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Transferability of Dipole coyest Derivatives: A General Method 
for the Calculation of Absolute Rotational Contributions 

W. M. A. SMIT*, J. H. G. BODE, AND A. J. VAN STRATBNt 

Ana@ticaf Chemistry Laboratory, U~~~ersi~ of Utrecht, 
Croesesfraar 7lA, 3522 AD Utrecht, The ~etber~o~ds 

A general method for the calculation of absolute rotational corrections for the dipole 
moment derivatives is given based on the definition of pure geometrical distortions. 
The method is generally valid and allows the rotational contributions to be calculated 
for all modes of any molecule. The relation between absolute and relative corrections is 
discussed and the method is demonstrated by calculating the rotational corrections 
for a few asymmetrical molecules. 

INTRODUCTION 

The infrared intensities of corresponding modes in different molecules are 
not directly comparable. This is because, in general, the conditions which restrain 
the principal-axis system from rotation during vibration work out different for 
corresponding modes in different molecules. These conditions are usually called 
the Eckart conditions. In order to obtain comparable intensities the dipole mo- 
ment derivative values should be split up in two parts, one corresponding to a 
pure geometrical distortion, the other to the compensating rotation that has to 
be added to the geometrical distortion in order to satisfy the Eckart condi- 
tions. As already shown by Polo (Zf in 1956 a pure geometrical internal coordinate 
distortion can be chosen in an infinite number of ways. However, in the previous 
paper (2) we have shown that absolute rotational contributions can be calculated 
for small symmetrical molecules since the pure geometrical distortions can be 
uniquely defined for all modes of these molecules. 

In the present paper the general relationships between pure geometrical 
reference coordinates and the rotational contributions involved in the dipole 
moment derivatives will be discussed. To demonstrate the method the rotational 
corrections for a number of asymmetrical molecules will be given. 

THEORETICAL CONSIDERATIONS 

The definition of the pure geometrical internal coordinates (I) implies 

BA, = E. (1) 
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Making use of the condition (3) 

one easily arrives at 
A = A, - @%z, (3) 

which is equivalent to Eq,. (II, 8) of Polo’s paper (I ). Equation (3) corresponds 
closely to the relation between the A matrices belonging to different members of 
the same isotopic family as given by Crawford (4), 

A, = AZ - &Az, (4) 

where the subscripts refer to the different members of the isotopic series. Wow- 
ever, the A, matrix cannot be considered as the A matrix belonging to a hypo- 
thetical member of the series, since A, corresponds to pure geometrical coordinates 
which are independent of the atomic masses. The one A, matrix applies to all 
members of the isotopic series if the same Cartesian axis system is used for all 
molecules. 

As pointed out in our previous paper (Z), Eq. (3) leads to the following ex- 
pressions for the absolute rotational contributions in terms of internal ~oordinates~ 

P, = P, -t- v, (5) 

V = -PpjSARg. (6) 

The polar tensor PR contains the observed dipole moment derivatives, the 
PRg tensor contains the dipole moment derivatives in terms of pure geometrical 
internal reference coordinates, while the rotational contributions are collected 
in the polar tensor V. 

For a given molecule, P, is completely determined by the magnitude of the 
permanent dipole moment and its position in the principal-axis system, while 
the J3 matrix elements are given by the masses and geometrical parameters of 
the molecule (3). The elements of A, are the components of the pure geometrical 
Cartesian displacement vectors as defined by Polo (I, 2). In principle, the ARS 
elements contain some arbitrariness since the pure geometrical displacement vec- 
tors (the pvectors) can be chosen in an infinite number of ways. It has therefore 
to be investigated whether or not the elements of the flARp product matrix 
which represent the amounts of rotation and translation set up in the molecule 
by the pure geometrical distortions depend on the actually chosen p-vectors. 
In the following this will be done for stretching and bending modes. 

