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The infrared intensities of CH, and CD, are analyzed. The experimental dipole moment derivatives thus obtained are com-
pared with corresponding values from the molecular orbital calculations. The theoretical results are analyzed for the charge-
charge flux-overlap(CCFO) electronic contributions to the dipole derivatives.

Introduction

Infrared spectroscopy is an ancient field of study. Its
modern phase dates back well over 100 years. For most of
that time it has been recognized that the study of vibrational
intensities is an interesting and desirable thing to do. Never-
theless, this study has been at much less depth than has the
corresponding study of the frequencies of absorption in vibra-
tional spectra of molecules. We believe that one important
reason that more work in vibrational intensities has not been
done is that the interpretation of these results has not been
easy.

In this last decade much effort has been devoted to the in-
terpretation of infrared intensities, and much progress has
been attained in using them to obtain information about the
electronic distribution in molecules.! The search for correla-
tions between intensity parameters and chemical behavior has
been considerable, and several partitioning schemes of the
total dipole moment derivatives have appeared. Among such
schemes, we find the atomic polar tensor formalism? par-
ticularly convenient. In addition, splitting of atomic polar ten-
sor elements into charge, charge flux and overlap contributions
has proved a useful way to analyze the infrared intensities in
terms of the electronic structure changes taking place during
vibrational motions.?

Recently we reported the infrared band intensities of
methane (CH, and CD,)*, a molecule that has received con-
siderable attention in the past due to its importance in
astrophysical studies as well as in understanding molecular
structure.! In this paper we analyze those results. From the
observed intensities a set of dipole moment derivatives has
been obtained. The magnitudes and signs of the derivatives
are compared with the semi-empirical and ab initio calculated
results. The dipole moment derivatives have been transformed
into the atomic polar tensors. The polar tensor elements are
also analyzed in terms of the quantum mechanical charge,
charge flux and overlap (CCFO) model.’ In addition, the
fundamental intensities of CH;D and CD;H are predicted, and
compared with the previously reported values.

IR Intensities and Polar Tensor

Details of the infrared intensities and polar tensors have
been described previously.® Briefly, in the rigid rotor harmonic
oscillator approximatior, the integrated molar infrared absorp-
tion coefficients, A,, for the ~th fundamental band is express-
ed as follows,”
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Here, d, is the degeneracy of the i~th fundamental vibrational
mode, dP/3Q, is the vector dipole moment derivative with
respect to the 7-th normal coordinate, ¢ is the electronic
charge, and u is the atomic mass unit.

A polar tensor in normal coordinate space, Py, is defined
as follows® for a molecule having 3n-6 fundamental vibrational
modes:
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The transformation to space-fixed Cartesian coordinates can
be applied to obtain the “‘polar tensor in Cartesian coordinate

‘space’’®, P,

P;=PL'UB+P,p8 (3)

Here L' is the inverse of a normal coordinate transformation
matrix between the internal symmetry coordinates, S;, and
the normal coordinates, Q,, (S=LQ), U is a transformation
matrix between the symmetry coordinates and the internal
coordinates, B, (S= UR), Bis a transformation matrix between
the internal coordinates and the space-fixed Cartesian
displacement coordinates, X., (R=BX), and P, is a rotation
correction to P..

Notice that P, is the juxtaposition of n 3x3 ““atomic polar
tensors’? P?

OP./8x, 8P./0y, 3P./0z,
Pz=\aP,/0x, 03P,/8y, OP,/0z, (4)
aPz/axa aPz/aya aPz/az,,

Here x,, y., 2. are the space-fixed Cartesian displacement coor-
dinates of the a-th atom and P,, P,, P, are the components
of the total dipole moment of the molecule on the space—fixed
axes. When these atomic polar tensors (here after abbreviated
as APTs) are juxtaposed in the order dictated by the defini-
tion of B and X, we obtain the polar tensor of the molecule,

P,=i{P;iP;: - {P7} - 1 P} (5)

This matrix is another representation of the experimental
intensity information, transformed by the normal coordinate
transformations. Although the general expression for P, given
above apparently has a very large number (3 x 3n) of elements,
many of them are zeroes. For molecules with some symmetry,
the APTs will reflect the symmetry.' For example, if an atom
lies on an axis with three~fold or greater symmetry, the APT
is diagonal. The APTs for atoms related by symmetry will
also be related. For example, the APT for the H(2) atom, P2,
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in CH, (See Figure 1) is diagonal and the APTs for other H
atoms, P, are related with P2, by P = T P2 T’ where T
is a transformation matrix (7" is its transpose) from the original
molecular axes used in obtaining the P2 to the new rotated
bond coordinate axes whose function to the a atom is same
as the original coordinate axes to H(2) atom. In addition, since
the APTs for all the atoms in CH, are related by =0
(null tensor)?, there are only three independent intensity
parameters for the APTs of the five atoms in CH,. Moreover,
in methane 8 P,/dxis equal to @ P,/@y for the H(2) atom due
to the spherical symmetry of the molecule. Hence, only two
elements are needed to specify all the APTs of methane.

