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The symmetry groups, transformation to symmetry coordinates, factorization of the FG matrices, 
and the form of the eigenvectors of the vibrational secular equation were discussed for the ethylene­
like and nitro methane-like molecules with free internal rotation. An attempt was made at least 
squares refinement calculation of the quadratic force constants from the fundamental frequencies 
of vibrations of CH 3NOz and CD 3 NOz. 

The treatment of normal vibrations of nonrigid molecules with free internal rotation differs 
from that of rigid molecules. Hougen1 - 3 and Bunker4 have recently developed the theory 
of the vibrational-rotational motions of nonrigid molecules with the use of the Longuet-Higgins' 
concept of symmetry groups5 , and discussed the FG matrix treatment ofnOQIlal vibrations in di­
methyl acetylene-like and silylmethylacetylene-like molecules. Since the theory differs for indi­
vidual types of molecules (compare Hougen's discussion of dimethylacetyleneZ and silylmethyl­
acetylene3), an extension of these methods to other types of molecules with free internal rotation 
is certainly desirable. 

In this paper, we will discuss the FG matrix treatment of the normal vibrations 
in ethylene-like and nitro methane-like molecules with free internal rotation. Among 
the ethylene-like molecules those which have a low barrier to internal rotation 
are e.g. the diboron tetrafluoride6

, mercury diphenyl, or the ethylene molecule 
in the excited electronic state 7 • The nitromethane-like molecules where the nearly 
free internal rotation was proved by microwave spectroscopyB-10 are e.g. the nitro­
methane, methyldifluoroborane, toluen etc. Problems which will be discussed in this 
paper are the double-valued representations of the symmetry groups of these mole­
cules, their symmetry coordinates of vibrations, kinematic matrices, factorization 
of the FG matrices, and the form of the eigenvectors of the vibrational secular equa­
tion for ethylene-like molecules. In case of nitro methane, an attempt was made 
at a refinement calculation of the quadratic force constants from the fundamental 
frequencies of CH3NOz and CDzNOz. 
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The FG Matrix Treatment of Normal Vibrations 891 

During our work on this problem, a paper of Fleming and BanwelI ll appeared in which the 
problem of the symmetry coordinates and the FG matrix factorization was discussed for the 
nitromethane molecule. Although our results agree basically with those ·of Fleming and BanwelI, 
we include them into this paper since certain corrections are needed to the symmetry coordinates 
and the G matrix elements of Fleming and Banwell. 

Ethylene-Like Molecules 

Born-Oppenheimer coordinates. We can divide the ethylene-like molecule X2 Y 4 

into two equal parts XY 2, called the "top" and "frame" parts of the molecule 
(Fig. 1). The system of the "top" and "frame" -fixed coordinates will be defined and 
the reference configuration of the atomic nuclei will be chosen in the same way as was 
described by Hougen for dimethylacetylene 1

. The Born-Oppenheimer variables will be 
the Euler angles 6 , <1>, Xt, Xc which specify the orientation of the top and frame 
system of axes with respect to the space-fixed axes X, Y, Z, and the 3N-7 symmetry 
coordinates Qs describing the vibrations of the molecule. Instead of 6, <1>, Xt, Xr 
we can use 6, <1>, X = t(Xt + Xc), Y = ·HXt - Xc), where 6 , <1>, X specify the orientation 
of the molecule-fixed axis system with respect to the X, Y, Z axis system, and y is 
the angle of internal rotation relating the orientation of the top half to the orientation 
of the frame half of the molecule. 

The top and frame axis systems are exactly defined by the center-of-mass, Eckart, 
and Sayvetz conditions (cf. Eqs (3) in reLI), which define 7 nongenuine vibrational 
coordinates Tx , Ty , Tz (center-of-mass conditions), Rx , Ry , Rz (Eckart conditions), 
and T (Sayvetz condition) as linear combinations of the Cartesian displacement 
vectors d i with coefficients which in general are functions of y. The remaining 3N-7 

genuine vibrational coordinates Ql ' Q2, . .. , Q3N- 7 are defined as 

N 

Qs = I,ff(y). d i • (1) 
i=1 

Since Qs are orthogonal to the nongenuine normal coordinates, at least some of the 
coefficients ff in Eq. (1) must be functions of y. 