Let us consider the OH stretching mode of the bent triatomic molecule HOF, 
The Cartesian axes, bond unit vectors, and geometrical p-vectors are indicated 
in Fig. 1. The internal coordinates are: 

R, = Ar3tr the ON stretching mode, 

% = A~zB> the OF stretching mode, 

& = 69, the bending mode. 
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The Polo p-vectors for the OH stretching mode are 

R,: ~$1 = ke31r 

PE = p13 = -k1s31, 

where the constants k have to satisfy the relation 

k,, + k,, = 1 
but are otherwise arbitrary. 

The components of the p-vectors for RI can be derived to be 

pIz = (-k,, sin CY, 0, -k,, cos a), 

(7) 

(8) 

p12 = (k,, sin a,0,kX3 cos a>, 

P 13 = (k,, sin a,O,klS cos a), (91 

where CY is the angle between rQ1 and the z-axis. From the general form of the 
j3 matrix elements (3) and the above p-vector components the element of the PA, 
matrix describing the rotation around the principal y-axis caused by the pure 
geometrical OH stretching mode can be written as 

(~A~~)~~ = Z~lk~~~~(x~~ cos a - zol sin (u) 

- Z;1k13mz(xoz cos a - zo2 sin (Y) - Z~ik~~~~(x~~ cos cr - zo3 sin CY), (10) 

where xoi, y,,$, and zoi are the components of yoi, the position vector of atom i in the 
principal-axis system. Using Eq. (8) leads to 

FAG. 1. Principal axes, internal coordinates, and bond unit vectors for HOF and DOF. 
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(@A,),, = I;%zI(Xor cos a - zol sin ct) 

- I,%,,[(C mix& COS a - (C t?QZoi) sin a]. (11) 
i i 

Since in the principal-axis system Ii lltixoi = cI m,z,, = 0, Eq. (11) appears to be 
independent of k 13. This leads to the conclusion that the rotational correction for 
the R, mode is independent of the arbitrariness in the pure geometrical displace- 
ments. It is easily seen that this is a general result for stretching modes, clearly 
showing the~~~~u~e~~a~ character of the rotational contribution involved in the 
dipole moment derivatives with respect to stretching coordinates. 

Bending Modes 

The components of the p-vectors for the pure geometrical bending mode R3 
of the HOF molecule are 

R,: p31 = (-k31r31 cos a, 0, kzlrsl sin 4, 

p32 = (ks2r32 ~0s P,07k32r32 sin Ph 

p33 = (%wa. 

The rotation set up in the molecule by these displacements is given by 

(/3A& = -I;‘mlr31(xo1 sin cu + zol cos CY) - ks2, 

where use has been made of the relations 

(W 

(13) 

r31 sin (Y = -xol + xo3, Y3l cos o! = -201 + 203; 

r32 sin p = X02 - Xo3, Y32 COS p = -203 + 203. (14) 

Obviously, Eq. (13) cannot be reduced to a form which is independent of ka2. 
This means that the rotational correction for R3 depends on the p-vector dis- 
placements actually chosen, leading to the conclusion that no absolute. rotational 
correction exists for the bending mode of this molecule. Although Eq. (13) is only 
valid for bent XYZ molecules, the resulting conclusion is generally valid. 

A little reflection shows that the constants k have a definite value, namely k = 44, 
only in cases in which the bisectrix plane of the angle under consideration is a 
symmetry plane of the molecule. In such cases the corrections may be con- 
sidered as absolute. In all other cases an arbitrary choice has to be made for the 
k values in order to fix the amount of rotation set up in the molecule by the geo- 
metrical distortion. The resulting rotational corrections should then be considered 
as relative to the chosen geometrical reference modes. However, such cor- 
rections may better be denoted as semiabsolute in order to distinguish them from 
the relative corrections that are used to compare corresponding intensities within 
an isotopic series (3-5). In view of the above remarks we propose to use k = M 
throughout for all geometrical modes in any molecule. This leads to an easy, 
programmable, and consistent procedure for the calculation of rotational con- 
tributions that satisfies symmetry requirements if present. 



