exclusively from experimental data.?! Gas-phase fundamental
infrared intensities were taken from Overend for C¢H¢! and
Dows and Pratt for C¢Ds,* and the normal coordinate transfor-
mation matrices were taken from Duinker and Mills?? for C¢Hg
and Albrecht?® for C¢Ds. For C4Fs the experimental infrared
intensities and normal coordinates were from Steele and
Wheatley® and Person and collaborators.” Experimental inter-
nuclear distances were used for calculations involving the
experimental intensities.?** The equilibrium atomic positions
and atom numbering scheme are shown for the space-fixed
Cartesian coordinate system” in Figure 1. Alternative normal
coordinate transformations were calculated by least-squares fits
of the vibrational secular equations to the observed frequencies
(corrected for anharmonicity) of CsHg, CsDs, and *C¢Hg as well
as of C¢Fs using the NTC6 normal coordinate treatment
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package.?® These normal coordinates are in excellent agreement
with those that had been used in the earlier polar tensor
calculations.?!

Molecular orbital calculations of polar tensors, dipole moment
derivatives, and fundamental intensities were carried out with
the Gaussian03?’ computer program on Opteron (875) processors
in our laboratory. Theoretical equilibrium geometries were used
in all quantum chemical polar tensor calculations. Mgller—Plesset
frozen-core perturbation theory was used witha 6-311++G(3d,3p)
basis set. Atomic charges and dipoles were obtained from the
relaxed densities of the frozen-core MP2 energies of the
Gaussian program using the DENSITY=CURRENT option and
the MORPHY98? program. The fluxes were calculated numeri-
cally from £0.05 A atomic Cartesian distortions. Charge, charge
flux, and dipole flux contributions to the dipole moment
derivatives were calculated using the PLACZEK program.?

Results

The experimental infrared intensities for C¢Hg and CgFg are
compared with the theoretical values in Table 1. The MP2/6-
311++G(3d,3p) intensity values of benzene are in very good
agreement with the averaged experimental values having root-
mean-square (rms) errors of 15.3 km mol~!. However, the rms
error between the MP2 results and the experimental intensities
of C¢Fs is much larger, 141 km mol~!, with the theory
overestimating the CF stretching intensity and the ring deforma-
tion. Similar discrepancies were found for the intensities of CF
stretching vibrations in the difluoroethylenes!” and the F,CO
and F,CS molecules.’® However the other C¢F intensities are
adequately reproduced by the theory. This can be seen in Figure
2, where the MP2/6-311G++(3d,3p) intensity values are plotted
against the experimental values. The QTAIM/CCFDF param-
eters also result in intensity values that are in excellent
agreement with the intensities calculated directly from the MP2/
6-311++G(3d,3p) electronic density, as can also be seen in
Table 1 and Figure 2. The small differences between the
intensities calculated directly from the MP2 electron density
and from the QTAIM/CCFDF parameters are due to integration
errors in determining the atomic charges and atomic dipoles.
As such, both theoretical estimates can be expected to provide
reasonably accurate descriptions of the electronic density

TABLE 1: Fundamental Infrared Intensities for C¢Hg, C¢Dg, *C¢Hg, and C¢Fs Measured in the Gas Phase and Calculated from

MP2/6-311G++(3d,3p) Wave Functions (km mol !)

molecule Apt Alg Ajg Asg
CeHg 88.16° 8.84 14.86 60.06
84.60 £ 2.02¢ 8.48 +0.09 16.09 + 0.22 68.68 + 1.23
8.82 4 0.44¢ 13.00 + 0.65
7.48 +0.15¢ 132+1.2
average 86.38 8.40 14.29 64.37
MP2 114.2 10.0 11.6 51.9
MP2/QTAIM/CCFDF 106.3 7.6 7.2 55.4
13C¢Hg 74.6 £ 3.0 6.52 £0.15¢ 12.60 + 0.20¢ 55.6 £ 1¢
CeDg 498 £2.5 8.02 £ 0.40 290 £ 0.15 353+3.0
8.38 £ 0.15¢ 2.85+0.14 33.70 £+ 1.69
average 49.8 8.20 2.88 34.5
CeFs 2.60" 2.50 546 + 40 408 + 30
45408 1.55+0.12 415 £ 50
average 3.6 2.03 546 412
MP2 4.9 2.9 690.1 489.8
MP2/QTAIM/CCFDF 6.0 2.7 724.0 511.8