In terms of these coordinates, the simplified vibrational-rotational Hamiltonian 
(corresponding to that used by Bunker for dimethylacetylene4

) can be written as 

In correspondence to this equation, Pa. = aT/awa. (0: = X, y, z) are the components 
of the total angular momentum, Py = aT/ay is the angular momentum of internal 
rotation, Pz and Py are related to Pn = aT/aXt and Pxc = aT/aXr as 

(3) 
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892 Papousek, Sarka, Spirko, lordanov: 

The p~ s (a = x, y, z) are the components of the vibrational angular momentum, Py 
is the torsional vibrational angular momentum. The p~ are the linear vibrational 
momenta conjugate to Q., Vis the potential energy which can be written in the harmo­
nic approximation as 

v = Vo(Y) + 1- IF'(y) Q; , ( 4) 
s 

where Vo(Y) is the potential energy of internal rotation in the vibrationless state 
(a function of y with a period 2y) and the F.(y)'s are the quadratic potential constants 
which will in general be the functions of y. The rotational"torsional wavefunctions 
in which the first term on the right side of Eq. (2) is diagonal are in general linear 
combinations of the functions 

I/Ir,t = SJ,k,M(e, q,) exp (iktXt) exp (ikrXr) = SJ,k,M(e, q,) exp (ikX) exp (ikiY) ' 

(5) 

where le = let + le r is the rotational quantum number and lei = let - ler is the torsio­
nal quantum number. 

The Symmetry Group. The generators of the Longuet-Higgins'group5 considered 
as the set of feasible symmetry operations for ethylene-like molecules with nearly 
free internal rotation, are the operations 

A = (12), B = (34), E*, D = (ab) (14) (23), 

where for example (12) means the permutation of the positions a~d spins of the 
identical atomic nuclei 1 and 2 (Fig. 1) etc., and E* is the operation of inversion 
of the positions of all particles (electrons and atomic nuclei) in the center-of-mass. 
The effect of these operations on the Euler angles e, q" X and the torsional angle y 
is given in Table r. We can see from the effect of say A on X or y that the order of A 
is rather 4 than 2, since e.g. A2 exp (ikiy) = -exp (ileiy) and we arrive at the double­
valued representation Gi6 of the Longuet-Higgins' group~ of ethylene-like molecules * . 
The irreducible representations and characters of this group are given in Table II. 
lt is obvious that this table has a different structure from that described by Hougen 
for the double-group of dimethylacety1ene'l or silylmethylacetylene3

• The Longuet­
Higgins' group of ethylene-like molecules, G16 , is isomorphic with the D41a point 
group5, however, G16 is contained only once in the double-valued representation 
Gi6 and all the double-valued representations in Gi6 have dimension 2. 

Dr Watson informed us that he arrived also at the double-group of these properties12
• 
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The FG Matrix Treatment of Normal Vibrations 893 

Th e FG Matrix Problem 

We now can derive the symmetry species of the genuine and nongenuine normal 
coordinates of vibrations. The species of Tx , Ty is £ld, of Tz is Bt, of R x , Ry is £2d' 
of Rz is B1, and of 1" is Ai. The nongenuine vibrational coordinates Tz , Rz , and 1" 

TABLE I 

Transformation of the Euler Angles e, 1/>, X and of the Torsional Angle y by the Operations of the 
Symmetry Group of Ethylene-Like Molecules 

E A B D E* A2 

e e e 1t- e 1t- e e 
I/> I/> I/> 1/>+1t 1/> + 1t I/> 

X X+ !1t X + !1t 1t - X -X X + 1t 

y y + ! 1t y-!1t y -y y+ 1t 

TABLE II 

The Representations and Characters of the Molecular Symmetry Group for the Born-Oppen­
heimer Variables of the Ethylene-Like Moleculesa 

i 
IE 2A

3 
2D 2A2 BD lAB lA2 E* 2A

3 
E* 2D* 2A2 BD lA

3 
B* i lA2 2A2 D lA 3n 2A2 D* 

2A 2BD lE* 2AE* 2BD* lAB* ! 

i 
A+ 1 1 I 1 I 1 I A+ -1 -1 -1 -1 I - 1 -1 2 I s+ -1 -1 1 -1 -1 I -1 -1 1 
s+ -1 -1 -1 -1 I 1 

2 I 

E; 2 0 0 -2 2 0 0 0 -2 I 2 0 -2 0 I 
A- I 1 1 -1 -1 -1 -1 -1 I -1 1 I 
A- -1 - 1 1 -1 1 1 - 1 - 1 I -1 1 2 I 
s- 1 1 -1 -1 -1 -1 -1 I -1 