Relative versus (semi-j Absolute rotational corrections 

As pointed out by Crawford (4) for the comparison of intensity data within 
an isotopic series, relative rotational corrections can be used. From Eq. (4) one 
easily obtains 

PxA, = PxAz - Px@,Ao, (1% 

where the subscripts refer to two members of an isotopic series. Multiplying 
Eq. (3) by P, gives for both isotopically related molecules 

PxAz = PxA, - Pxaz&Ag, 

P&Z = PxA, - Px=&& (161 

Equations (15) and (16) reveal 

-WdW2 = -P+lSIAg + Pxa2&&. (17) 

The left-hand side of Eq. (17) is the relative rotational correction, denoted by 
VIZ (31, while the right-hand side represents the difference of two absolute cor- 
rections, thus showing that the relative correction equals the difference of the 
two corresponding absolute ones: 

VIZ = VI - vz. (l@ 

It should be noted, however, that Eqs. (15)-(B) are vaiid only if parallel 
Cartesian axis frames are used for all modes that will be compared. Since the 
principal-axis system may be translated and rotated upon isotopic substitution, 
all principal-axis systems should be rotated to an orientation parallel to a chosen 
reference system (e.g., the principal-axis system of the parent molecule (5)). 
Although not explicitly mentioned by Crawford (4), this requirement obviously 
holds for absolute as well as relative corrections. Only if this requirement is 
satisfied is the PX polar tensor the same for all molecules of the isotopic series, 
allowing corresponding Pa-tensor elements to be compared and corrected. 

If the intensities belonging to the modes of equal groups in &$erent (not 
isotopically related) molecules have to be compared, the corresponding groups 
should be given an equivalent position within the Cartesian frame. 

IXSCUSSIUN 

As is clear from the analytical expressions for the appropriate elements of the 
@AR% matrix the amount of rotation caused by a pure geometrical stretching mode 
is independent of the displacements actually chosen. This clearly demonstrates 
the uniqueness of the rotational contributions involved in the observed dipole 
moment derivatives. Since the p-vectors describing a pure geometrical stretch- 
ing mode never result in a rotation of any bond of the molecule but merely cause 
parallel shifts of the bonds not involved in the stretching mode, it becomes ciear 
that rotational corrections for stretching modes can be obtained from the bond 
direction changes emerging from the A matrix (6, 7). 

The use of heavy isotopes for the calculation of absotute corrections for stretch- 
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ing modes is based on the fact that the A matrix columns co~esponding to 
the bonds adjacent to the heavy isotopes turn out to be (almost) equal to the 
corresponding columns of the A, matrix (with k,, = 1 and k,, = 0, see Eqs. 
(7)-(11)). If molecule 2 contains the heavy isotopes Eq. (17) reads 

VI2 = -PXaIj31AB = -PXq&Ag = V,. (19) 

Thus with a heavy isotope reference molecule the relative rotational corrections 
are equal to the absolute ones for the stretching modes corresponding to bonds 
adjacent to the heavy isotopes. 

Rotational ~~~$e~tion~ for Bending Modes 

It is important to note that the dipole moment change emerging from a pure 
geometrical angle bending mode depends not only on the bond moments of the 
bonds having the apex atom of the angle in common but also on the electrical struc- 
ture of those parts of the molecule that are attached to both primary bonds. Only 
the remaining part of the molecule that is attached to the apex atom does not 
contribute to the molecular dipole moment change (in zero-order approximation) 
since the atoms of that part of the molecule including the apex atom are not 
displaced in a pure geometrical bending mode. The concept of rotational correc- 
tions is based on the idea that the intensities of equivalent modes in different 
molecules can be made comparable by correcting them for the contributions 
resulting from the Eckart conditions. This raises the question Which modes are 
equivalent? In zero-order approximation the answer is simple for stretching 
modes: Identical bonds lead to equivalent modes. The subsequent question How 
identical are identical bonds? refers to first- and higher-order effects, and answer- 
ing that question is the very aim of comparisons of the corrected intensities of 
zero-order identical modes. The influence of first- and higher-order effects on the 
intensities determines the extent of transferability of intensity parameters. 

