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Abstract-The separation ratios for the overlapped bands of CH3D, CD,H and CH2D2 molecules have 
been obtained by a method based on the differences in molecular and electronic symmetry point groups. The 
signs of all the aP/aQi elements are established. Also, the atomic polar tensors and effective charges are 
calculated using the intensities of all five CH,D4 _ x molecules. 

INTRODUCTION 

By the use of molecular symmetry properties, the 

fundamental overlapped bands of SiDJH gas phase in 
the i.r. spectra have been separated [ 11. Also, the signs 
of the dipole moment derivatives have been found for 
this molecule and for the SiH4 and SiD4 molecules. 
Because neither severe physical nor mathematical 
approximations were employed, a separation ratio has 
been obtained which should be more accurate than the 
ratios obtained using graphical techniques. The 
method only depends on accurate experimental in- 
tensity data and the corresponding force fields. In this 
work, the overlapped bands of CHaD, CD3H and 
CH2D2 molecules have been separated and the signs of 
the dipole moment derivatives have been found for 
these molecules and for CH4 and CD4, using these 
symmetry properties. The results for the methanes are 
expected to be even more reliable than those for the 
silanes, because more accurate intensity data are 
available. Furthermore, the available data for the 
partially deuterated methanes involve three molecular 
species and not just one, as for the silanes. Such 
precision is important in determining the values of 
atomic polar tensors which are useful in transference 
to other molecules, in order to estimate i.r. intensities 
[2,3]. 

@ 

H(4) 

lI)H ' 

X ' rl 

I a 
(3) H ---- T_ _ 

,’ 

H(2) 

Y 

EXPERIMENTAL 

Infrared intensity data for CH4, CD4, CHsD, CH2D2 and 
CD3H have been reported by SAEKI et al. [4]. The molecular 
orientations are shown in Fig. 1. A 1.093 A CH bond length is 
used [5]. Harmonic frequencies are taken from Ref. [6] and 
two force fields are used, one reported by SAEKI et al. [4] and 
the other by DUNCAN and MILLS [5]. Based on the reported 
intensities, an attempt is made to select the more accurate 
force field. Either one of the symmetry co-ordinate sets in 
Table 1 can be used in describing the normal modes of 
CH4(CD4), provided the molecule is properly oriented. F and 
G sum rules are taken from Ref. [7], except for the CDsH 
molecule, where Gti/o~ and ZZA, are considered to be 22.8 
x lo-l6 km3/mol and 57.35 km/mol, respectively. 

CALCULATIONS 

Using the polar tensor method [8], the elements of 
the PQ matrix, aPJaQi, are directly related to the 
experimental data, within the biharmonic approxi- 
mation. The 3N - 6 normal co-ordinates are related to 
the 3N - 6 internal symmetry co-ordinates, to produce 
a P, matrix, whose elements are the dipole moment 
derivatives with respect to the symmetry co-ordinates, 

P, = P&l, 

where the L matrix is obtained by diagonalizing 
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Fig. 1. Co-ordinate axes and molecular orientations for the methanes. (a) CH4 and CD, molecules (T&. 
(b) CH3D and CD3H molecules (C,,). (c) CH,D, molecule (C,,). 
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Table 1. Symmetry co-ordinates 

Species i Si 

A, 1 
2 
3 

E 4 
5 
6 
I 
8 
9 

A, 1 
2 
3 
4 

B, 5 
6 

A2 7 
B2 8 

9 

(Ar, + Ar, + Ar, + Ar,)/2 
(3Ar, - Ar, - Ar, - Ar,) ,/?? 
(AaIl+Aa13+Aa,,- A% - AaZ4 - Aa&/ $ 
(2Aa,, - AaI2 - Aa, 3 + 2Aa,., - AaZ4 - Aa,,)r/ fi 

(2Ar, - Ar, - Ar,)/J6 
(2Aa,, - AaI2 - Aa,, - 2Aa,, + Aa,, + Aa&/ fi 
( - Aa, 2 + Aa, 3 + AaZ4 - Aa,.&/ 

(Ar, - ArJ ,h 
(- AaI2 + AaIo - AaZ4 + Aa,&/ 

(Ar, + Ar, + Ar, + Ar4)/2 
(Arl - Ar, - Ar, + Ar4)/2 

(Aa - Aa&/ fi 
(2AaZa - Aa,t - Aa, + 2Aa,, - AaZ4 - Aa&/ $2 

(Ar, - Ar.+)/ $ 
(-Aal - Aa, 3 + Aatb + Aa&/ $ 
(- Aa,* +Aa13 + AaZ4 - Aa&/ 

(Ar2 - ArJ $ 
(-Au,, - Aa,, - Aa*., + Aa&/ 

symmetrized GF product. The symmetry co-ordinates can be used to obtain the separation ratios of the 
can be related to the 3N space fixed Cartesian co- overlapped bands and the relative signs of all ap,/aQi. 
ordinates to obtain the molecular polar tensor The isotopically invariant polar tensors and the effect- 

