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The non-rigid molecule group theory (NRG) in which the dynamical symmetry operations
are defined as physical operations is applied to determine the character table for the triple
equivalent methyl rotation and pyramidal inversion in trimethylamine. The restricted NRG of
this molecule is seen to be a group of order 648, formed as a product of two subgroups: the
G 324 subgroup corresponding to planar trimethylamine and the pyramidal inversion. For this
purpose the structure of the r-NRG of planar trimethylamineis first deduced, i.e., the number
of classes, irreducible representations, as well as their dimensions. Finally, guidelines are
given to deduce systematically the symmetry eigenvectors devel oped on the basis of quadruple
products of trigronometric functions. The r-NRG molecule group theory is seen to be used
advantageously to study the internal dynamics of such small organic molecules.

KEY WORDS: large amplitude motions in trimethylamine, classes and character table for
torsion-nversion in trimethylamine

1. Introduction

Group theory for non-rigid molecules is getting every day more and more rel evance
and numerous applications to large amplitude vibrations in spectroscopy of small organic
molecules are appearing in the literature [1-4]. Asiswell known, group theory for non-
rigid molecules was essentially developed from two points of view:

(i) The molecular symmetry group theory (MSG) of permutation-inversion group
(PI) constructed by permutations and permutation-inversion of identical parti-
cles. The MSG group isthen formed by al feasible permutations and permutations—
inversions [5,6].

(if) The full or restricted non-rigid group theory (f- or r-NRG) built up with physica
operations, expressed in terms of internal coordinates, that transform one conforma-
tion into another one isoenergetic. The r-NRG is then formed by the complete set
of physical operations which commute with given restricted or Hamiltonian opera-
tor [7,9].
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Notice that the use of physical operations was initially suggested by Altmann [9].
But this author separated inopportunely the external and internal rotations and did not
foresee that the r-NRG cannot be applied to non-rigid systems, which do not possess at
least a two-dimensional frame [10]. Otherwise, the f-NRG has to be considered. Both
theories are completely equivalent [7], athough their application fields could be differ-
ent.

Trimethylamine is a perfect example of non-rigid molecules to be studied by non-
rigid group theory. Its group was never considered in detail in the literature. Only the
group of planar trimethylborane, the closestly related molecule, was mentioned as an
examplein [5,9], and the neopentane molecule group was deduced into the permutations
and permutation—inversion formalism [11].

Theroto-torsional spectrum of trimethylamine was considered by microwave spec-
troscopy [12,13] and the torsional ones by infrared spectroscopy [14] using always
symmetry point group. More recently rotational spectrum was again considered by mi-
crowave spectroscopy [15]. Lide et a. gave an anaytica form for the potential energy
function [12].

Nowadays spectroscopy measurements reach very high resolution. The purpose of
this paper is to deduce the character table of trimethylamine, as well as its symmetry
eigenvectors, using non-rigid group theory, similarly as done for methylamine [16] and
acetone [17], in order to undertake its study from an updated point of view.

2.  Theory
Trimethylamine exhibits in its preferred conformation a pyramidal structure with

three equivalent methyl groups in “staggered” configuration, i.e., with two hydrogen
atoms on each carbon atom pointing inwards (see figure 1) [12].

Figure 1. Trimethylaminein its staggered preferred conformeation.
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At first glance, trimethylamine presents two different types of large amplitude in-
ternal motions. the three rotations of the methyl groups and the symmetric inversion of
the pyramidal structure. The variable which describes the inversion is the « angle de-
fined by one of the N-CH3 bonds and the planar structure. The variables which describe
the three methyl rotations are the 6,, 6, and 63 angles, the three rotation axes being the
N—CH3 bonds. The inversion angle origin is the planar structure and the origin for the
rotation isthe fully symmetric staggered preferred conformation (see figure 1).