We may also transform P, to P, by using the inverse rela-
tion of equation (3), that is,

P,=P:AU’L (6)

Here the matrix A is the inverse transformation from inter-
nal coordinates to Cartesian coordinates, defined so that BA

Figure 1. Coordinate axes and molecular orientation of methane
used in normal coordinate calculation.

Table 1. Structural Data and Definition of Internal and Symmetry
Coordinates of Methane

Masses(u)*: m.=12.0 m,=1.007825 m,;=2.014102
Structure?: Rey=0.1091 nm

Internal coordinates: R,=dr,, Rs =da..
R;=4dr,; R, =days
Riy=4dr,, Ry =daus
R,=dris R, =dasy,

R5=dazn Rw=da:us
Symmetry coordinates*:

Cs. T,
A, Si=(1/2) (R, +R;+R;+R))
A, [F [S, = (INV12) 3R, - R, - R; - RJ)

S; = (IV/6) (Rs+Rs+R;-Re—Ry-Ry0)
[E, S, = (INV12) 2Rs-Rs—R,+2Rs-Ry~R,0)

E. . [s, = (IWV6) 2R,-R,~R.)
. Se = (1AV/12) (2Re=Rs~R, - 2Ry + Ry + Ryo)
E, S; = (1/12) (Re-R; - Ry + R0}
E, [F [Ss = (1V2) (R;—RY)
v S, = (V2D (Re—R;+Re—-Ry0)
A, A, St = (1N/6) (Rs+Re+R;+Re+ Ry + Ry)

“Ref. (10), ®Ref. (11), “The subscripts refer to the atoms shown in
Figure 1; r;is a C,-H; bond and ., is a H; C, H, angle, %s,.. is a redun-
dant coordinate.
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= I a square identity matrix. Other symbols have their
customary meaning as used above. Equation (6) has particular
interest in that it is especially easy to calculate the polar ten-
sor P, from quantum mechanical procedures.

The polar tensor values of methane have been calculated

Table 2. Harmonic Force Field, Normal Coordinates, and In-
tegrated Intensities of Methane

Harmonic force constants (Nm™)*:

A, K, =582 F K, = 5383
E K, =578 Ku = 225
Ky = 545

Normal coordinates (u*:

CH, F.: Q; Q.

S, 1.0496  —0.0405
Ss -0.1392 1.4217

CDh, F.r Q. Q.

S, 0.7794  -0.0105
Ss —0.2469 1.0708

CH;D* A, Q Q. Qs
S, 0.8482 0.3856 0.0107
S, -0.5503 0.6544 -0.0220
S, 0.0739 -0.2017 1.4123
E,‘ Q4 Qs Qa
S. -0.0105 1.4055 0.4615
Ss 1.0498 0.0181 -0.0314

Ss -0.1490  -0.6037 1.1583
CD:H¥ A, Q Q Q
S, 0.4751 0.6282  -0.0084
S: 0.9229  -0.3565 -0.0234
S, —-0.1453 0.1243 1.0822
Ex. Q4 Q5 Q6
S, 0.0059 1.0805 -0.6294
Ss 0.7794  -0.0094 -0.0089
Se -0.2413 0.8121 0.8957

