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The mathematical and physical aspects of the relationship
between the atomic polar tensors and bond polar parameters for-
mulations of vibrational intensities in infrared spectra are discu-
ssed. The theoretical considerations are illustrated with parallel
applications of the two approaches in analysing experimental in-
tensity data for ethane, methyl chloride and H20O.

INTRODUCTION

Vibrational intensities in infrared spectra are interpreted by transfor-
ming the measured integrated absorption intensities into molecular parame-
ters characterizing the dynamics of the electric charges in a molecule with
vibrational distortions. Several theoretical models for reduction of intensity
data have been put forward.!8 Because of the diverse approaches applied in
different laboratories to interpreting intensity data, it is essential to analyze
and define the relationships between the theories developed. These efforts
should, hopefully, contribute to a better understanding of the physical signi-
ficance of the various intensity parameters employed. Several paper dealing
with the problem appeared during the past decade.®!! In the present study
we analyse the relationship between the atomic polar tensors (APT)3* and
tond polar parameters (BPP)?® formulations of IR intensities. We first discuss
some mathematical and physical correlations between the two theoretical
approaches. In the following section, parallel applications of the two methods

to analyzing the experimental IR intensity data for ethane, methyl chloride
ond water are presented.

THEORETICAL CONSIDERATIONS
Atomic polar tensors are defined as:3*

op/ox, 0p/oy, O0p/0z,
P@ = [J0p/ox, Op,/Oy, 0PIz, (1)
dp,/ox, 0p,/0y, CP,/Oz,
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P», Py and p, are the Cartesian components of the molecular dipole moment;
Ax,, AY, and Az, — cartesian displacement coordinates for atom . The
atomic polar tensors martrix Px has the structure:

P =PV . . Pw, pwm @

N is the number of atoms in a molecule.
The elements of Px are evaluated using the matrix expression®*

Py = Py Lg ! Bg + P 3)

FPq contains the experimental dipole moment derivatives with respect to nor-
mal coordinates. Ls is the normal coordinate transformation matrix and Bs
is the matrix defining the relation between internal symmetry coordinates
and atomic cartesian displacements.!? P,§ is a rotational correction term.*

Bond polar parameters are derivatives of the Cartesian components of
the molecular dipole moment with respect to linear and angular bond displa-
cement coordinates:”-8

0p, /0Ty 9p,/0 O 0p,/0 ¢,
s = [opy/om di = | 9py/0 O, 0D/ g, C))
0p,/0T 0p,/0 @ 0Dp,/0 ¢,

Ary defines the change of bond length, A ®; and Agi are changes of bond
polar and azimuthal angles in a spherical polar coordinate system, k is a bond
index.

The matrix of bond polar parameters has the structure:
Py, = (s;d;8,d,...5ydyy) (5)
BPPs are evaluated using the matrix equation:
Ps—Rg =PV AgS (6)

In expression (6), Ps is an array containing dipole moment derivatives with
respect to symmetry coordinates; Rs — matrix of rotational correction terms.!®
V defines the transformation between the bond coordinates Are, A Ok, Agpx
and the atomic coordinates A x,, A y,, A 2,8 Ags (= 0 X/3 S) matrix refers to
a heavy non-rotating isotope of the molecule, as proposed by van Straten
and Smit.13

The infrared intensity formulations briefly presented above have simi-
larities in several aspects. First, both theories employ as parameters deri-
vatives of the total molecular dipole moment (Eqn. 1 and 4). Thus, the bond
moment or point charge approximations, inherent in other intensity
theories®>® are avoided. The validity of these approximations as applied to
infrared intensity analysis has been already discussed in detail.1415:16

A second essential feature of the two approaches is the equality between
the number of parameters to be determined and the number of experimental
observables. Hence, the inverse intensity problem is completely defined.

From a physical point of view the most significant difference between
APT and BPP formulations is in the treatment of rotational effects on
vibrational intensities. As it is known, for molecules that do not possess an
equilibrium dipole moment, rotational motion does not affect infrared band
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intensities. In these cases there is a simple matrix relation between APTs
and BPPs
Py =PV (@)

For molecules having a permanent dipole moment, however, there are rota-
tional contributions to intensities, respectively dipole derivatives, for vibrations
belonging to certain symmetry species.” Only after subtraction of the so
called rotational corrections from the dipole moment derivatives, the latter
may be regarded as intramolecular quantities. That is why, in the BPP
formulation, the dipole gradients 0 p/0 S; forming matrix Ps are corrected for
rotational contributions by the Rs matrix (Eqn. 6). The element of Rs may be
obtained by different methods.!3!8 In the BPP method, rotational corrections
are evaluated following the heavy isotope method.’® Further, the right-hand
side of Eqn. (6) is also corrected for rotational effects as described earlier.
Thus, 'both sides of the linear equations (6) are free of rotational cohtti-
butions and, as a result, the elements of Py, the bond polar parameters, are
also purely vibrational quantities. In the APT theory some elements of Px
matrix originate from the term P,3, and hence, from the equilibrium dipole
moment. For this reason, the elements of Px may not be considered as purely
vibrational quantities.