The existence of the three equivalent methyl groups implies the existence of 27
isoenergetic conformations, described by three equivalent C3 non-rigid subgroups. No-
tice that even when the methyl groups are distorded because of environmenta effects,
the C3 symmetry has to be respected since the hydrogen atoms are indisguishible [18]:

C3 =[E+Cy +C3].
C3,=[E+Cs,+C3]. (1)
Ci,=[E+Cy+Ci].
The direct product of these three subgroups contains 27 dynamical symmetry op-
erations:

G27 = Cél X Céz X Cég, (2)

which describe 27 potentia energy wells on the potential energy hypersurface.

In order to establish the remaining transformation operations let us consider
trimethylamine in an arbitrary conformation in which 6; # 6, # 03. Since the three
methyl groups are equivalent the rotation angles may be interchanged by a threefold
rotation without any energy variation:

W f (61, 02.03) = f (s, 01.02),

W2 (6, 62, 63) = £ (62, 03, 61) G
or by binary exchange (reflection) which induces an inversion of the rotation sense:
U f (61, 62, 63) = [ (61, 63,65, @
being
W!'=[E+ W+ W2,
u'=[E+0]. (5)

The semidirect product of these two subgroups forms another subgroup isomorphic
with the C3, symmetry point group:

G6 = [W[ A Ul] ~ C3v, (6)

which is the symmetry group of trimethylamine skeleton with unstructured methyl
groups, regardless the pyramidal inversion.
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Furthermore, since there exist symmetry planesin the rotor and the frame, thetriple
inversion of the methy! rotation angles does not imply any change in energy, so that the
triple inversion defines the NRG subgroup [19]:

V (61, 62,03) = f(—61, —02, —63). (7)

Finally, the inversion of the pyramidal structure with a simultaneous C, rotations
of the three methyl groups does not imply any change in energy too, as a result, this
operation defines another NRG operation:

Tf(01,60,03,0) = f(Or+ 7,03+ 7,0, + 7, —a), (8)
being
I'=[E+T] 9)
Asaresult, the complete r-NRG of trimethylamine may be written as
Geas = [U' AW AT A[C] x Cq, x C ] x V! (10)

which is agroup of order 648.

3. Theplanar trimethylamine r-NRG character table

In order to deduce the character table of planar trimethylamine (or trimethylborane)
we have to know first the number of classes, as well as the number of elements in each
class. Aswell known, the number of classes will give the number of irreducible repre-
sentations. Finally, we have to deduce the dimension of each irreducible representation.

3.1. Deduction of the classes

To deduce the classes, the NRG operations were divided conveniently into 4 sets:

A — WA Gy,

B — [WI A G27]V,
C — U[W!' A G2,
D — ﬁ[W’ A G27]f/\,

(11)

where Go7 and W/ are the subgroups (2) and (5), but U and V are the operations (4)
and (8). The character A means semidirect product.

The multiplication of the first set by all similarity operations of the group permits
to separate its elements into eigth classes:
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apg = E,
a, = [61-1—6%]-1— [62-1-6%]-1—[63-1-6%]
=an +ap + as,
ar = [6162 + 6%65] + [6163 + 6%65] + [6263 + 6%65]
az1 + ax + azs,
az=[C1C22 + C3Cy) + [C1Cs? + C3Cs] + [C2C3? + C 3C3]
as1 + as2 + ass,
ag = [616263 + 61 262 26\3 2]
= as,
as = [6162632 + 61 262 263] + [6162 263 + 61 26263 2]
+ [61 26263 + 6162 263 2]
= as) + asp + ass,
as = [W + VT’z][ao + a3 + asl,
a7 =[W + W?][ay + az + as],
where each operation with itsinverse is symbolized by one letter with two indices.