Intensities (km-mol™)
CH, A,v,)= 66.8240.22
CD, A;(v)=29.83+0.85

Auvy) = 32.72+£0.54
Advy) = 19.03+0.63

*Ref. (9); *The indices labelling the normal coordinates correspond
to the labels identifying the vibrational mode given in ref. (12).; “The
K and L elements for the F. and F, blocks are identical with those
of F, block; “The D atom corresponds to the H(2) atom in Figure 1.
“The L elements for the E, block are identical with those of E, block.
E, in C,, point group corresponds to the combination of E, and F, in
T. point group. See the definition of symmetry coordinates in Table
1; ‘The H atom corresponds to the H(2) atom in Figure 1.; #Taken
from ref. (4). The indices labelling the vibrational modes correspond
to the notations given in footnote (b) above.
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by means of equation (3) using the intensity data* we reported
recently. The Cartesian coordinate axes, numbering of atoms,
and orientation of methane molecule are shown in Figure 1.
The equilibrium structural data, and the definition of the in-
ternal and symmetry coordinates are listed in Table 1. The
L matrices were calculated using the harmonic force field
reported by Duncan ef al.°. These values are given in Table
2. The B matrix was evaluated using Wilson’s method’. In
Table 3 representative values for the atomic polar tensors of
CH. and CD, are given for the C(1), H(2), and H(3) atoms of
Figure 1. The experimental errors for the individual polar ten-
sor elements are given in parenthesis.
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The experimental infrared intensities are proportional to
the square of the dipole moment derivatives with respect to
the normal coordinates of the molecule, aP/2Q; (see eq. (1)).
Hence, the atomic polar tensor elements are given in Table
3 for all possible sign combinations of the 3 P/2Q, quantities.
Comparison of the values of polar tensors for CH, and CD,
leads to the (+, +) or (—, -) sign combinations for the
aP/aQ/s.

In order to reach some decision about which of the several
possible polar tensors are correct for methane, we may com-
pare the different possible sets of the P, values from the ex-
perimental data with the quantum mechanically calculated

Table 3. Atomic Polar Tensors of Methane in Units of e’s

Pf P:I(Z)‘ P’,"”
CH. -5 0.012 0 0 — r70.063 0 0 7 rx0.112 0 $0.062 -
(0.002) (0.001) (0.001) (0.001)
+ 40 0 F0.012 0 0 70.063 0 0 70.063 0
_ (0.002) (0.001) (0.001)
0 0 F0.012 0 0 +0.134 | [%0.062 0 £0.041
L (0.002° L ©.001)~ L (0.001) (0.001)-
-3 0.305 0 0 - =0.056 0 0 ~ r+0.110 0 £0.019 7
(0.002) (0.001) (0.001) (0.001)
.- 0 %0.305 0 0 +0.056 0 0 *0.056 0
4 (0.002) (0.001) (0.001)
0 0 ¥0.305 0 0 +0.117 | | 50.019 0 £0.063
- 0.002- L ©.001~ L (0.001) (0.001)-
CD. ~¥0.015 0 0 — r¥0.061 0 0 - [x0.112 0 £0.061 1
(0.005) (0.001) (0.002) (0.001)
+ 4 0 50.015 0 0 ¥0.061 0 0 ¥0.061 0
- (0.005) (0.001) (0.001)
0 0 $0.015 0 0 £0.133 | | 70.061 0 F0.039
- ©0.005)4 L ©.002- L (0.001) (0.001 -
~T0.280 0 0 -~ [=0.059 0 0 1 [%0.088 0 %0.010 7
(0.005) (0.001) (0.002) (0.001)
4o 0 F0.280 0 0 +0.059 0 0 +0.059 0
— (0.005) (0.001) (0.001)
0 0 F0.280 0 0 £0.092 | | ¥0.010 0 £0.063
L (0.005)- L 0.002- L (0.001) {0.001)-
— 0.033 0 0 -  0.004 0 0 7 r-0.095 0 0.049 7
CNDO/2* 0 0.033 0 0 0.044 0 0 0.044 0
L o 0 00332 L o 0 ~0.1134 L 0.049 0 0.026-
~ 0.180 0 0 ~ 0.004 0 0 7 r-0.127 0 0.046
CH, INDO* 0 0.180 0 } 0 0.004 0 0 0.004 0 jl
and L0 0 0.180- - o 0 ~-0.143 - L 0.046 ] -0.012
~0.074 0 0 0.043 0 0 ~0.023 0 0.023
CD, STO-3G/ [ 0 ~0.074 0 ] [ 0 0.043 0 J 0 0.043 0 ]
0 0 ~0.074 0 0 ~0.031 4 L 0.023 0 0.035
0.010 0 0 0.085 0 0 ~0.149 0 0.083
6-31G/ [ 0 0.010 0 } [ 0 0.085 0 J 0 0.085 0 }
0 0 0.010 0 0 -0.1784 L 0.083 0 0.056