It should be noted that there is a relationship between the elements
of the atomic polar tensors of a molecule expressed as*

ISP = 0, ®

o

where O; is (3 X 3) zero matrix. In contrast, the elements of P, form a set
of completely independent quantities.

Finally, it should be emphasized that mathematically it is definitely
easier to evaluate atomic polar tensors — simply by matrix multiplication
(Eqn. 3). Bond polar parameters, however, are determined by solving sets
of linear equations (Eqn. 6). Molecular symmetry has to be accounted for
in order to arrive at complete sets of linear equations. Computing programs
implementing the BPP approach are available.!?

EXAMPLES OF APPLICATIONS

In this part, the experimental gas-phase infrared intensity data bor
ethane, CH3;Cl and H,O are transformed into local intensity parameters
following the formalisms of the APT and BPP methods. The ethane molecule
does not possess a dipole moment and, therefore, the applications of the APT
and BPP methods are expected to result in rather similar, from the physical
point of view, intensity parameters. The treatment of the polar molecules
of CHsCl and H,O should provide a deeper insight into the nature of the
differences between the two infrared intensity formulations.

Ethane

The experimental Pq matrix for ethane is taken from the work of Kondo
and Saéki.?0

The reference Cartesian system, numbering of atoms, bond directions
and internal coordinates are defined in Figure 1. The symmetry coordinates



146 S. ILIEVA ET AL.

Figure 1. Definitions of internal coordinates, bond directions, cartesian reference
system and numbering ofatoms for ethane.

are given in Table I. Molecular geometry data used are as given in Ref. 21.
The symmetrized normal coordinate transformation matrix Ls was calculated
using the force field of Nakagawa and Shimanouchi.?? The calculated elements
of the Ps matrix for ethane are given in Table II. The sign convention for

TABLE I

Symmetry coordinates for ethane
A"u

S;=1 /\/E(ATz + Ar3 + Ary— Ars —Arg — Ar;)

S¢=1/V2a [Aas + Aaz + Aaz — Aoy — Aas — Aag) —b (A1 + Afs +
+ Afs— ABs— A5 — ABe)]

E,

Stoa = (1/2 V3) (287 — Aty — Arg — 2A75 + Arg + Ary)
Slla = (1/2 \/_3) (2Aa1 — Aaz _— ACﬁ3 — 2[3.624 - AOL:, + Aa(;)
Siza = (1/2V 8) (2Af1 — AP — A3 — 2ABs + 2Af5 + Afe)

Sop = 1/2 (AT3-—AT4—A7‘0 + Ar;)
S11s = 1/2 (Aag — Aag — Aoy + Aag)

Sizb = 1/2 (A2 — Afs — Afs + ABg)
a = 0.414957
b = 0.401428

dipole moment derivatives throughout this study is: a shift of a negative
charge in the positive direction of a Cartesian axis corresponds to a negative
dipole derivative.

TABLE II

s matrix for ethane

Ay P53 = —1.1436 Ey Py =—1.1956
Pg = —0.3647 Py = 0.2511
P = —0.2974

Atcmic polar tensors were calculated from the relation Px = Py Lg! Bg.
The rotational polar tensor P,3 (Eqn. 3) has zero elements. The entire Py
matrix for ethane is given below (in units D/A).
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C, G
{ /0.626 0 0 0.626 0
Py = | 0 0.626 0 0 0.626
l 0 0 —0.042 0 0 —0 042
H, H,
—0.611 0 —0.333 —0.008 0.348 0.167
0 0.194 0 0.349 —95.409 —0.288
—0.508 0 0.014 0.254 —0.439 0.014
Hy H 9)
-—0.008 —0.348 0.167 —0.611 0 —0.333
-—0.349 —0.409 0.288 0 0.194 0
0.254 0.439 0.014 —0.508 0 0.012
H, H;
--0.008 0.348 0.167 —0.008 —0.348 0.167
0.349 —0.409 —0.288 -—0.349 —0.409 0.288
0.254 —9.439 0.014 0.254 0.439 0.014