1 I 
s- 1 -1 -1 1 -1 - 1 1 -1 I 1 1 -1 2 I 
Es- 2 0 0 0 -2 -2 0 0 0 I 2 

I 
0 -2 0 

~-----------------------------------------------~ 

Eld 2 0 0 0 -2 0 0 2 0 0 - 2 0 2 -2 

E2d 2 0 0 0 -2 0 0 -2 0 0 - 2 0 2 2 

E3d 2 0 - 2 0 2 0 0 0 0 0 -2 2 -2 0 

E4d 2 0 2 0 2 0 0 0 0 0 -2 -2 -2 0 

G B * = E*B, D* = E*D. 
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894 Papousek, Sarka, Spirko, Jordanov : 

TABLE III 

Transformation of the Valence and Angle-Deformation Coordinates of the X2 Y 4 Molecule 

E A B D E* 

'1 r2 ri '4 '1 
r 2 '1 '2 '3 '2 

'3 '3 '4 '2 '3 

r4 '4 r3 ri r4 

rab rab 'ab 'ab rab 

Ipi 1p2 Ipi 1p4 Ipi 

fP2 fPI 1p2 1p3 1p2 

1p3 ({J3 ({J4 ({J2 f{l3 

({J4 fP4 fP3 fPI 1p4 

IXI2 IX 12 IX 12 1X34 IX 12 

1X34 1X34 1X34 IX 12 1X34 

qaa -qa qa qb -qa 

qb
a 

qb -qb qa -qb 

a qa and qb are the out-of-plane coordinates defined by the equations sin qa = (eaI X ea2 ) • 

• eab/sin IXI2 and sin qb = (eb4 X eb3) • eba/sin 1X34' 

are obtained by an orthogonal transformation of the d/s with coefficients inde­
pendent of ,}" the coordinates Tx , T;. and Rx , Ry with coefficients which are functions 
of cos ,}" sin '}'. We now want to find the species of the genuine vibratio.nal coordinates 
Qs(s = 1,2, .. . , 3N - 7) which are orthogonal to all the nongenuine vibrational 
coordinates and transform according to the irreducible species of the symmetry 
group Gt6' It is obvious that coordinates which have this property can be con­
structed from the valence and angle-deformation coordinates (Fig. 1). Their trans­
formation properties are given in Table III and we find by standard group-theoretical 
methods that the internal symmetry coordinates of the X2 Y 4 molecule form the basis 
of the completely reduced representation whose structure in terms of the direct 
sums of the irreducible representations of the Gt6 group is 

(ci. Table IV). 
Consider now the kinematic matrix G for the symmetry coordinates in Table IV. 

The elements of G can be calculated by standard methodsI3 and it is immediately 
obvious that the G matrix does not factor completely according to the irreducible 
species of the symmetry coordinates in Table IV, namely, there are interaction terms 
among the coordinates of the species E; and E; of the type Gij('}') . SiaSjb where the 
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The FG Matrix Treatment of Normal Vibrations 895 

TABLE IV 

The Internal Vibrational Symmetry Coordinates of the X 2 Y 4 Molecule 

Species At 

Species Bt 

1 
Sr2 = 61/ 2 (<1'1 + <1'2 - <1'3 - <1'4 + 0:1 2 - 0:34) 

Species E; 

Species E; 
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896 Papousek, Sarka, Spirko, lordanov : 

Gij's are the functions of cos 2y, sin 2y. This is in agreement with the group theory 
since the species in the Gi6 group of cos 2y, sin 2y are Bt and B;, respectively, and the 

species Bt or B; is contained in the direct pro­
ducts E; x E':, E; x E; and E-; x E;. Hence, 
the direct product of the species of Gjj, Sj, and 
S j contains Ai, which is the only condition which 

S, 

A~ S2 A+ , 
S3 

S4 
8; 

S5 

S6. 

S7. 

E; 
S6b 

S7b 

_ { S8. 
E. 

S8b 

FIG. 2 

FIG.! 