@ CgHg: v1; = 673 cm™!, out-of-plane CH bend; v;3 = 1038 cm™!, in-plane CH bend; vy = 1486 cm™', ring deformation; v,, = 3080 cm™

1

s

CH stretch. C¢Fs: vy = 215 cm™ !, out-of-plane CF bend; v;s = 317 cm™!, in-plane CF bend; vy = 1531 cm™!, ring deformation; v, =
1020—1002 cm™!, CF stretch. * Ref 2, as quoted in ref 1. ¢ Ref 1. ¢ Ref 3. ¢ Ref 5. /Ref 4, as quoted in ref 5. ¢ Ref 3, as quoted in ref 5. " Refs

6 and 8. 'Ref 9.
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Figure 2. Comparison of the infrared intensities calculated from the
MP2/6-311++G(3d,3p) electron density and QTAIM/CCFDF param-
eters with the experimental intensities.

changes that occur for the normal vibrations of C¢He and CgFg,
except for possibly the CF stretch and C¢Fs ring deformation.

The polar tensor elements for all dp/dQ; sign combinations
of the C¢Hg and C¢Dg molecules taken from ref 21 are listed in
Table 2. The p,, and p,, values depend on the signs of the dp/
00; of the E}, symmetry species, whereas the sign of p., depends
exclusively on the sign of the A,, derivative. The theoretical
values of these elements obtained at the MP2/6-311++G(3d,3p)
level are included in this table. The correct signs for the out-
of-plane derivatives for the coordinate system in Figure 1 can
be obtained from the comparison of the experimental alternatives
with the MP2/6-311+4-+G(3d,3p) values. The out-of-plane p{S
value of —0.116 e and p#” value of +0.116 e are preferred
because they are very close to the corresponding theoretical
values, —0.14 e and +0.14 e, respectively.
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Figure 3. Graph of alternative in-plane polar tensor element values
for the possible sign attributions of the 9p/3Q; of C¢Hg and C¢Ds. (H =
CeHg, D = CgDg).

There are eight sets of in-plane elements for both C¢Hg and
CgDg, complicating the selection of the correct set of values.
Values for the correct dp/dQ; sign alternatives can be determined
by examining Figure 3, where the p{$" elements are plotted
against the p§V elements for the experimental alternative sets
of signs. The polar tensor elements should be invariant to
isotopic substitution. The H(+ + +)—D(+ — +) and H(— —
—)—D(— 4+ —) pairs are in closest proximity to one another,
whereas the H(+ + —)—D(— — +) and H(— — +)—D(+ +
—) pairs are a bit more separated. An analogous graph of p{{l”
versus p{il” shows the same general pattern. Both the H(+ +
+)—D(+ — +) and H(— — —)—D(— + —) isotopic pairs have
identical rms differences of 0.0052 e, whereas the other two
have rms differences of 0.0141 e. On the basis of the estimated
experimental errors! in the polar tensor elements, one can expect
a difference of 0.011 e if the isotopically invariant criterion
holds. This argument favors the H(+ + +)—D(+ — +) and
H(— — —)—D(— + —) pairs over the others, although rejection

TABLE 2: Atomic Polar Tensor Element Values for the Carbon, Hydrogen, and Fluorine Atoms As a Function of the Signs of
the dp/0Q; Determined from Experimental Infrared Intensities and Normal Coordinates

signs of the dp,/0Q; CeHs
Ao P o o o I o
()(F £ £)* F0.059 +0.099 F0.116 +0.064 F0.104 +0.116
()£ £F) F0.041 +0.125 F0.116 +0.062 +0.104 +0.116
()£ F ) +0.156 +0.027 F0.116 F0.011 F0.118 +0.116
(B)(F £ 1) F0.174 +0.251 F0.116 +0.013 F0.090 +0.116
signs of the dp,/0Q; CeDg