The calculated values of the elements of the bond polar parameters matrix
P, are presented below. The elements sx and di are in units D/A and D/rad,
respectively.

d, 5 d,

0 (4] /-—0.690 0.094 (]

P, = 0 ( 0 0 0 0.198

0 0 -—0.467 ’ —0.218 0

33 d, Sy d,

0.345 —0.047 —0.171 / 0.345 —0.047 0.171
-~0.598 0.081 —0.099 0.598 --0.081 —0.099
-—0.467 —0.218 0 \—0.467 —0.218 0

S5 ds S dg (10)

0.690 0094 0 —0.345 -—0.047 0.171

0 0 —0.198 0.598 0.081 0.099

0.467 —0.218 © 0.467 —0.218 0

$7 d,
-—0.345 —0.047 —0.171
—0.598 --0.081 0.099

0.467 --0.218 0

The elements of the V matrix (Eqn. 6) are calculated using formulas given
in Ref. 8. Matrix multiplication showed that the equality P, V = Px holds
perfectly.

Methyl Choride

The experimental intensity data used in the present comparative study
are taken from the work of Kondo et al.? In the calculations we employed
internal and symmetry coordinates and molecular geometry, as defined in
Ref. 23.
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The normal coordinate transformation matrix Lg is also as given by Kondo
et al. (23). The Cartesian reference system, numbering of atoms and bond
directions are defined in Figure 2. The dipole moment derivatives with re-
spect to symmetry coordinates are given in Table III

Figure 2. Definitions of internal coordinate, bond directions, cartesian reference
system and numbering of atoms for methyl chloride.

TABLE III

Dipole moment derivatives with respect to symmetry coordinates for methyl chloride

Ay Py = —0.6250 E Py = —0.3857
P = 0.1819 Ps; = 0.2848
Py = 22373 Pg = —0.1659

a4 Calculated from experimental intensity data of Kondo, Koga, Nakanaga and Sa-
eki® and force field of Duncan, Allan and McKean?.

The calculated atomic polar tensors matrix are the following (in units

D/A):

C Cl
0.565 0 0 —0.847 O 0
Py = 0 0.565 0 0 —0.847 0
0 0 2.950 0 0 —2.237
H, H,
—0214 O —0.171 0.248 0.267 0.086
0 0402 0 0.267 —0.060 —0.148 an
—0.302 O —0.238 0.151 —0.262 —0.238
H;
0.248 —0.267  0.086
—0.267 —0.060 0.148
0.151 0.262 —0.238
Px is the sum of two terms — vibrational polar tensor (= PsBs) and

rotational polar tensor (P,3). The rotational polar tensor is evaluated using
formulas given in Ref. 4 and an equilibrium dipole moment value of —1.87
D.13 The PsBs and P,3 matrices are given below.
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c cl
—0.162 0 0 0114 0 0
PB=J[ 0o o012 o 0 0.114 0
0 0 2,950 0 0 —2237
H, H,
—0292 0  —0.120 0170 0.267 0.060
0 0324 0 0.267 —0.138 —0.104 a2
—0302 0  —0.238 0.151 —0.262 —0.238
0.170 —0 267 0.060
--0.267 —0.138  0.104
0.151  0.262 —0.238
al
0 727 0 -0.961 0 0
o 727 0 0 —0961 0
0 0 0 0
H,
o 078 —0.052 0078 0 0.026
o 078 0 0 0.078 —0.045 (3)
0 0 0 0
0 078 0.026
0 078 —0.045
0

Bond polar parameters for methyl chloride are as follows (in units D/A

and D/rad):
Sr

0

P,=13| o
2.237

5y
0.128
--0.222
—0.361

dR S dl

0 0 —0.257 0.106 0

0 0 0 0 0.418

0 0 —0.361 0145 0

d, 83 d, (14)

—0.053 —0.362 0.128 —0.053 0.362

0.092 —0.209 0.222 —0.092 —0.209 }

0.145 0 -—0.361 0.145 0

The matrix V for methyl chloride is presented in Table IV. The matrix pro-
duct P,V is given below. The elements of P,V are in units D/A.

C

P,V

—0.282 0
0 —0.282 0
0 0

Cl1
0 0 0 0
0 0 0
2.951 0 0 —2.237
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H, H,
—0214 0 —0.172 0.248 0266  0.086
0 0402 0 0.267 —0.060 —0.149 (15)
—0302 0 —0.238 0.151 —0.262 —0.238

0.248 —0.266 0.086
—0.267 —0.060 0.149

0151 0262 —0.238/

It may be seen the P,V for CH;Cl does not e.qual Px (Eqn. 11).