The Numbering Convention for Atoms and the De­
signation of the Valence and Angle Deformation Co­
ordinates in the X 2 Y4 Molecule (the la2 and 3b4 pla­
nes subtend angle 2y) 

" "'" 

A+ 
1 

A7 B; A~ B; 

B; AT B2 A-
I 

AI 82 A~ B2 

82 Al B+ 
2 A7 

Factorization of the F and FG Matrices for the X2 Y 4 Molecule 
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The FG Matrix Treatment of Normal Vibrations 897 

must be satisfied for GijSjSj may be nonvanishing. The symmetry coordi­
nates which are given in Table IV are of course not the only ones which can 
be found for this molecule. We could form new symmetry coordinates from those 
in Table IV by orthogonal transformations with coefficients which are the functions 
of cos (ny), sin (ny) where n is integer. This would change the species of the symmetry 
coordinates and in general also the factorization of the G matrix, however, it can be 
found from the ,direct products of the species of the corresponding factors that such 
transformations cannot remove the y-dependent terms from the G matrix. The physical 
interpretation of this results is simple: The Sta,j vectors relating the d/s to the degener­
ate symmetry coordinates Sla (Cj.13) follow the rotation of the top half of the mole­
cule while the Stb,j vectors follow the rotation of the frame half of the molecule. This 
is obvious from Fig. 1 and Table IV. Hence, it is impossible to find an orthogonal 
transformation of the Sia, SIb pair of coordinates to new coordinates S;a, S;b such 
that the angles between the new vectors S;a,i and S;b,1 become independent of y. 

We shall now discuss the factorization of the force constant matrix F in terms of the 
symmetry coordinates of Table IV. Using arguments similar to those of Hougenl

•
2

, 

we shall find that the F matrix factors in blocks as illustrated by Fig. 2, i.e., there are 
cross-terms between the coordinates of the species E: and E; which are 
functions of y (the species of sin 2y, cos 2y is B; and Bi, respectively, the species 
of sin 4y, cos 4y is Ai and Ai, respectively). The factorization of the G matrix is de­
scribed by Fig. 2 if we consider zeros in places of elements of blocks of the species Ai ; 
the FG matrix factorizes therefore like the F matrix (Fig. 2). 

We shall now discuss the normal modes corresponding to the matrix FG in Fig. 2. 
Consider the eigenvectors and normal modes of the two 3 x 3 and 2 x 2 submatrices 
of (GF)rs which involve the symmetry coordinates of the species Ai and Bi, respective­
ly. Arguments similar to those in Hougen's paper2 lead to the result that each element 
of the corresponding column matrices of these vectors has the symmetry Ai and the 
corresponding normal modes are also of the symmetry species Ai and Bi, respectively. 

Consider now the eigenvectors and normal modes of the su bmatrix of (GF\s 
involving the E: and E; coordinates. It is obvious from Fig. 2 that the column 
matrix of the elements of these eigenvectors can be partitioned as follows 

L= (6) 

where '1, '2 are the 2 x 1 submatrices, and '3' '4 are the 1 x 1 submatrices. 
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898 Papousek, Sarka, Spirko, Jordanov : 

The transformation properties of the elements of the individual blocks in the 6 x 6 
submatrix in Fig. 2 can be written symbolically as follows 

[Ai] 

[A;J A,B 

-[B2J [B2J 

and therefore (cf. ref. 2). 

E* 

E* 

± 1-:: 
l=:: 

± 

-[A;J 
(7) 

[BtJ 

-[B2J 

(8a) 

(8b) 

The operation D leaves all the blocks of the submatrix unchanged (Dy = +y) 
and the eigenvectors are therefore invariant with respect to D. We must now decide 
the signs in relations (8). When y = 0 the blocks A; and Bz vanish and the eigen­
vectors must be either 

o 

(9) 
o 

o 
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The FG Matrix Treatment of Normal Vibrations 899 

Since the transformation y -+ -y is the identity when y = 0, we conclude (cf. ref.2
) 

that the upper signs in relations (8a) must be chosen for the vectors of the type Ll 
and the lower signs in relation (8a) for the vectors of the type L2 • 

When y = -n/4 the blocks Ai and Bi vanish and the eigenvectors must be there­
fore either 

'1 0 

0 '2 
L3 or L4 

0 13 

14_ 0 

According to Eg. (8), these vectors transform by the operation A as follows 

A 
L3 

FIG. 3 

± 

I 
H 

y 

'1 
0 

0 

-/4 
-

0 

A -/2 

L4 ± 
+/3 

0 

H 

r34 

y 

(10) 

(11) 

The Numbering Convention for Atoms and the Designation of the Valence and Angle Defor­
mation Coordinates in Nitromethane 
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900 Papousek, Sarka, Spirko, lordanov: 

