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It is shown algebraically that from one set of rotational constants or moments of inertia of a complex
formed by an asymmetric top molecule and a rare gas atom, eight generally different structures result

which are compatible with the moments of inertia.

Introduction

In the last years many complexes containing a
molecule and a rare gas atom like argon have been in-
vestigated [1, 2]. Especially molecular beam Fourier
transform microwave (MB FTMW) spectroscopy has
contributed a great deal to this field. Many publica-
tions showed that there exists an ambiguity in the
determined structure [3]. In a number of cases this
ambiguity could be reduced by using isotopomer
complexes [4], ab initio calculations [3, 5], or argu-
ments based on the nuclear quadrupole structure [5]
or dipole moment [3]. In this paper we intend to show
algebraically that for a complex of a rare gas atom
attached to an asymmetric top molecule, eight gen-
erally different solutions result for the structure as
determined from the one set of rotational constants or
moments of inertia obtained from the spectrum.

Theoretical considerations

Part of the considerations follow those given for the
r¢-structure [6, 7] explained in detail in [8]. We place
a principal axis system (z, y, z; cm) in the center of
mass (cm) of the asymmetric top base molecule and a
second axis system (z', y’, z’'; CM) with the origin at
the center of mass (CM) of the complex and with its
axes parallel to the first system, as shown in Figure 1.
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In general, the (z', ', 2’; CM) axis system is not a
principal axis system of the complex. The position of
a mass m; is described by

ri =rcm +r;

cyclicin z,y, z. (1 a-c)

Ti=Tcm +T;

For the atoms of the asymmetric top molecule we
have, from the definition of the (z, y, z; cm) system,

Z m,r; =0, 2)

and for the molecular complex, from the definition of
the (z', 9/, z’; CM) system,

Z m;r. + Mryy =0, 3

where m; is the mass of the 7th atom in the molecule
and M the mass of the rare gas atom. The moments of
inertia of the base molecule in the (x, y, z, cm) system
are

= Z m,~(yl2 + ziz) cyclicinz,y,z. (4a-)
The products of inertia are

Liy=~ Z m;z;y; =0 cyclicin z,y, z. (5 a-c)

The moments and products of inertia of the molecule
in the (z', 3/, z’; CM) system may be expressed using
(1) and (2) as
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Fig. 1. Principal axis system (z, y, 2; cm) of the asymmetric top base molecule and an ax15 system (z', y', 2'; CM)
originating in the center of mass (CM) of the complex. The axes z and =, y and y/', z and 2’ are parallel. ry =rcy + riy is

colinear with rcy and ry.

Liw =Y miy? + 2%

3 cyclicin z,y, z, (6 a-c)
=1+ m(y%M + zéM)

and using (5)

zy’—_§ mzzyz

=i —mfl?CMyCM

cyclicinz,y,z. (7a-c)

In (6) and (7) the total mass m of the molecule
m=3"m, ®)

has been used. (6) and (7) give a formulation of Stei-
ners law [9].

Next, the elements of the inertial tensor of the com-
plex in the (2, 3', z’; CM) system are given by
IO, = Loy + M(yiy® + 242

=T+ m(yCM + zCM) cyclicin z,y, z, (9 a-c)

+ M(yp* + 210

I(C), = I(c,), =y — Mzyyy cyclicinz,y, 2

=—mIcMycm — M:v;viy{ﬁ (10 a—c)
with the position of the rare gas atom in the (2, y',
z'; CM) system

(1)

The inertial tensor of the complex with the elements
given in (6) and (7) is not necessarily expressed in its
principal axis system. To calculate the principal mo-
ments of inertia of the complex, the secular equation

/
rM = (‘T;\da yl’\/b ZI’\II)

I:(:C)J: o | I:(cc’)y’ I:(cc’)z’
D= 19, 19,-1 19, (=0 (12
I;_.C/z/ ILC/)Z/ Ii(-;)zl - i

has to be solved.