P,= P&‘UB)+P,/$ (2) 
ive charges are also obtained with greater precision, 
since five isotopically related molecules can be used 

which is the juxtaposition of the atomic polar tensors instead of just CH4 and CD4. 
[8], P$). L-‘UB is the transformation matrix between Using Eqn. (1) and the defined symmetry co- 
normal and Cartesian co-ordinates and the term PB is ordinates and Cartesian axes, one can write for all five 
the rotational correction, which depends on the atomic molecules 
masses, molecular geometries and equilibrium dipole 
moments. For the molecules in this work, the per- 

ooooxYooo 

manent moments are zero and the rotational correc- 0000000xY = P&l. (4) 

tions are null. [ oxYoooooo I 
The atomic effective charge, <,, defined by King [9], (1) CH3D 

can be expressed as 
For both molecules CHSD and CD3H, the PQ 

(3) matrix has the form 

Both 5. and P, are isotopically invariant within the 
Born-Oppenheimer approximation. In addition, the 
permanent dipole moment is null and Ps is also 
invariant under isotopic substitution. The molecular 
symmetry, which depends on the atomic masses, varies 
with isotopic substitution as does the Pp matrix. On 
the other hand, the P, matrix behavior reflects the 
electronic symmetry. Note that electronic and molecu- 
lar symmetries are not the same for the partially 
deuterated molecules and the differences can be ex- 
ploited to calculate the individual intensities of the 
overlapped vibrational bands of the partially de- 
uterated species. The experimental data and Eqn. (1) 

Substituting the numerical values of the L matrix, the 
two sets of equations are obtained for both force fields: 

DUNCAN and MILLS force field 
dpJdQ1 = 0.003738e + 0524157a 
apz/aQ2 = 0.0942318 -0.620554a 
apl/aQS = 1.2215866 + 0.015675a 
dpJdQ, = 0.5212796-0.001616a 

apJaQS = * 
aPJaQ6 = d 

SAEKI et al. force field 
ap,/aQ, = -0.0078956+0.551811a 
dpz/aQ2 = 0.1524846 -0.599273a 
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~?p,/aQ, = 1.2i29171+0.0265570 
dpJc?Q, = 0.5201946 + 0.0005390 

apJaQs = a 
apJdQs = d. 

From the experimental values, (apl/aQ2)* = A,/K, 

(apliaQ1)* + 2(apdaQ5)* = AdK and (apliaw 
+ 2(apx/aQ4)* + 2(apJaQs)* = A3,4.6/K. The system 
of equations is solved, first by taking A1,5 and A3.4,6 
as known quantities and solution I, for a and I, is 
obtained. The following possibilities exist: a and e are 
of the same or opposite signs. If a and 6 have the same 
sign, then a = f0.715664 and G = kO.425736 (D/A) 
a.m.u.-“* for the DUNCAN~~~ MILLS force field and 
a = f0.712193 and G = f0.424224 (D/A) a.m.u.-‘I* 
for the SAEKI er al. force field. If a and I have opposite 
signs, then a = + 0.716403 and 6 = + 0.431933 for the 
DUNCAN and MILLS force field and a = f0.710566 
and 6 = + 0.435845 (D/A) a.m.u.-‘/* for the SAEKI et 
al. force field. A second (and third) set of calculations 
was performed using A*, where all the ap/aQi are taken 
as a function of G and A1,5(A3,4,6), in order to obtain 
the value of I. These results correspond to solutions II 
and III. The alternative results are G = f 0.696275 and 
a = f 0.715430 (D/A)a.m.u.-“* for solution 11,and G 
= kO.425918 and a = kO.674376 (D/A) a.m.u.-l/* 
for solution III. These values are obtained by the use of 
the DUNCAN and MILLS force field. The values ob- 
tained from SAEKI’S force field are very close to these. 
Table 2 contains the calculated and experimental 
intensities, the F and G sum rule results. Note that the 
calculated values for Al, when a and I have opposite 
signs, is of the order of 60% higher than the exper- 
imental value, so this possibility can be ruled out. 
Comparing the experimental value A3,4,6 with the one 
calculated from solution II, we see that it is extremely 
high, so that solution II can be discarded. Although 
solution I with a and G having the same sign differs 
slightly from solution III, the separation ratios for the 
overlapped bands are the same: 

DUNCAN and MILLS force field 
A, : A5 = 1.0: 7.2 
A3 : Ad : A6 = 2.9 : 1.0 : 3.7 

SAEKI et ai. force field 
A, : AS = 1.0:6.7 
AJ : A.+ : A6 = 2.9: 1.0: 3.7. 