Water

The analysis of IR band intensities in the gas-phase for H,O illustrates,
perhaps most clearly, the differences between the APT and BPP theories.
The experimental intensities are from the work of clough et al.,» while the
normal coordinate transformation matrix is obttined using a force field of
Mills.?® Molecular geometry parameters used are as follows: roy = 0.9572 A,
<Lmom = 104.5 °.27 The e.quilibrium dipole moment value used is —1.85 D.13
The Cartesian reference system and internal coordinates for H,O are defined
in Figure 3. The symmetry coordinates have the usual form:

z

Figure 3. Cartesian reference system and internal coordinates for HsO.

A, S, =@Ar, +Ar)/ V2
S,=A6 (16)
B, S;=@Ar +Ar)/ V2

The signs of the experimental § p/8§ Q; gradients are as given by Zilles
and Person:*® A;(+ —), B;(—). The P, and P,°°rr matrices for H,O are as
follows (in units D/A and D/rad):

P=| 0 0 0

0 0 —0.9918
) an

--0.2341  0.7259 0
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0 0 —0.9145
P = 0 0 0 (18)
—0.2341  0.7259 0

The P, matrix for H,O evaluated by applying Eqn. 6 has the form (the ele-
ments of Py, are in units A/A and D/rad):

s, d, S, d

2
-—0.6467 ] 0 -—0.6467 0 0
0 0 0 0 0 0 (19)
—0.1656 —0.7259 0 —0.1656 -—0.7259 0
The matrix product P,V yields (in units D/A):
0O, H,
—1.0227 0 0 C.5113 0 —0.3959
P,V = 0 0 o0 0 0 0
0 0 —1.4020 0.3333 0 0.7010
H, (20)
0.5113 0 0.3595
0 0 0
—0.3333 0 0.7010

The two submatrices forming the atomic polar tensors matrix are (in units

D/A):

o, H,
—1.1090 0 0 0.5545 0 0.4294
pB =4[ o 0o 0 0 0 0
0 0 —1.4019 —0.333¢ 0 0.7009
H, @)
0.5545 0 —0.4294
0 0 0
0.333¢ 0 0.7009
0, H,
-—1.0968 0 0 0.5484 0 —0.7975
Ppﬁ = 0. 3.1568 0 0 1.5785 0
0 0 0 0 0 0
H, @2)
0.5484¢ 0 0.7975
0 1.5785 0
0 0 0

Finally, the Px matrix evaluated as a sum of PB; (vibrational polar tensor)
and P} (rotational polar tensor) has the structure:

0O, H,
--2.2058 0 0 11029 0 —0.3681
Py = 0 —3.1568 0 0 1.5785 0
0 0 —1.4019 —0.333¢ 0 0.7009
H, (23)
1.1029 0 0.3681
0 1.5785 0

03334 0 0.7009
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P,V does not, as expected, equal Px. It is easily seen that some elements of
Py, e.g. all second row elements (Py,), come directly from the rotational polar
tensor P,f}. Since the nonzero elements of P, contain the Cartesian com-
ponents of the equilibrium dipole moment, it is evident that the final Py
matrix also contains such non-vibrational contributions.

The physical interpretation of APT values is associated with the eva-
luation of quantities called effective atomic charges. These are found to be
transferrable between structurally related molecules.?® The trends of changes
of BPP values in different molecules are discussed in a recent review.l® Suc-
cessful .quantitative predictions of IR intensities for some hydrocarbons with
the aid of transferred bond polar parameters were also reported.3?

CONCLUSIONS

The results obtained show that the application of APT and BPP theories
to analyzing vibrational intensities of non-polar molecules leads to parametric
values related by simple transformation. In the general case of molecules
having a permanent dipole moment, the interpretation of IR intensities using
APT and BPP formulations results in local intensity parameters that have
a distinctly different physical significance.

Bond polar parameters are purely vibrational .quantities. The elements
of atomic polar tensors are determined by both vibrational and rotational
contributions.
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SAZETAK

Odnos izmedu tenzora atomske polarnosti i polarnih parametara veze temeljnih

na IR intenzitetima
S. Ilieva, T. Dudev i B. Galabov

S matemati¢kog i fizikalnog glediSta usporedeni su proraduni vibracijskih in-

tenziteta s pomocu polarnih tenzora s proratunom zasnovanim na polarnim para-
metrima veze. Teorijska analiza ilustrirana je usporednom primjenom obaju pri-
siupa, na eksperimentalnim podatcima za etan, klorometan i vodu.
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