The effect of applying operation A at y = -rtj4, however, must be the same as that 
obtained after applying operation E* (note that Ay (= y + rtj2) = E*y for y = 
= -rtj4). Let the eigenvector Lij (i = 1, 2;j = 3,4) be the eigenvector of the type Li 

at y = 0 and of the type Lj at y = -rt!4. Now, the transformation properties of the 
eigenvectors Lij in (11) with respect to the operation A must be the same as the above 
determined transformation properties of Lj with respect to the operation E*. Conse­
quently, we must choose the upper signs for the eigenvectors L13 and L24 in Eq. (11), 
and the lower signs for the eigenvectors L23 and L14• Following Hougen's arguments 2 

we find again that the upper sign in Eq. (8b) is the proper one for the eigenvectors L13 

and L24 and the lower sign in Eq. ('8b) is the proper one for the eigenvectors L1 4 

and L 23 . The sign choice for the eigenvectors L 1j and L 2j in Eq. (8a) is obviously 
identical with the above determined sign choice for Ll and L2 , respectively. 

Having determined the sign choice in Eqs (8) we can symbolically write the four 
possible types of eigenvectors of the submatrix of the FG matrix corresponding to the 
E; and E; symmetry coordinates: 

Ail 
- B+ B- 0" A~ 2 2 

B+ A+ A- B-

:~J 
1 1 2 

L13 = L14 = L 23 = L24 = (12) 
:B;- B+ A+ 

2 1 

A- A+ B+ 
1 1 2 

The species ofthe associated normal coordinates are: '-. 

L13 '" E; , L1 4 '" E: , L 23 '" E; , L24 ,...., E; . 

It is obvious from these results that only the single-valued representations are 
needed for the classification of the normal modes and vibrational states of ethylene­
like molecules. However, the single-valued as well as the double~valued representations 
appear in the classification of the functions exp (in'y), exp (-iny) and exp (ix), 
exp (-ix) as is obvious from Table V. 

Nitromethane-Like Molecules 

Symmetry Group and the FG Matrix Problem. The generators of the symmetry 
group of nitro methane-like molecules are the operations A = (123), B = (12)*, 
and C = (45) (the numbering of atoms is obvious from Fig. 3). If the torsional angle 
0( is defined as 0( = XI - X, where XI is the Euler angle of the top-fixed system of axes 
(fixed say to the CH3 group) and X is the Euler angle of the system of axes fixed in the 
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The FG Matrix Treatment of Normal Vibrations 901 

N 0 2 group, the rotational-torsional wave function will be linear combination of the 
functions 

t/lrt =;: SJkM(e, cp) exp (ikX) exp (ipa) , (13) 

where the quantum numbers k and p are defined by Pzt/lrt = kt/lrt and Pa.t/lrt = pt/lrt. 
Since A 3 transforms (X to a + 21t, we arrive at the single-valued representation of the 
symmetry group G12 of the nitromethane-like molecule which is isomorphic with the 
D 31l groups. 

TABLE V 

Species of the F unctions e iny, e - iny and e inx, e - inx 

a Mod 4. 

TABLE VI 

F unctiona 

e iy , e- iy 

e i2y e - i2y 

e i3 / e - i3y 

e i4< e- i4y 

Species 

E4d 

Bt + Bi 
E4d 

Ai + Ai 

Functiona 

eiX, e- iX 

ei2x e- i2x 

ei3X' e- i3x 

ei4X: e- i4x 

Species 

E2d 

Ai + Bt 
E2d 

Ai + Bl 

The Representations and Characters of the Molecular Symmetry Group Giz for the Born-Oppen­
heimer Coordinates of the Nitromethane-Like Molecules 

Species E 2A 

A' 1 
A' 2 - 1 
E~ 2 -1 0 
A" 1 
A" 2 -1 
E'; -1 0 

2AC 

1 
2 - 1 

- 1 -1 
-1 -1 
- 2 

3BC 3 

3BC 

- 1 
0 

-1 
1 
0 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

--------------------------------------------~ 
E 1d 2 0 0 31/ 2 0 

E2d 2 1 0 _3 1/ 2 0 

E3d -2 0 0 0 0 
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We could also introduce the double-valued group for nitromethane by defining the top-fixed 
and frame-fixed system of coordinates as in ethylene-like molecules. Then factors will appear 
in the wave function of the type 

and for example the effect of operation A 3 on y = -lUt - Xc) is A 3 y = Y + n; the order of A is then 6 
rather than 3 (and similarly the order of C is rather 4 than 2) and we arrive at the double-group 
Gt2 whose characters are given in Table VI. The structure of the character table of this group 
is similar to that of ethylene-like molecules, i.e. all the double-valued representations are of di­
mension 2. However, it can easily be shown that we need not introduce functions of the type 
described by Eq. (14) for nitromethane-like molecules. Suppose we neglect the asymmetry of these 
molecules; then the approximate rotorsional energy levels Ert are 