Observe that both sets of results are in good 
agreement. 

12) CDSH 

By substitution of the respective Lij values in Eqn 
(4), and knowing that the Ppmatrix has-the same form 
as the one for the CHSD molecule, the following sets 01 
equations are obtained: 

DUNCAN and MILLS force field 
ap,/aQ, = 0.384778a + 0.0632106 

ap,laQ, = a 
ap,laQ, = 6 
JpJaQI = -0.008725a + 0.7519471 
aPJaQs = 0.844324a + 0.110191G 
i?pJaQ, = - 0.011298a + 0.8289551 

SAEKI et ai. force field 
ap,/aQ, = 0.347135a+0.0783186 

aPztaQ2 = a 
apziaQ3 = 8 
apJdQI = - 0.016707a + 0.7358496 
apx/aQs = 0.835095a + 0.1542691 
ap#Qs = - 0.014234a + 0.8356266 

Using the reported intensities, (ap,/aQ1)* + 2(ap, 

aQ$ = AdK, (ap,iaQ,)* = A,IK, 2(ap,iaQ,) 
= AJK and (ap,/iYQJ)* + Z(ap#Q,)* = As+ and the 
above equations, values for a and 8 can be calculated ir 
the following way. Considering as known quantitie: 
the reported values of A,,, and A3,6, A2 and A3,6, A: 

and A,, and A1,5 and A,+, four sets of solutions, I, II 
III, and IV, respectively, are obtained for a and 6. Note 
that the two alternatives, A2 and A,,5, and A3,6 and A4 
have not been included since the corresponding value: 
obtained for dare extremely poor. This can be seen b! 
taking the value of a, obtained from the A2 intensity 
and substituting in the equation for apz/aQI. As thr 
numerical coefficient for d in this equation is ver! 
small, the propagated error in I is large and the value: 
obtained for the calculated intensities are poor. 

Table 2. Calculated and experimental intensities (km/mol) and G and F ( x lo-l6 km”/mol) sum rule results for the CH,D 
molecule 

Duncan and Mills [5] F.F. 
Solution 1 Solution II 

(a > 0; d > 0) (a > 0; 6 < 0) 
Solution III 

A, 6.00 5.91 6.06 
Al 6.90 9.95 6.05 
A, 11.93 11.27 31.39 
A, 4.12 4.32 11.06 
A5 43.29 43.38 43.26 
A6 15.32 15.77 40.77 

87.56 90.6 138.77 
25.35 25.97 56.79 

5.33 
6.05 

11.91 
4.12 

38.44 
15.34 
81.19 
24.63 

Saeki et al. [4] F.F. 
Solution I 

(a > 0; I > 0) (0 > 0; 6 < 0) Exp. int. [4] 

6.42 6.61 49.29. 
5.54 10.24 6.05 

12.03 10.98 31.37t 
4.13 4.33 t 

42.88 42.66 
15.2 16.06 ; 
86.2 90.88 86.7 
25.07 26.08 23.2 

*Intensity value of the superimposed bands A, + As. 
tlntensity value of the superimposed bands A, + A4 + A,. 
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Using the same criterion as used for CH3D, it can be 

seen that a and 8 here should have opposite signs. So, 
the separation ratio of the overlapped bands for 
solution sets I-IV are 

apx/aQ6 = 0.017227a + 0.8826686 
ap,,/aQ, = 0.740942a + 0.088514d 

ap,/aQ, = 8 

solution I 

AI:AS 1.0: 10.09 1.0: 10.08 1.0: 10.06 
A3:A6 1.0: 1.43 1.0: 1.44 1.0: 1.44 

for the DUNCAN and MILLS force field and 

1.0: 10.07 
1.0:1.44 , 

A,:AS 1.0 : 12.23 1.0: 12.26 1.0: 12.24 1.0: 12.22 
As: A6 1.0: 1.478 1.0: 1.478 1.0: 1.478 1 .O: 1.478, 

for the SAEKI et al. force field. See Table 3 for the 
calculated and experimental intensities, and the G and 
F sum rule results. 