In the same way, the multiplication of the second set by all the similarity operations
of the group permits us to select two classes:

b1 =[GV,  by=[W+W?][GnlV. (13)

(12)

Identically, the multiplication of the third set yields five classes:

c1="Ulao + ass] + UW [ag + az] + UW? [ag + az],
¢y =Ulay1 + asy + asy] + UWlay + as; + ass] + UW?[ay3 + asp + asal,

1
ca=Ulaxz + aiz + axs] + UWlay + a1z + axnl + UW?[ays + a1o + az), (14)
ca=Ulag + ax + asz] + UWlagy + ax + asp] + UW?[ags + agx + asy],
cs=Ulaa1 + azp + ag] + UWlas + ass + agn) + UW?[az + azs + asl,
Finally, the multiplication of the fourth set furnishes two classes:
dy=U [ao + a1y + az + ag + ass]V
+UWlag + a1z + ax + asn + asz]V
+ UW?3ag + aiz + az + as + as1|V (15)

and

dy = Ulago + az + az + a1z + az + az + ass + asp + as1V
+UWla + axn + az1 + a1z + asp + az + aszs + asy + asz]V
+ UW?[ay1 + a1z + az + ax + az + asp + asz + az + axs]V. (16)

Seventeen classes are then obtained.
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3.2. Rulesfor deducing the symmetry eigenvectors

Aswell known the sum of the squares of the dimensions of al the classes hasto be
equa to the order of the group: 324. Oneway to satisfy this requirement isthe following
Set:

4x (1)?+4x(22+1x (4?+8x (6)> =324

In order to separate the possible irreducible representations, it is convenient to
distinguish four types of possible symmetry eigenvectors:

(1) The functions conserve the C3 symmetry of the three methyl groups.
(2) The functions conserve the C3 symmetry of only two of them.

(3) The functions conserve the C3 symmetry of only one of them.

(4) The functions do not exhibit any C3 symmetry at al.

Inthefollowing K, L and M will be always integers multiple of three, i.e,, K = 3,
L=3and M = 3.

3.2.1. The function conserves the C3 symmetry of the three methyl groups
In this case, the symmetry eigenvectors may be classified according to irreducible
representations of the G, r-NRG of the trimethylamine skeleton:

If the functions are developed onto the basis of the triple free rotor solutions, i.e.,
products of the three trigonometric functions, the following expressions can be written
for the A; and A, representations:

X(Ap).(Ap = [COS K 071 COS L6, cOS M 63 + coS L6, cos M6, cos K 63
+ cos M9, cos K 6, cos LO3] & [cos M6, cos L, cos K 03
+ cos L1 cos K 6, cos M + cos K 61 cos MO, cos Lbs], (18)

where the positive and negative signs correspond to A; and A, representations, respec-
tively.
For the E; representation we have two components:

[cos K 6, cos Lo, cos MO

X(Ep = —2(cos L6, cos M6, cos K 03 + cos M6y cos K 6, cos Ls) |, (19)

[cos L6, cos M B, cos K 03 — cos M6, cos K 6, cos LO3].

For more generality, three equivalent sets for the A; or A, and E; representations
including al the cosx sin x sin symmetric products have to be added to these three
symmetry eigenvectors.

In the same way, the A3, A4 and E, can be written as antisymmetric products of
Sin x COS x COs or sin x sin x sin functions.
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3.2.2. The functions conserve the C3 symmetry of only two methyl groups

In this case, the properties of the A and G irreducible representations for the dou-
ble rotation in acetone can be used advantageoudly [7,17]. From the A1 representation,
in which the two methyl groups conserve the C3 symmetry, three eigenvector compo-
nents for the triple rotation may be written by simple application of the W’ subgroup
operations:

[(cos K6, cos Lo, + cos Lo, cos K 62) cos(M + 1)63],
x1 = { [(cosK6,cos Lo + cosLo,cos K 63) cos(M + 1)64], (20)
[(cos K 63 cos Loy + cos L3 Cos K 61) cos(M + 1)6,].

They are symmetric with respect to the V operation.

Taking into account the properties of the G representations, three antisymmetric
vectors with respect to v may be associated to the former, replacing cos(M + 1)0 by
sin(M +1)6. Itiseasly verified that these six vectors are energetically degenerate. They
form a set for the components of the sixfold degenerate I; representation.