<Intensities given in Table 2 were used in this calculation; *The signs are the signs of the 8P/8Q,’s. For example, (++) would mean that the
signs of aP/3Q, and aP/8Q, are both either positive or negative; “The atomic polar tensor of H(or D) atom numbered as 2 in Figure 1; “The
value with upper sign(- 0.012) is, for example, the tensor elements obtained from the signs of 8P/3Q.’s corresponding to the upper sign com-

bination(+ +) in two sets of sign choices(x=+) . The value in parenthesis represents the uncertainty based on the estimated errors in the reported
intensities and the harmonic force fields; “These tensors were calculated using the CNINDO program 141 from QCPE; ‘Calculated by using
the GAUSSIAN 70 PROGRAM (see ref. 13).
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values. In‘the present work, the dipole moment derivatives
have been calculated by the CNDO/2, INDO, and ab initio
quantum mechanical methods, and the results are also given
in Table 3. In view of the quantum mechanically calculated
values, the (—, —) sign combination has to be chosen. Although
the differences between the dipole moment derivatives
calculated by different methods are quite large, they all show
the same signs. As usual, the 6-31G ab initioc and CNDQ/2
results are superior to the STO-3G and INDO results. The
work of Meyer ef al.* clearly demonstrated the basis-set sen-
sitivity of the calculated values of the dipole moment
derivatives and the limited success to predict reliable values
for these quantities by quantum mechanical methods.

The close correspondence between the values of polar ten-
sors for CH, and CD, reflects the consistency of our reported*
intensity data. As a further check on the quality of our tensor
elements obtained from the CH, and CD, intensities the ab-
solute intensities for the isotopic series CH;D and CD,H have
been calculated by using the mean values of Table 3. In this
calculation, the relation of equation(6) was used. The results
are shown in Table 4 together with the corresponding observ-
ed values of Saeki et al.'® and those of Hiller et al.'¢. Compar-
ing the experimental values for CH,D and CD,H of both Hiller
et al. and Saeki ef al. with our predicted values, we found a
very satisfactory correspondence.

From the values of the H(2) polar tensor it can be seen that
as the CH bond bends along the positive x(or y) coordinate,
the negative charges on carbon move to the negative x(or y)
direction resulting in a positive contribution to the dipole mo-
ment derivatives. On the other hand, as the CH bond stret-
ches along the positive z coordinates, the negative charges
on carbon move to the positive z direction exhibiting a negative
contribution to the dipole derivative. It should be noticed,
however, that above explanations are accurate wholly on the
classical atomic charge model. As will be clear in the follow-
ing CCFO analysis of APT elements, a quantum mechanical
interference term, which has no classical analogue, contributes
excessively large to the atomic polar tensor. Hence the move-
ment of negative charge during molecular vibration should
be understood merely on the conceptual basis.

Table 4. Observed and Predicted Intensities for CH,;D and CD,H
in Units of km-mol-"s

Vib freqe Obsd int Calcd int
(cm™) Hiller et al.® Saeki et al.c  this work
CHLD v 29707 49.2 49.3 50.9
ve 3017
v, 2200 6.3 6.1 7.1
v, 1307
v 1471J 29.3 31.4 29.2
v, 1161
CDH v 2992 15.7 15.8 16.9
& 2143] 21.0 20.2 22.4
va 2251
vy 1291 6.7 6.6 7.4
v 1003] 15.3 14.7 15.6
ve 1036
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CCFO analysis of APT elements

Details of the charge-charge flux-overlap electronic con-
tributions to the dipole derivatives have been described
previously.® Briefly, the atomic polar tensor can be identified
with three contributing terms.

Pg=,tal+§ (Vaé‘a)Rp—§ VQQBB('R) (7)

The first term is the contribution of a “‘net charge” fixed on
the nucleus, and the second is the “charge-flux’’ contribu-
tion from the transfer of charge from one nucleus to another
as the result of nuclear displacement. The third term is strictly
a quantum mechanical contribution resulting from the super-
position of wave functions, and has no classical analogue. By
assessing the relative importance of each of these three con-
tributions for a given tensor it is possible that valuable
chemical information may be obtained.®