(3) CH,Dz 

Since the CHIDz molecule belongs to the Czv point 
group (remember that the electronic symmetry is Td), 
the symmetry co-ordinates are not the same as those 
used for the CBv symmetry molecules (see Table 1). The 
P, matrix also has a slightly different form 

SAEKI et al. force field 
dp,/aQ, = 0.463541a + 0.102615G 
apzjaQ2 = 0.751003a+0.005721~ 
dpz/aQB = 0.011098a + 0.6941986 
apJi?Q., = 0.005315a + 0.6422226 

+daQs = a 
apx/dQb = 0.026635a + 0.889505b 
apy/aQa = 0.746717a + 0.1387576 

aPJaQ9 = 8. 

[ 

0 0 0 apXiaQs 
0 0 0 0 

aPzIaQI aPzIaQ2 aPzIaQ3 apnIaQ4 0 aPxiws 0 0 
0 apyim ahm2e aap,faQ, . 
0 0 0 0 1 0 

The molecule presents nine non-degenerate normal 
modes of vibration, of which one is not i.r. active. The 
following equations have been obtained by the use of 
Eqn. (4): 

DUNCAN and MILLS force field 
ap=jaQ, = 0.493145a + 0.0690151 
apz/aQz = 0.728943a + 0.003227J 
apr/aQ3 = 0.005517a + 0.6880656 
apJi?Q., = 0.007794a + 0.6444976 

+,iaQ, = a 

By the use of the above equations plus the reported 

intensities (ap,iaQz + (ap,iaQs)2 = Al.s/K(WaQ2)2 
+ (apJaQ# = A,,,IK and (apziaQ3)2 + (apziaQ4)2 
+ (apJaQ6)2 + (apY/aQ9)2 = AJ,4.6.9/~, two possible 
solution sets, I and II, are obtained. For solution I the 
experimental intensities of AJ,4,6,9 and A2,s are used; 

for solution II those of AI,* and AJ,4,6,9. The third 
option, involving A2,5 and A,,*, has been abandoned 
since the coefficients are large for a and small for d, and 
it is not possible to obtain the 8 values with fair 

J 

I 

Table 3. Calculated and experimental intensities (km/mol) for the CDsH molecule and G and F 
(x lo-l6 km”/mol) sum rule results (a and G have opposite signs) 

Duncan and Mills [5] F.F. Saeki et al. [4] F.F. 

Solution: I II III IV I II III IV Exp. int. [4] 

4 1.823 1.884 1.9 1.826 1.528 1.41 1.42 1.53 
A2 15.311 15.77 15.77 15.23 16.9 15.77 15.77 16.82 
As 6.046 6.044 5.65 5.65 5.94 5.95 5.69 5.679 
A4 7.092 7.094 6.64 6.64 6.935 6.92 6.64 6.64 
AS 18.396 18.998 19.11 18.394 18.69 17.28 17.38 18.69 
Ab 8.674 8.676 a.12 8.12 8.78 8.772 a.41 a.4 
ZAi 57.34 58.47 57.2 55.86 58.77 56.10 55.32 57.76 
ZAJWf 22.7 22.88 21.78 21.58 22.78 22.37 21.66 22.01 

20.22’ 
15.77 
14.72t 
6.64 
* 

t 
57.35 
22.76 

*Experimental value for Al +A,. 
t Experimental value for A3 + Ah. 



solution I solution II 
AI:A8 1.0 : 2.33 1.0 : 2.33 
A,:A5 1.0: 1.87 1.0: 1.87 

A3:A4:AS:A9 1.15: 1.0: 1.83:2.5 1.15: 1.0: 1.84:2.49, 

and, for the SAEKI et al. force field 

AI:A8 1.0 : 2.75 1.0: 2.74 

A2:As 1.0: 1.79 1.0: 1.79 
A3:A,:A6:A9 1.14: 1.0: 1.8:2.48 1.14: 1.0: 1.79:2.49. 
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accuracy. The calculations show that a and J should matrices and the corresponding PQ element sign sets 
have opposite signs. Table 4 contains the calculated are given. CNDO/Z calculations were performed and 
and experimental intensities. The following separation the respective signs for the stretching and bending 
ratios for the overlapped bands has been obtained for derivatives are negative and positive. For the signs in 
the DUNCAN and MILLS force field. 