The W operator transforms the components into themselves. They are symmetric
or antisymmetric with respect to the v operation and two of them are symmetric with
respect to the U operation.

For more generality, notice that another set of vectors, with the same symmetry
properties can be written from the A, and G representations of acetone.

In the same way, from the A3 or A4 and G representations of acetone, two sets
of sixfold energetically degenerate components can be written, with the same symmetry
properties except that two of them are now antisymmetric with respect to the U opera-
tion. They form a set for the sixfold degenerate I, representation.

3.2.3. The functions conserve the C3 symmetry of only one methyl group

In this case, the properties of the E and G irreducible representations for the double
rotations in acetone can be also used [7,17].

From the E; representation, in which only one methyl group conserves the Cs
symmetry the two following components for the triple rotation may be written:

[cos(K + 1)61 cos(L + 1)6, + cos(L + 1)61 cos(K + 1)6,
+sin(K + 16y SIN(L + 1), + sin(L + 161 SiN(K + 1)6,] cos M6,
[cos(K + D)oy sin(L + 1)6, + sin(L + 1)61 cos(K + 1),
—sin(K + 1)0; cos(L + 1)6, — sin(L + 1)6, cos(K + 1)02] CoS M6s.
(21)
These two components are symmetric and antisymmetric with respect to the v op-
eration, respectively. To these two components, four others can be added by applying
the W ‘and w2 operations. Two of them are symmetric and antisymmetric with respect
tothe U operation, but they are symmetric with respect to uv operation.
From the acetone G representation properties they can be easily verified to be en-
ergetically degenerate. They form a set for the sixfold 1] representation.

X]/ =
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From the E, representation of acetone six symmetry eigenvectors can be deduced,
in the same way, for the triple methyl rotation. They are symmetric and antisymmetric
with respect to the v operation. The w operations transfrom one of them into another.
Two of them are symmetric and antisymmetric with respect to the U operation, but
antisymmetric with respect the VU operation. They are energetically degenerate and
form a set for the sixfold 7] representation.

From the E3 represention of acetone, six symmetry elgenvectors can be deduced
They are symmetric and antisymmetric with respect to the v operator, the W opera
tors transfrom them into themselves, and two of them are symmetric with respect to
the U operation. They are energetically degenerate and form a set for the sixfold 7;
representation.

From the E4 repesentation of acetone, six symmetry eigenvectors can be deduced,
with the same symmetry properties except that two of them are now antisymmetric with
respect to the U operation. They form a set for the 1, repesentation.

3.2.4. The functions do not exhibit any C3 symmetry at all for the methyl groups

Two subcases have to be distinguished. The three methyl groups exhibit athreefold
symmetry increased in one unit or two units.

In the first subcase, the A and E irreducible representations of planar trimethy-
lamine will be used to construct the symmetry eigenvectors.

Fromthe A1 and A3 representations of trimethylamine two vectors can be built with
even or odd products of trigonometric functions. For example, for the even products we
have:

[cos(K + 1)61 cos(L + 1)6, cos(M + 1)63
+ cos(L + 1)6; cos(M + 1)6, cos(K + 1)63
+ cos(M + 1)0, cos(K + 1)6, cos(L + 1)03
X(E) = + cos(M + 1)0, cos(L + 1)6, cos(K + 1)03 (22)
+ cos(L + 1)61 cos(K + 1)6, cos(M + 1)03
+ cos(K + 1)61 cos(M + 1)6, cos(L + 1)6s],
and odd products.

Both vectors are energetically degenerate. They are symmetric with respect the w
and U operators, but symmetric and antisymmetric with respect to V. They form a set
for the E7 representation.

In the same way, from the A, and A4 representations of trimethylamine, two vec-
tors can be built symmetric with respect to W, but antisymmetric with respect to the
U operation. They form a set for the EJ repesentation.