Table 5 shows the CNDO/2, INDO semi-empirical and
STO-3G, 6-31G ab—initio atomic polar tensors for the H{2)
atom of Figure 1 in CH.. Regardless of the basis sets, it can
be seen from the Table that all three of the constituent parts
of the polar tensor, defined in equation (7) are significant. None
of the three groups of terms can be completely neglected. The
semi-empirical results (CNDO/2 and INDO) exhibit, however,
that the net charge contribution, &1, is far less than those from
the remaining two terms. On the other hand, all three terms
contribute more or less equally in the ab-initio calculations
(STO-3G and 6-31G). Particularly noteworthy in common is
the large charge flux contributions. This represents a large
charge transfer along the CH bond during the stretching («<C-
H—), and is indicative of the considerable electronic rearrange-
ment that takes place as this bond is broken. Also it appears
from the Table that the equilibrium bond dipole has the polari-
ty of “CH-H*. A negative value of the charge-flux contribu-

Table 5. Comparison of Hydrogen Polar Tensors in CH, Obtain-
ed by Quantum Mechanical Calculations and by Experiment, in
Natural Units(e)*

aP/ax(=aPJay,) aP./13z,

&l CNDO/2 0.013 0.013
INDO -0.009 -0.009

STO-3G 0.063 0.063

6-31G 0.155 0.155

gV,,C..R., CNDO/2 -0.046 ~0.093
INDO ~0.051 -0.101

STO-3G -0.033 -0.166

6-31G -0.033 -0.185

- gV,,(P,,, CNDO/2 0.077 -0.033
INDO 0.064 -0.033

STO-3G 0.013 0.072

6-31G -0.037 -0.148

APT of H2) CNDO/2 0.044 -0.113
INDO 0.004 -0.143

STO-3G 0.043 -0.031

6-31G 0.085 -0.178

expt’] 0.062 -0.134

“Ref(17). *Ref(16). “Ref(15)

*APT for the H(2) atom of Figure 1; *See Table 3.
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tion would indicate that the hydrogen end of the bond dipole
becomes negatively charged as the C-H length is increased.

The relatively large value of the quantum mechanical in-
terference term reflects that there occurs significant changes
in the hybridization scheme during the molecular vibration.
Hence it seems that the classical atomic charge model, like
that proposed by Decius,'® may not be valid for interpreting
infrared intensities. Although the present results show that
the calculated values of the three terms in equation (7) are
sensitive to the basis-set, it seems rather encouraging that
the simple semi-empirical CNDQO/2 method is superior to the
INDO and STO-3G ab-initio methods in the vibrational in-
tensity analysis.

At the end of previous section it was pointed out that the
movement of negative charges during molecular vibration
should be understood merely on the conceptual basis. Con-
cept of such a charge-movement is directly related with both
the net charge and the charge—flux contributions. As can be
seen from Table 5, all the values of APT elements due to
either the net charge or the charge flux terms have same signs
regardless of the quantum~mechanical basis-sets, whereas the
elements of P2 do have opposite signs. That is, the sign of
dP,/ax{=3P,/dyy) is opposite to that of dP./dz4. It is evi-
dent from Table 5 that the large negative value of 4P,/3z in
P2 of methane arises from the composite effect of both the
charge flux and the overlap (interference) contributions. On
the other hand, for the aP,/dx(=dP,/dy) element the net
charge and/or the overlap contributions dominate such that
the element becomes positive. Hence, none of the three groups
of terms in equation (7) seems to be completely neglected in
the vibrational intensity analysis. Care should thus be paid
whenever one interprets infrared intensities in terms of
classical models.

Conclusion

We have analyzed the infrared intensities of CH, and CD..
The experimentally derived polar tensors for the H and C
atoms in CH, and CD, were in essentially exact agreement
with one another. The polar tensors derived by the quantum
mechanical calculations were also in fair agreement with the
experimental results although there were some discrepancy
in the magnitudes. Not only were the polar tensors from CH,
and from CD, in closest agreement, but the band intensities
of CH,D and CD,H computed from the CH, and CD, polar
tensors were close to their experimental values. These obser-
vations may indicate that our recent measurement* on the in-
frared intensities of methane was extremely precise.

From the quantum mechanical calculation partitioning the

Kwan Kim and Cheol Woo Park

polar tensor elements into the charge-charge flux-overlap
parts, the charge flux contribution was found to be most im-
portant. Nevertheless, APT appeared to depend significant-
ly upon the nonclassical overlap (interference) term. Although
the theoretical results are very sensitive to the basis-sets, the
CNDO/2 method seems to be highly successful for the calcula-
tion of infrared intensities comparing favorably with ab initio
calculation. It is, of course, hoped that this is borne out by
calculations on other species of interest.
Acknowledgement. This work was supported in part by the
Korea Science and Engineering Foundation.
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