TABLE VII 

The Internal Vibrational Symmetry Coordinates of the Nitromethane Moleculea 

Species Ai 

S1 = 3- 1
/
2

(1'14 + 1'24 + 1"34) 

S2 = r45 

S3 = 2- 1
/
2

(1'56 + r57 ) 

S4 = 6- 1
/
2

(11'46 + 11'47 - 211'67) 

S5 = 6-
1

/
2

( IX12 + IX13 + IX23 - [315 - [325 - [335) " "-

Sr. = r 1
/
2

(1I'46 + 11'47 + 11'67) 

Sr, = 6- 1
/
2

( IX12 + IX13 + IX23 + [315 + [325 + [335) 

Species A'l 

S6 = 2- 1
/
2

(1'56 - '57) 

S7 = 2- 1/
2

(11'46 - 11'47) 

Species A~ 

S8 = q (out-of-plane) 

Species E~ 

S9a = 6- 1
/
2
(2'14 - '34 - r24) , S9b = 2- 1

/
2
('34 - '24) 

S10a = 6- 1
/
2

(2IX23 - IX12 - IX 13) , SlOb = 2-
1

/
2

( IX12 - IX13) 

S11a = 6- 1
/
2

(2[315 - [325 - [335)' S11b = rl/ 2([335 -- [325) 

a The redundant symmetry coordinates are Sr. and Sr2. 
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The FG Matrix Treatment of Normal Vibrations 903 

Consider for example states (k t = + I, k f = 0), (k t = -1, k f = 0), (k t = 0, k f = I), (k t = 0, 
k f = - I). The first two states belong to the energy level Ert' the latter two states to E;t, 
however, Ert = E;t only when At = A f • The species of the exp (iy), exp ( - i y) pair in 
Gi2 is Eld , that of exp (ix), exp (-iX) is E2 d ; then the species of the rotorsional function 
is A't + A2 + E;. The group theory tells us merely that there is a splitting of these levels due to 
different values of A I' A f , which is not of great practical importance. 

Furthermore, consider the internal symmetry coordinates of nitromethane con­
structed from the valence and angle-deformation coordinates (cj. Fig. 3), as indicated 
in Table VII. These coordinates form the basis of the completely reduced repre­
sentation whose structure is 

5A ~ + 2A~. + A; + 3E~. 

The G matrix does not factorize completely according to the irreducible species of the 
symmetry coordinates in Table VII, since cross terms of the type Gij(l') sIEs') Sj 
appear where the species of Sj is either A~ or A;, and Gij are functions of sin2y, 
cos 2y, of the species E; (note that E; x E~ = A'{ + A; + E;) . However, we can 
introduce new symmetry coordinates by an orthogonal transformation of the co­
ordinates S~a, S~b in Table VII (k = 9, 10, 11) 

TABLE VIII 

Fundamental Frequencies ofCH3N 0 2 and CD 3N02 (in cm- I ) 

Symmetry 
via species CH3NO/ CD3N02

c Assignment 
in D 3h 

v I A' 1 2964·3 2260 CH3 sym. stretch 

V2 A' 1 1 397 1 389 N02 sym. stretch 

V3 A' 1 1 378·8 1 076 CH3 sym. bend 
V4 A' 1 917·1 891 CN stretch 

Vs A' I 656 636 N02 bend 

v6' v11 Al, A2 3 080·4 2340 CH3 asym. stretch 

v7 A" 1 1 583·3 1554 N02 asym. stretch 
V8 , VJ 2 A'l, A2 1438·0 1051 CH3 asym. bend 

v 9 , v13 A'l, A2 e 146 
1091 876 CH3 rock 

vlO A" 1 478 430 N02 rock 

v14 A" 2 605 543 N out-of-plane 

a The numbering of frequencies respects the factorizat ion of the FG matrix of ni tro methane. 
b Ref.14. c B. Jordanov: Unpublished results. 
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904 Papousek, Sarka, Spirko, Iordanov: 