Finaly, from the E; and E, representations of trimethylamine four isoenergetic
vectors can be constructed. They form a set for the tetra-degenerate G representation.

In second subcase, the I; and I, representations of trimethylamine have to be con-
sidered. From the I, representation, six energetically degenerate vectors can be built:
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[cos(K + 1)6; cos(L + 1)6, + cos(L + 1)6; cos(K + 1), ] cos(M + 2)6s,

[SiN(K + 161 SIN(L + 1)6; 4 sin(L 4+ 1)61 SIN(K + 1)6,] cos(M + 2)6s,

[cos(K + 1)6; cos(L + 1)65 + cos(L + 1)6; cos(K + 1)63] cos(M + 2)6-,
xrr =3 [SN(K + Doy sin(L + 1)85 + sin(L + 1)61 SiN(K + 1)03] cos(M + 2)6,,

[cos(K + 1)6, cos(L + 1)03 + cos(L + 1), cos(K + 1)603] cos(M + 2)61,

[Sn(K + 1)6,SiN(L + 1)63 + SiN(L + 1)6, SiN(K + 1)63] cos(M + 2)64,
and odd products.

(23

The remaining three vectors antisymmetric with respect to V may be easily ob-
tained by replacing cos(M + 2)6 by sin(M + 2)6. They have the same symmetry proper-
ties that the respresentation /3 with respect to the W, U and V operations. In particular,
two of them are symmetric with respect to the U operation. They form a set for the
I’ representation.

In the same way, from the I, representation of trimethylamine, six symmetry eigen-
vectors may be deduced. They have the same symmetry properties that the /" represen-
tation except that two of them are antisymmetric with respect to the U operation. They
form a set for the 7 representation.

3.3. The character table for trimethylamine

From the symmetry eigenvectors the characters of each representation are easily
deduced for all the classes by simple application of the symmetry operations. In addition,
the orthogonality rules between the different representations may be used. The resulting
character table isgiven in table 1.

To verify these results the linear equation system defined by the characters of each
representation is solved to obtain the dimensions of the classes.

In atentative calculation, by using asmall basis set (6-31G**) at the RHF level, the
staggered conformation was verified to be the most stable one, and the coefficients of
the full potential energy function for the triple methyl rotation (18) were determined:

V (04, 05,03) = Z Ak .1.m[COS K6, cos L6, cos MOz + cos LH;, cos M6, cos K O3
+ cos M6, cos K6, cos LO3 + cos M6, cos LO, COS K O3
+ cos Lo, cos K6, cos MOz + cos K 6, cos M6, cos LO3
+sSnK6,SnLH, cosMO; + Sin LH, cosMO, sin K 03
+ cosM0O;SNn K6, sin LO3 + cosM6H,Sin LO, Sin K 03
+sinLH, SN K6, cosMOz + Sin K1 cos MO, Sin LO3
4+ cosK6,SinLO>SiNn MOz + Sin LH, Sin M6, cos K 03
+sSiNnM0;c0sK6,sin LYz + Sin M6, Sin LH, cos K O3
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+sinLH,cosKH, SN MOz + cosKH, SN MO, Sin Lo
+ SN K#, cos LB, SN MOz + cosLH; SN MO, Sin Kb
+sSiNnM0;Sn K6, cos Loz + Sin M6, cos L, sin K O3
+ cosLO; SN KB, Sin M6 + sin K6, Sin M6, cos L6§24)

This expression may be regarded as an extension of that given in [12]. A reasonable
value for the torsional barrier height is found (4.2 kcal /mol), when compared with data
from experiments (4.4 kcal/mol) [12,14].

Solving the corresponding Hamiltonian equation, the four lowest energy levels
were obtained. These levels presented a six-fold near degenerate substructure. For
the fundamental, six sublevels of A4, 11, I3, 15, I and E] symmetries were found in
accordance with the character table.