For bending modes to be equivalent within the zero-order approximation re- 
quires not only that the primary bonds be identical in both molecules but also 
those parts of both molecules that are attached to the primary bonds (obviously 
apart from isotope substitution). Again, the question How identical are equivalent 
bending modes in view of the different atoms attached to the apex atom? has 
to be investigated by compa~ng the intensities corrected for the rotations 
contributions. 

APPLICATIONS 

HOF and DOF 

The absolute rotational corrections for HOF and DOF have been calculated 
according to Eq. (6). For each molecule the calculations were performed within the 
principal-axis system, leading to the values of Table I. The V tensor of HOF has 
been rotated in order to find the corrections for HOF in the DOF-axis system. 
These values are also given in Table I. Furthermore, relative rotational corrections 
have been calculated directly from the Crawford expression as well as from the 
difference between the absolute values. These values have been calculated within 
the DOF-principal-axis system. Both calculations lead to exactly the same values 
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for the relative corrections. The calculated values are given in Table 1. Taking HOF 
as molecule 1 and DOF as molecule 2, the expressions for the absolute and relative 
corrections read: 

V, = -P&A~,. (20) 

V, = --PP&AC~. (21) 

V,, = V2 - TV,, (22) 

Vz = -P&TAI, (23) 

where subscript 1 refers both to the HOF molecule and to the HOF-principal-axis 
system. The same holds for subscript 2. The transformation matrix T rotates the 
HOF-principal-axis system to a position parallel to the co~esponding axes of the 
DOF frame. Both for HOF and DOF the following geometrical and electrical 
parameters have been used: YOn = 0.964 A, roF = 1.442 A, &HOE) = 97.2” (8), 
pJ = -0.37 D, and pz = -2.20 D (9-11). Since the dipole moment components 
given by Rocker ul. (9) for HOF and DOF are not internally consistent due to exper- 
imental uncertainties, we have used the electrical structure of HOF for both 
molecules. The dipole moment vector points from the center of negative charge to 
the center of positive charge. The signs of the dipole moment components have 
been chosen in accordance with the results reported in Refs. (IO, II). The positions 
of both molecules in the principaf-axis system are given in Fig. 1. 

TABLE I 

Absolute and Relative Rotational Corrections for HOF and DOF 
--_ ~-_____~ 

v, (HOF) HaF-frame TV,(HOF) DOF-frame 

R R 
2 % RI 

R, 
R3 

x -0.0847 0.0567 -0.9883 -0.0840 0.0562 -0.9800 

Y O 0 0 0 0 0 

2. 0.0143 -0.0095 0.1662 0.0180 -0.0120 0.2096 

V,(nOF) DOF-frame V~~(O~F~HO~) OOf-frame 

R 
R? R3 RI R? R3 

x -0.1511 0.1010 -0.8916 -O.O671 0.0448 0.0884 

Y 0 0 0 0 0 0 

7, 0.0323 -0.0216 0.1907 0.0143 -0.0096 -0.0189 

“2 I ="31-"32 HOF-framra T"?I 
WF-frame= 

Rl R2 R3 RI R2 R3 

x -0.0675 0.0451 0.0890 -0.0670 0.0447 0.0882 

Y 0 0 0 a 0 0 

z 0.0116 -0.0077 -0.0152 0.0146 -0.0097 -0.0191 
- -~ 

Note. Units: D A-l. 
‘I Calculated from Ref. 12. Subscript 3 refers to the unit mass 

molecule. See text. 



492 SMIT, BODE, AND VAN STRATEN 

0 
H 0 

a 
b 

FIG. 2. Cartesian axes, internal coordinates, and bond unit vectors for (a) SO, and (b) HCN. 