(16a) 

(16b) 

In terms of these coordinates, the G matrix is y-independent and factorized into 
a 5 x 5 block corresponding to the coordinates of the species A~, a 5 x 5 block cor­
responding to A~, and a 4 x 4 block corresponding to A;. The physical interpreta­
tion of this transformation is simple: the S~a.i and S~b.i (k = 9, 10, 11) vectors per­
taining to S{a, S~b follow the rotation of the top half of the molecule and it is there­
fore possible to find an orthogonal transformation such that the new vectors ska. i, Skb. i 

pertaining to si~'''), sit2
") ignore this rotation and subtend angles with all other 

s-vectors which are y-independent. 

These results agree basically with those of Fleming and Banwellll except that their symmetry 
coordinate S4 is not orthogonal to the redundant symmetry coordinate of the species Al (the co-

TABLE IX 

Force Constants of Nitromethane (in mdynj A) 

Constant Setla Set IIb Set IIIc Set IVd Set v" 

F(r~H) 4·55 4·58 4·58 4·61 4·45 
F(rCHrCH) -0·14 -0·12 - 0·13 -0·13 -0·13 
F(rCHrCN) -0·61 -0·70 -0·70 -0·73 -0·49 
F(rCHa) -0·54 -0·51 -0·51 -0;49- - 0·64 
F(rCHP) -0·07 -0·11 - 0·11 -0·10 -0·13 
F(r~N) 4·62 4·72 4·72 4·76 4·42 
F(rCNrNO) 0·72 0·64 0·64 0·63 0·83 
F'I 0·62 0·62 0·62 0·61 0·62 
Fill 0·18 0·16 0·16 0·16 0·20 
F(rN 0 rp) 0·31 1·22 0·99 1·53 0·20 
F(rN0 8 ) -0·11 -1·06 -0·82 -1·32 -1·72 
F(rp2) 0·99 1·28 1·15 1·49 1·84 
F(rx2) 0·60 0·59 0·59 0·59 0·56 
F(p2) 0·86 0·80 0·80 0·78 1-01 
F(82) 1·47 1-31 1·37 1·21 1·08 
F(rN0 8) 0·55 0·57 0·57 0·59 0·49 
F(r~o) 10·3 11-6 11·3 11·9 12·3 
F(rNOrNO) 2·58 1·26 1·54 0·95 0·64 
F(q2) 0·35 0·35 0·35 0·36 0·35 

a Calculated for v9 = 1091 em -1, V13 = 1146 em -1. b for v9 = v13 = 1096 em -1. C for v9 = 
= 1087 em -1, v13 = 1100 em -1. d for v9 = v13 = 1091 em -1. e for v9 = v13 = 1146 em -1. 

f F' = (2j3)1/2[F(rCNIp) - F(rCN8»), F" = 3j61/2 [F(rCNa) - F(rCNP») . 
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ordinate SrI in Table VII) and consequently, the corresponding G matrix elements should be 
changed (there are also obvious typographical errors in the elements Gll and G66 in ref. lI ). 

The form of the eigenvectors of the FG matrix of nitromethane was discussed by Fleming and 
BanweUll and will not be therefore discussed here. 

Refinement Calculation of the Force Constants of CH3N0 2 • We tried a least 
squares iterational calculation 15

•
16 of the quadratic force constants of nitro methane , 

neglecting the y-dependent terms in the F matrix (cf. ref.4
), and using the fundamental 

frequencies of CH3N02 and CD3N02 listed in Table VIII. We assumed the tetra­
hedral symmetry for the CH3 group, and used the values rCH = 1·09 A, rCN = 1·49 A, 
rNO = 1·22 A, 1:: ONO 127°. We tried to adjust several sets of force constants 
among which the set described in the first column of Table IX provided physically 
acceptable solutions which reproduced experimental frequencies within few wave­
numbers for most frequencies, except v5 , V 14 and the nearly degenerate pair Vs, V I 2 

where differences up to 17 cm- 1 remained between the experimental and calculated 
frequencies. Slightly poorer agreement between calculated and experimental fre­
quencies was observed for CD3N02 where the experimental data were not analyzed 
in detail. There remains of course uncertainty in the converged values of some 
force constants in Table IX due to the uncertain values of Vs, v12 (Table VIII) and 
it is obvious that a further high resolution infrared study of CH3NOz and its isotopic 
species is necessary for a better determination of the force constants of nitromethane. 
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