4. Ther-NRG for pyramidal trimethylamine

In the previous calculations, the inversion barrier was found to be lower than the
barrier for the triple methyl rotation. This feature means clearly that the rotation motions
can not be separed from the inversion.

Let us note that the isoenergetic inversion of methylamine may described by
a fourth independent angle « followed by a simultaneous C, rotation of the methyl
groups (8). This motion describes essentialy the inversion of the three carbon atoms

Table 1l
Character table for the triple equivalent rotation in planar trimethylamine. ay,, by, ¢ and dy, symbolize
the operations belonging to a certain class.

1 6 6 2 6 6 18 36 27 54 9 18 18 18 18 27 4

ap a1 ap» aq az a5 ag ay by by c1 c3 c2 ¢4 c¢5 d1 do
A 12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 b4
A, 1 1 1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1
Eq1 2 2 2 2 2 2 -1-1 2-1 0 0 0 0 0 0 0 xv
Az 121 1 1 1 1 1 1 -1-1 1 1 1 1 1 -1 -1
A, 121 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 R,
Epb 2 2 2 2 2 2 -1-1-2 1 0 0 0 0 0 0 0 RuRy
n 6 3 0-3 0-3 0 O O O 2 -1 2 -1-1 0 O
r, 66 3 0-3 0-3 0 O O O0-2 1-2 1 1 0 O
% 6 0 0 6 -3 0 0 0 O O O O O O o0 2 -1
% 6 0 0 6 -3 0 0 O O O O O O O O0-2 1
% 6 0 -3 -3 o 3 o0 0o 06 0 2 2-1-1-1 0 O
M 6 0 -3 -3 0 3 0O O O 0 -2 -2 1 0 O
Ez 2 -1 -1 2 2 -1 2 -1 0 0 2 -1 -1 -1 0O O
Eg 2-1 -1 2 2-1 2-1 0 0-2 1 1 1 -2 0 O
G 4 -2 -2 4 4 -2-2 1 0 0 O 0O O O 0 o0 O
If 6 -3 3-3 o 0 0 0 O O 2-1-1 2 -1 0 O
I 6 -3 3-3 0 0 0 O O O0-2 1 1-2 1 0 O
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with respect to the molecular symmetry plane of planar trimethylamine and the re-
arrangement of the methyl group to have an isoenergetic conformation. The correspond-
ing operation (8), 7, is easily verified to commute with respect to the U and V operations
of planar trimethylamine. It does not commute, however, with the G 27 and W! subgroup
operations. Nevertheless, since the Tand U operations do affect exacty in the same way
the operations of both subgroups, it is easily seen that the product T x U commutes with
al the operations of the planar trimethylamine group. As a result, a two-dimensional
subgroup may be defined:

(v =[E+11U], (25)

where the operation IxU only depends on the independent inversion angle «.
Finally, it is seen that the Gesg r-NRG for pyramidal trimethylamine may be written
asadirect product of the Gsp4 of planar trimethylamine and the (1U)! subgroup:

Ges = [U' AW A[CS x C4, x C4 ] x VI x (1U)". (26)

Cosine or sine functions of the angle o will multiply each symmetry eigenvector of
planar trimethylamine in order to form symmetric or antisymmetric vectors with respect
tothe 7 U inversion operation. In particular, the potential energy hypersurface, which
presents now 54 energy wells, will be described by the energy function of A; symme-
try (24) multiplied by cos Na. Taking into account the degeneracies of the sublevels,
these will exhibit atwelve-fofd near degenarate substructure.

5. Conclusions

The present character table for planar trimethylamine has been deduced from:
— the structure of the group:

Gaa=[U' AW/ A[CE x CL x CL]x V!, (27)

— the division of the group in 17 classes, the sum of the square of the dimensions of
which gives the order of the group:

4x (1?44 x (2°+1x (4 +8x (6)° = 324;

— the composition of the 17 classesin: 1, 6, 6, 2, 6, 6, 18, 36, 27, 54, 9, 18, 18, 18, 18,
27 and 54 elements.