Ay Ey, P& Py Py PR Py per
()£ 2) +0.048 +0.034 F0.121 +0.037 F0.118 +0.121
()X £F) +0.017 +0.137 F0.121 F0.056 F0.098 +0.121
()£ F L) +0.066 +0.104 F0.121 +0.061 F+0.099 +0.121
(B)(F £ ) +0.097 +0.208 F0.121 +0.032 +0.078 +0.121
theoretical? —0.048 0.079 —0.134 0.060 —0.091 0.135

signs of the dp,/0Q; CeFe*

A Ey, P iy iy P P& piEy
()£ £ 1) F1.210 +0.650 +0.057 +0.289 +0.271 +0.057
(X £F) +0.138 +1.018 +0.057 +0.045 F1.200 +0.057
(£)(£ F L) F0.164 +1.063 +0.057 +0.104 +1.124 +0.057
(B)(F £ ) F1.184 +0.695 +0.057 +0.141 +0.348 +0.057
theoretical? 0.066 1.251 0.079 —0.162 —1.154 —0.079

@ Experimental values for the different sign alternatives are from ref 20. ? (+)(+ + +) for C¢Hg and (+)(+ — +) for C4Dg are the preferred
sign combinations. ¢ Theoretical values calculated at the MP2/6-31++G(3d,3p) level. ¢ (—)(— + —) are the preferred signs for CgFg.
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Figure 4. Dendrogram obtained using Ward’s method. The preferred

H(+ + +) (C¢Hg) and D(+ — +)(C4¢Dg) sign sets are in the same cluster
with the values calculated at the MP2/6-311++G(3d,3p) level.

of the other two pairs cannot be made at a very high confidence
level. However, the quantum chemical estimates at the MP2/
6-311++G(3d,3p) level of these polar tensor elements, corre-
sponding to the coordinate system in Figure 1, are in excellent
agreement with only the H(+ + +)—D(+ — +) pair, as can be
seen in Figure 3. The average tensor elements for this pair have
an rms difference of only 0.015 e with the quantum estimates.
This difference is 0.062 e for the next closest pair, H(— —
+)—D(+ + —). As such, one can conclude that the H(+ +
+)—D(+ — +) pair is clearly preferred relative to the alternative
E,, sets.

These observations can be confirmed by examining a 4D
space with the p{Sv, p{Sv, pt? and p{t quantities defining the
axes. A dendrogram determined using Ward’s hierarchical
clustering method?! applied to the points in this space is shown
in Figure 4 and shows that the two sets of experimental points
H(+ + +) and D(+ — +) as well as H(— — —) and D(— + —)
form the pairs in closest proximity. Of these two pairs, the
theoretical results are clustered with the H(+ + +) and D(+ —
+) pair, indicating that their corresponding derivatives have the
correct polar tensor values.

The isotopic invariance criterion cannot be applied to the C¢Fg
alternative sign combinations in Table 2, so reliance lies
exclusively with the agreement between the experimental
alternatives and the theoretical values. All theoretical carbon
polar tensor elements are positive, whereas the fluorine elements
are all negative. The only experimental alternative with these
signs is the (—)(— + —) one. Furthermore, it is the experimental
alternative that has the smallest rms error with the theoretical
values.