DISCUSSION 

Once the separation ratios of the overlapped funda- 
mental bands have been obtained for the partially 
deuterated molecules, the Psmatrices can be calculated 
for all possible sign combinations of the P, matrix 
elements and the isotopically invariant Psmatrices can 
be chosen (see Ref. [l] for the criteria used to indicate 
the degree of isotopic invariance). In this way, the 
preferred sign sets for the Pp elements of the five 
molecules are established. In Table 5, the invariant P, 

agreement with the CNDO/Z calculations, the atomic 
polar tensors (average of the five tensors obtained from 
CH4, CD*, CH,D, CDJH and CH2D, intensities) and 
effective charges has been calculated, and are presented 
in Table 6. The CNDO/Z calculations indicate that the 
net charges on the hydrogen atoms are small in 
magnitude, but positive in the equilibrium position. 
Using the negative apJi?z element which is associated 
with the bond stretching co-ordinate indicates a re- 
distribution of the electronic charge away from the 

Table 4. Calculated and experimental intensities for the CHID2 molecule (km/mol) 
and G and F ( x lo-l6 km’/mol) sum rule results (a and G with opposite signs) 

Duncan and Mills [S] F.F. Saeki et al. [4] F.F. 

Solution I Solution II Solution I Solution II Exp. int. [4] 

Al 4.314 4.16 3.297 3.705 13.85* 
42 11.59 11.213 11.914 13.169 33.26-l 
A3 4.645 4.644 4.64 4.638 26.101 

A4 4.026 4.026 4.063 4.065 

A5 21.67 20.97 21.346 23.585 
‘46 7.384 7.39 7.305 7.289 i 
A.9 10.042 9.69 9.055 10.145 
A9 10.046 10.04 10.092 10.111 ; 
ZAi 73.72 72.13 71.71 76.7 13.2 
ZAJU$ 24.05 23.85 23.65 24.28 23.11 

*Experimental value for A, + As. 
t Experimental value for A2 + AS. 
$ Experimental value for A, + A, + A6 + A9 

Table 5. P, matrices (e) for the methanes 

Stretching 
Bending 

Stretching 
Bending 

CH4 

f 0.156 
+ 0.076 

k 0.161 
f 0.071 

CD. CH,D CD,H 

Duncan and Mills [S] force field 
*0.155 io.154 *0.150 
f 0.072 f 0.069 * 0.069 

Saeki et al. [4] force field 
* 0.159 kO.158 *0.153 
f 0.067 f 0.069 f 0.064 

CHzDz 

f0.154 
*0.071 

f 0.155 
* 0.067 
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Table 6. Atomic polar tensors and effective charges* of the methanes 

Duncan and Mills F.F. Saeki et 01. F.F. 

0 0.026 0 0 

0.011 0 1 Pf)= I 0 0.026 0.011 0 0 0 1 0.026 

0 0.046 

0.062 0 1 PF’= -0.133 [ 0 

0 0 

0.046 0 0 0 1 -0.136 tc = 0.02; ttr = 0.16 &=0.04, tH=0.16 

*The mean values have been used. For hydrogen, the dp,/az elements correspond to 
stretching along the molecular bond. For carbon, the axes are the CH4 principal inertial 
ones. Signs are in agreement with the CNDO calculations. 

carbon atom. The first two elements, apX/ax and 
ap,,/dy, are very small in magnitude, showing that the 
charge flux for these bending movements is negligible. 
Recently another set of i.r. intensities has been rep- 
orted by BODE and SMIT [lo], for CH,, and CD4. 
Using their reported data and the DUNCAN and MILLS 
force field [S], the atomic polar tensors, invariant Ps 
matrices and effective charges have been calculated. 
These values are almost identical to those for the 
CHJD, CD3H and CHzDl molecules given in Table 5. 

The results from Table 5 can also be compared with 
several semiempirical and ab initio MO calculations 
[11-141 reported in the literature, where the signs of 
dipole moment derivatives have been found to be 
identical to those obtained in this work. The good 
agreement between our results in Table 6 and the ab 
initio ones [14, 151 can also be noted. 

Comparing the atomic polar tensors, the effective 
charges and the intensity separation ratios for the two 
force fields, it may be seen that the results are much the 
same. Thus, we cannot choose between these force 
fields. 

In conclusion, from the use of this separation 
method for the overlapped bands of partially deu- 
terated molecules, one can obtain the signs of the Pp 
matrices’ elements for these molecules and a good 
estimation of the polar tensors and the effective 
charges of the hydrogen and carbon atoms, since five 
isotopically related molecules have been used rather 
than two, as was done before [14]. These values are 
reliable enough to be used in the transference to other 
molecules for which the prediction of ir. intensities are 
desired. 
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