Using the same parameters Gussoni and Abbate (12) calculated rotational 
corrections for HOF and DOF relative to a unit mass molecule. Since Eq. (18) 
implies that within the same Cartesian frame 

V,l = v,, - v32, 

the corrections for HOF relative to DOF can be obtained from the corrections for 
HOF and DOF relative to the unit mass molecule. Since the relative corrections 
obtained from the paper of Gussoni and Abbate refer to the HOF frame they have to 
be transformed to the DOF frame in order to be comparable to our values. After 

TABLE II 

Absolute and Relative Rotational Corrections for SL60LB0, SL80L80, and S60L80 

v,(S02 16,161 16,16-frame v,(S02 lS,l8) 16,16-frame 

RI R2 R3 
R 

R2 R3 

x 0.1406 -0.1406 0 0.1502 -0.1502 0 

Y o 0 0 0 0 0 

z 0 0 0 0 0 0 

V3(S02 16,lS) I6,lS-frame TV3(S02 16,lS) 16,16-frame 

RI R2 R3 RI R2 R3 

x 0.14523 -0.14523 0.02652 0.14526 -0.14526 0.02653 

Y o 0 0 0 0 0 

z 0.00291 -0.00291 0.00053 0 0 0 

V 
I2 

16,16-frame 
vl3 

16,16-frame 

RI R2 R3 RI R2 R3 

x -0.0096 0.0096 0 -0.0046 0.0046 -0.0265 

Y o 0 0 0 0 0 

z 0 0 0 0 0 0 

Note. Units: D A. 
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TABLE III 

Absolute and Relative Rotational Corrections for the Bending Mode of HCN and DCNa 

V,W,) V,(R,) Vu@,) 

This work 
From Ref. (12) 

Note. Units: D A-‘. 

-1.0217 -0.7623 -0.2594 
-0.1881 

transformation to the DOF frame and taking into account the differences in axes 
directions used by Gussoni and Abbate and by us, the relative corrections 
calculated from their data correspond very well to our values (see Table I). 

S’60160, S18O18O and S16O18O 

The absolute and relative corrections for SOs( 16,16), SO,(18,18), and SO,(16,18) 
have been calculated. The internal coordinates (2) and Cartesian axes are indi- 
cated in Fig. 2a. The following geometrical parameters have been used: rsO 
= 1.4308 A, +(SO,) = 119.317” (13). The z-component of the permanent moment 
has been taken as + 1.61 D (6). The calculated V tensors are collected in 
Table II. Subscripts 1, 2, and 3 refer to the (16,16), (18,18), and (16,18) molecules, 
respectively. The relative corrections obtained from the absolute corrections 
lead to exactly the same values as those obtained from the Crawford relation 
given by Eq. (15). The elements of V, lead on symmetry coordinate basis to a cor- 
rection for the asymmetrical stretching mode of +O. 1989 D A-l, in full accordance 
with the values obtained from the heavy isotope method and the bond direction 
changes (3, 6). 

HCN and DCN 

The absolute and relative rotational corrections for the bending mode of HCN 
and DCN are given in Table III. The internal coordinates and Cartesian axes 
are indicated in Fig. 2b. The geometrical parameters are: rcH = 1.0659 A, rCN 
= 1.1531 A (14). The z-component of the permanent moment is -2.95 D (14). 
The internal coordinates are taken as 

R, = Arc,. Rs = A@,,, 

& = Arc.v, R, = A@,,. 

The V tensor subscripts 1 and 2 refer to HCN and DCN, respectively. Obviously 
V(R,) = V(R,), while V(R,) = V(R,) = 0. The relative correction V&R,) has 
been calculated from V, - V, as well as from Eq. (15). Both calculations lead 
to the same value. Gussoni and Abbate (12) reported the rotational correction for 
the R, mode relative to a unit mass molecule. From their values we have also calcu- 
lated VIZ according to Eq. (24). The resulting value is given in Table III. The 
considerable difference from our value suggests an error in the values of Ref. (12). 
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