Discussion

The charge, charge flux, and dipole flux contributions to the
dipole moment derivatives with respect to the normal coordi-
nates of these molecules are presented in Table 3. For benzene,
the charge contributions for all derivatives are negligible, and
the intensity and derivative values are determined by the flux
contributions. For all cases except the out-of-plane vibration,
the charge fluxes and dipole fluxes are of opposite sign, partially
canceling one another. This negative correlation between the
charge and dipole fluxes has already been found for the
vibrations of linear molecules,'? the fluorochloromethanes,'?
the difluoro- and dichloroethylenes,'” and the X,CY molecules.*
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TABLE 3: Charge, Charge Flux, and Dipole Flux
Contributions to the Dipole Moment Derivatives in Terms of
Normal Coordinates (e amu~?)

aploQ;,  9plaQ;,

molecule charge charge flux dipole flux total exptl
CeHs

Ay 0.00 0.00 0.33 0.33 0.30

Ag 0.00 0.18 —0.24 —0.06 0.05

Ao 0.00 —0.40 0.46 0.06 0.06

Ay 0.00 0.92 —1.08 —0.16 0.13
CoFs

Ay —0.56 0.00 0.48 —0.08 0.05

Ajg 0.22 0.02 —0.20 0.04 0.05

A 0.49 0.03 —0.01 0.51 0.33

Ay —0.13 0.22 —0.70 —0.61 0.38

The out-of-plane C¢Hg fundamental is determined solely by
the dipole flux contribution. This is in agreement with predic-
tions made by Spedding and Whiffen? and by Steele and
Wheatley® based on the bond moment—rehybridization moment
model. Furthermore, the QTAIM/CCFDF model provides results
that are consistent with this simple valency model for the out-
of-plane bending vibration of C¢Fe. The charge contribution is
of comparable magnitude but of opposite sign to the dipole flux
contribution, resulting in a much smaller infrared intensity for
the C¢Fq out-of-plane fundamental than that for the C¢Hg one.
This is equivalent to the cancellation of the CF bond and
rehybridization moments predicted by the simpler valency
model.

However, the bond moment—rehybridization moment model
seems to oversimplify the description of the electronic changes
occurring for the in-plane vibrations of these molecules. The
relatively high intensities of the hexafluorobenzene in-plane
vibrations, A9 and A,j, compared with those for benzene were
attributed to the very polar CF bonds. Rehybridization moments
were not expected to be as important for in-plane vibrations as
they would be for the out-of-plane vibrations, so the CF bond
moment contribution would dominate, resulting in high intensity
values.

The QTAIM/CCFDF model at the MP2/6-311G++(3d,3p)
level indicates much more complex electronic density changes
for these vibrations. The low in-plane benzene intensities are
seen to result from very efficient cancellations of the charge
flux and dipole flux contributions. The charge flux makes major
contributions as electronic charge is transferred among atoms
during the vibrations. The dipole flux contributions represent
polarizations of the electronic density in directions opposite to
those owing to electronic charge transfer. As can be seen in
Table 3, these dipole flux contributions for benzene can be larger
than those found for the out-of-plane vibrations. For the in-
plane CF stretching vibration, Q,, the dipole flux is predomi-
nant, whereas the equilibrium charge movement is the only
important contribution to the dipole moment change for the ring
deformation, Q19, explaining the very large intensities for Ajg
and Ay. Equilibrium charge movement and dipole flux contribu-
tions cancel each other for the CF bending vibration, which is
consistent with the small intensity value for Ajs.

Electronic density changes during molecular vibrations are
most easily understood in terms of Cartesian polar tensor
elements rather than dipole moment derivatives with respect to
normal coordinates. The diagonal and off-diagonal polar tensor
elements are given by
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ap, 9q; am
TR R DR

i

where r,s = x, y, z, a refers to the displaced atom, g, and g; are
atomic charges, and m;, and m;, are Cartesian components of
the atomic dipole moments. Whereas the diagonal elements
contain charge, charge flux, and dipole flux contributions, the
off-diagonal elements contain only terms for the fluxes.
Furthermore, these contributions can be partitioned into atomic
contributions within the QTAIM formalism. This is particularly
convenient for analyzing electronic density changes in terms
of the simple bond moment—rehybridization moment model.