The solutions of (12) for T provide the three prin-
cipal moments of inertia of the complex. We do not
solve (12) explicitly but we prove that a position of the
rare gas atom given by zem+2}y, YoM+ Yns ZeM+ 2y =
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M, YM, 2M can be changed to £y, £ym, £2m With
an arbitrary choice of the signs. This results in eight
different sign combinations, one for each octant of the
(z, y, z; cm) system, without changing (12). Conse-
quently the three T are invariant under the mentioned
choices of sign. In detail (12) may be rewritten as

D=-P+PUf, +I0, +I5).)

zzz!
Flo7© 7(0) © 5 ©) 1)
- I (Izlleyl,yl + Iy’y’Iz’z’ +Iz’z’I

z'z!
() 7(c) © 7(©) ©) 7l
- Izlyl-[,ylzl — ylzl-lzlyl - I I )

zlal <z 2!
F0,7(€) 7(©) (O (©) g 5l
+ I L I + 15, 19, IS,

© 7 () © 7@ 7©
+ IzIzIIzlyIIylzl i IIIIIIyIz’IzlyI

- I;SLII(C) I;(c(i)z' _I(C) I(C) I(C) ).

2'z! 2z txly' Ly’

13)

Before considering (13), it may be stated that the
center of mass of the complex CM is always between
cm and M as shown in Fig. 1, which means that a
change of sign from

M = TcM +:1:fw to

o (14 a-¢)
—zm=—2zcm — Ty cyclicinz,y, z.

always induces a simultaneous change of sign of Ty
and )

sign zp = sign xcm = sign 2
] " (15 a-c)
cyclicinz,y, 2.

It is immediatly obvious from (9) that all terms

I;C;, g =x',y', 2', are invariant under the described

. o . (C) (c)

changes of sign. The remaining terms like I, I,/

and I, I?, I'S), are considered separately. Accord-
ing to (10) we have

()
B

T8O = (mzemyem + Mziyyi)* (16)

y'z
Under the change of sign given in (14), the typical
term I, IS, is invariant. With (10) the triple prod-
ucts are

©) ()
Izlyl I

(c)
y’ZIIZ'Il =

—(mzcemycm + My )
- (myemzem + Myyz) (17)

- (mzemTem + Mz zy),
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where the coordinates z,y, z always occur pairwise
within two of the three brackets,

sign ISL,I;C,L,IS)I, = —(sign T¢psign yom)

- (sign ycmsign zem)  (18)

- (sign zcMmsign zcom)-

Equation (18) is obviously invariant with respect to a
change of sign of zcMm, YoM, and/or zcm. The remain-
ing terms behave in the same way. Then (12) and (13)
are invariant with respect to the choice of any one
of the eight possible positions of the rare gas atom
M. Each of them yields the same set of moments of
inertia, which represents the only experimental infor-
mation available.

That means that from one set of rotational constants
of the complex (plus the set of rotational constants of
the base molecule alone) the position of the rare gas
atom in the complex cannot be uniquely determined.

When the base molecule itself has certain symme-
tries, some of the eight possibilities are essentially
equivalent. For example, it does not matter whether
the rare gas atom is attached behind or before a sym-
metry plane of the base molecule. If the rare gas atom
is attached on a principal plane of the molecule, the
ambiguity reduces to four possibilities, since one co-
ordinate vanishes, gy, =0, g =z, y, or 2. The furane-
argon complex is an example [10-12]. For an at-
tachment on a principal axis of the molecule, two
possibilities remain.

In many cases [10], a complex has been consid-
ered to be the result of the substitution of a mass
of zero attached to the base molecule (the “parent”
molecule) by the mass M of the rare gas atom (result-
ing in the “isotopomer”). The r,-method applied to
this scheme also yields eight possible positions of the
“substituted” atom, since only the magnitudes |zy|,
|ym|, |2m| are determinable. However, this does not
obviate the proof presented in this paper because the
ro,-method used here (determination of the structure
from inertial moments) and the r-method (essentially
the determination of the structure from differences of
inertial moments) are not strictly equivalent.

The ambiguity encountered is correlated with the
D,, symmetry of the inertial ellipsoid with three dif-
ferent axes. The D,, group consists of eight opera-
tions. The deeper reason of the discussed ambiguity
is the fact that the replacement of the molecular mass
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point system by its inertial ellipsoid reduces the avail-
able information.

Conclusion

Whenever we determine the structure of a com-
plex made of a molecule and a rare gas atom, we
should carefully check if all structural models have
been considered that are compatible with the deter-
mined principal moments of inertia of the complex.
The ambiguity could possibly be reduced by using
additional features of the spectrum.

The consideration may be extended also to bi-
molecular complexes. Additional coordinates have to
be considered here.
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