The orthogonality rules between the irreducibl e representations allow to write from
the characters asystem of 17 linear equations, the solutions of which are the dimensions
of the classes.

It may be concluded that the character table for planar trimethylborane or trimethy-
lamineis given by table 1.

It seen that the r-NRG for pyramidal trimethylamine is given as a direct product of
the r-NRG for planar trimethylamine and the two-dimensional pyramida (1U)! inver-
sion group.
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The potentia energy function for the triple methyl rotation and inversion will be
described by a 54-fold well potential energy hypersurface. As a result, the spectrum
of trimethylamine is expected to possess 27 x 2 substates (41 + 1E + 1A) x 2. Tak-
ing into account the degeneracies, the spectrum is expected to exhibit a sextet structure,
each of sublevel of which is again formed by doublets. However, since the pyramidal
barrier inversion is probably very high, the doublet substructure will be not easily de-
tected. With such aresult, the spectroscopists are invited to measure the FIR spectrum
of trimethylamine.

Ther-NRG groups appear to be more descriptive, i.e., informative than the M SG of
Longuet-Higgins, and it seemsto be advantageously used to study theinternal dynamics
of small organic molecules, such as trimethylamine, which possess a solid frame.

Acknowledgements

The authors acknowledge the financial assistance of the Mexican CONACYT
through grant No. 400200-5-2542E, aswell astothe CICY T of Spain for the economical
support under contract No. PB96-0882. One of us (M.V.) wish also to thank CONACY T
for a sabbatical stay in Spain.

References

[1] Y.G. Smeyers, M.L. Senent, V. Botellaand D.C. Moule, J. Chem. Phys. 98 (1993) 2754.
[2] Vander Avoird, J. Chem. Phys. 98 (1993) 5327.
[3] Y.G. Smeyers, M. Villa, M.L. Senent, J. Mal. Spectrosc. 191 (1998) 232.
[4] A.Vivier-Bunge, V.H. Uc and Y.G. Smeyers, J. Chem. Phys. 109 (1998) 2279.
[5] H.C.Longuet-Higgins, Mol. Phys. 6 (1963) 445.
[6] Ph.R. Bunker, Molecular Symmetry in Spectroscopy (Academic Press, New York, 1979).
[7] Y.G. Smeyers, Introduction to group theory for non-rigid molecules, Adv. Quantum Chem. 24 (1992)
1-77.
[8] Y.G. Smeyers, in: Sructure and Dynamics of Non-Rigid Molecular Systems, Y.G. Smeyers (ed.)
(Kluwer Academic, Dordrecht, 1995) pp. 121-151.
[9] S.L.Altmann, Proc. Roy. Soc. London Ser. A 298 (1967) 184.
[10] C.M. Woodman, Mal. Phys. 19 (1970) 139.
[11] A.J. Stone, J. Chem. Phys. 41 (1964) 1568.
[12] D.R.Lideand D.E. Man, J. Chem. Phys. 28 (1958) 572.
[13] E.A. Rinehart, PB. Rinehart and J.E. Woallrab, J. Mol. Spectrosc. 47 (1973) 556.
[14] W.G. Fateley and F.A. Miller, Spectrochim. Acta 18 (1962) 997.
[15] X.L.Li, R. Bocquet, D. Pettitprez, D. Boucher, L. Poteau and J. Demaison, J. Mol. Spectrosc. 172
(1995) 449.
[16] Y.G. Smeyers, M. Villaand E. Ortiz, J. Math. Chem. 18 (1995) 209-215.
[17] Y.G. Smeyersand M.N. Bellido, Int. J. Quant. Chem. 19 (1981) 553-565.
[18] Y.G. Smeyersand M. Villa, Chem. Phys. Lett. 235 (1995) 576.
[19] J. Maruani, Y.G. Smeyers and A. Hernandez-L aguna, J. Chem. Phys. 76 (1982) 3123.