Electronic density changes for the out-of-plane vibrations can
be analyzed using the pf? and p&” polar tensor elements. Values
for these polar tensor elements are given in Table 4. Like dp/
0Qy, for benzene (Table 3), p&? has contributions from only
the dipole flux. Also, p? has a charge contribution that is 1.17
times larger than and of opposite sign compared with the dipole
flux contribution, as does dp/dQ,; for C¢Fg.

The QTAIM/CCFDF results for the polar tensor elements
given in Table 4 can be decomposed into the individual atomic
contributions within the summation terms of Equation 1. For
the out-of-plane deformation

om. . 0
(Hy) — 9. = "z + "ty +..=023e —
3ZH7 8zH7 3ZH7

yed

0.04e + .. =0.13e (3)

and
ap. ome . Omy_,
M= —~ =g + —+—"+..=-062e+
pzz aZF QF7 8ZF 3ZF 0.62e
7 7 7
042e +0.14e + ... = —0.06e (4)

Only terms with absolute values larger than 0.03 e have been
explicitly included in the above equations. The p” element is
determined by the dmc, ./0zu,element, 0.23 e. The positive sign
corresponds to polarization of the electron density of the C,
atom in the negative z direction as the H; atom moves in the
opposite direction. Because the hydrogen atom in benzene has
an atomic charge that is close to zero, the out-of-plane dipole
moment derivative is determined mostly by atomic dipole
moment changes on the neighboring carbon atom. The smaller
terms contributing to p$” represent small changes in polariza-
tions of electronic densities on the nearest neighboring carbon
atoms and on the hydrogen atom displaced in the positive
direction. For the deformation where all hydrogen atoms are
displaced out-of-plane, only the carbon atomic charge polariza-
tions in the opposite direction to the hydrogen displacements
will dominate contributions to dp/dQ;; and the A;; fundamental
intensity.

The pf? element has three important contributions owing to
the movement of the equilibrium fluorine atomic charge out
of the molecular plane, —0.62 e, and the change in the
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TABLE 4: QTAIM Charge, Charge Flux, and Dipole Flux
Contributions to Polar Tensor Elements of C¢Hg and CgF¢*

molecule charge charge flux dipole flux total
CeHg
G 0.00 0.40 —0.44 —0.04
2 0.00 —0.66 0.73 0.07
) 0.00 0.00 —0.14 —0.14
th 0.00 —0.23 0.28 0.05
Py 0.00 0.49 —0.59 —0.10
i 0.00 0.00 0.13 0.13
CeFe
< 0.61 0.29 —0.83 0.07
Py 0.61 —0.30 0.98 1.29
< 0.61 0.00 —0.53 0.08
4 —0.62 —0.06 0.54 —0.14
234 —0.62 0.14 —0.69 —1.17
¥ —0.62 0.00 0.53 —0.09

7z

4 Units of electrons, e.

neighboring C; atomic dipole that occurs in the opposite
direction to the fluorine displacement, +0.42 e, which is
reinforced by a change in the atomic dipole of the displaced
fluorine atom, +0.14 e. Both atomic dipole contributions cancel
the charge contribution resulting in a p&” polar tensor element
that is smaller than the p}” element.

The bond moment—rehybridization model successfully pre-
dicts the leading terms in these equations, dmc, /dzy, and dmc, /
0zg,, the rehybridization moments of C¢Hg and C¢Fg, and g,
the large negative fluorine atomic charge that is represented by
the bond moment. However, the change in the polarization
of the charge on the displaced fluorine atom is also seen to be
important in canceling the effect of the movement of equilibrium
fluorine charge.

Of the individual contributions from eq 1, the fluorine atomic
charge contribution to p{§” is the most important, whereas the
charge contribution to p{” is negligible. The other important
dipole change contributions for the in-plane C¢Hg and Cg¢Fg bond
deformations are analogous, as can be seen in the QTAIM/
CCFDF equations below

op, amC],x n

y BmHTX 8mC6,X

XX

0xy 0xy 0xy 0xy

7 7 7 7

8mC2,x n 8‘Icﬁ n 9qc
=(0.16 + 0.04 + 0.05 + 0.05 +

—0.04 —0.04 +..)e=0.05¢e

and

ap, ome . Omyg

— =qg. + — +
P ox r, dxg, X,

BmC6 < 8mc2’x

(6)

Oxg, Oxg,
=(—=0.62 +0.27 + 0.23 +
0.04 +0.04 +..)e = —0.14¢

The polar tensor element corresponding to the CH in-plane
bending deformations has its dominating contribution owing to
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changes in the atomic dipole of the carbon atom attached to
the dislocated hydrogen atom. However, p” has a dominating
negative charge contribution as well as important contributions
from atomic dipole changes on the displaced fluorine atom and
the carbon atom attached to it. These atomic dipole changes
are in the same direction and opposite to the one owing to the
movement of equilibrium charge. As such, both pf» and p{&?
corresponding to the out-of-plane and in-plane deformations
have substantial charge polarizations in opposite directions to
the movements of the fluorine atom.

The pii» polar tensor element corresponds to the CH
stretching vibration and contains important individual charge
transfer contributions involving the atoms of the stretched CH
bond, that is, the first two terms in eq 7. Also, the third term,
involving polarization of the electron density of the carbon atom
of this bond, is significant

p(H7) — ap), — aqcly + aqH7y + amcls)’ _
Voo By, By O Ay Ay
—1.0le+ 146e —0.69e + .. = —0.10e (7)

Most of the electronic charge density is transferred from the
displaced hydrogen atom to the carbon atom bound to it. As a
consequence, polarization of the electronic density on the carbon
atom of the bond being stretched is in the same direction as the
displaced hydrogen atom, that is, with negative pole in the
direction of the stretched hydrogen. Smaller amounts of
electronic charge are transferred to other atoms in the molecule.
The individual contributions to the p{f” element are

ap, 9qc, g, ome
Py = W; = g5, + oy + o + e, +
N < N N T
8yF7 8yF7yC6 3yF7yC2 8})}:7}%4 3)71:7 YE,,
Bquy N % N 8mC6’y N amczyy N BmFﬂ N
8)’1:7 Fio BYF7yF8 AV, AV, 8YF7

= (—0.62 — 1.70 + 1.73 — 0.60 — 0.24 + 0.12 +
0.12 — 0.05 4+ 0.04 — 0.05 + 0.04 + 0.05 +
005+ .)e=—1.18¢ (8)

The four dominating contributions in this equation are
analogous to those found for p{i”, except for the large negative
charge contribution owing to the displacement of the negative
fluorine atom. Electronic charge transfers from the fluorine atom
to its neighboring carbon atom on CF stretching. Furthermore,
this carbon atom experiences an electronic charge polarization
of about the same size and in the same direction as that for
P, that is, in the direction of the displaced fluorine atom that
has become more positively charged. The dipole flux and charge
contributions determine the sense of the dipole moment change
for this stretch because the atomic contributions from
charge transfer almost cancel one another. The charge transfer
for the C,;—F; stretch is shown in Figure 5. The carbon bonded
to the stretched fluorine receives electron density mostly from
that fluorine with smaller amounts from its neighboring carbon
atoms.

Conclusions

The dipole moment derivatives of benzene and hexafluo-
robenzene have been expressed as atomic charge, charge flux,
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Figure 5. Atomic charge changes on stretching the fluorine atom by
0.05 A.

and dipole flux contributions using the QTAIM. The rehybrid-
ization moments for these molecules are given by derivatives
of the atomic dipoles on the carbon atoms. Although the bond
moment—rehybridization moment model is shown to provide
an accurate description of electronic density changes for the
out-of-plane CH and CF bending vibrations, rehybridization
moments are also significant for the in-plane vibrations. The
atomic partitioning of charge and dipole fluxes permits an
elegant analysis of electronic structure changes during molecular
vibrations in terms of classical chemical valency concepts and
should be useful in applications on other molecules.
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