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The results of experimental and theoretical studies of the influence of large-amplitude 
motions of nuclei on the IR and Raman spectra, electrooptical parameters, and structural 
features of molecular systems in various states of agg~regation are generalized. The mecha- 
nisms of intramolecular rearrangements in these systems are considered. The potential of the 
finite element method for the description of large-amplitude motions of arbitrary form is 
demonstrated. A method for estimation of the characteristic time of intramolecular rear- 
rangements is proposed. 
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Individual atoms o r  fragments in structurally n o n -  

rigid molecular systems are able to move without sub- 
stantial energy expenditure from one section of the 
molecule to another over distances comparable with the 
size of the system itself. These migrations, sometimes 
referred to as large-amplitude motions (LAM), result in 
some abnormal features, which manifest themselves in 
microwave, electronic, and vibrationally rotational spec- 
tra, the character of the temperature dependences of 
thermodynamic functions, N M R  and ESR spectra and 
dipole moments, and in unusual reactivity of such mol- 
ecules. 

Structurally nonrigid molecules normally do not fit 
in the framework of the traditional views on the structure 
and reactivity of molecules and the valence of the atoms 
contained in them. In ordinary rigid or semirigid mol- 
ecules, the motion of the nuclei, which are located near 
the equilibrium configuration, is described for a given 

(normally ground) electronic state in the Born--  
Oppenheimer approximation by a multidimensional po- 
tential surface, l while small displacements of nuclei in 
any direction are described by the harmonic oscillator 
potential function, 2 The characteristic rotation energy is 
much lower than the vibration energy. Conversely, in 
structurally nonrigid molecular systems, the vibration 
(for example, deformation) energy becomes comparable 
with the energy of rotation of the molecule. In some 
cases, several equilibrium nuclear configurations can 
occur. The potential surfaces of nonrigid molecules dif- 
fer substantially from the surface of a multidimensional 
harmonic oscillator. They are gently sloping along the 
nonrigid coordinates and have several minima separated 
by relatively low (several RT) potential barriers. The 
anharmonicity of vibrations of nonrigid molecules, caused 
by the characteristic features of their potential functions, 
is manifested even in the low-lying vibrationally rota- 
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tional levels, which can contribute markedly to thermo- 
dynamic characteristics of the molecules. 

Structurally nonrigid molecules occur in the Earth 
atmosphere as small impurities, which hamper on-line 
monitoring of the atmosphere by distant laser probing 
methods. 3 These molecules are actively used in the 
syntheses of semiconductor epitaxiat structures of the 
AIIIB v type (CVD method) 4 and simple and especially 
coordination halogen-containing power-consuming com- 
pounds 5 and also as active media in molecular and 
chemical lasers. 6 Structurally nonrigid molecular sys- 
tems can be used successfully to prepare new compounds 
with unusual physicochemical properties and can be 
helpful in the development of fundamentally new meth- 
ods for isotope separation. 7 This is by far not a complete 
list of the fields of science and engineering that are 
assoiciated in one or another way with the practical use 
of structurally nonrigid molecules. 

Beginning with the discovery' of the structural nonri- 
gidity in the phosphorus pentafluoride molecule in the 
1950s, 8 LAM have been studied using various theoretical 
and experimental techniques. 9-1j  Of the latter, vibra- 
tional spectroscopy is the most convenient and informa- 
tive method, because the characteristic times of L~.M for 
the vast majority of nonrigid molecules lie in the picosec- 
ond and adjacent time intervals, which are relatively 
inaccessible for many other physical methods t2 (Table I). 

This paper presents a detailed study of the manifesta- 
tions of the structural nonrigidity effects in vibrational 
spectra and electrooptical properties and a study of the 
structural features of a number of simple and coordina- 
tion molecular systems with one or several types of 
LAM. The results obtained by matrix isolation, 14-t6 IR 
spectroscopy of solutions in liquefied gases, tT-z~ and 
Raman spectroscopy of nonaqueous solutions 21-z4 are 
generalized. The combination of these methods allows 
high-precision studies of the vibrational spectra of mol- 
ecules ( including thermally unstable and chemically ex- 
tremely reactive ones) in wide frequency and tempera- 
ture ranges. This approach ensures the maximum cover- 
age of  various spectroscopic and electrooptical conse- 
quences of structural nonrigidity effects in various 
aggregative states under conditions of the minimum 

Table 1. Characteristic times for the interaction for some 
methods used to study molecular structures 

Investigation method Approximate 
time scale 13 of the 

method/s 

Electron diffraction 
X-ray and neutron diffraction 
Raman and IR spectroscopy 
UV/VIS spectroscopy 
Electron spin resonance 
Mgssbauer spectroscopy 
Nuclear magnetic resonance 
Studies in molecular beams 

t0-20 
lO-IS 

10-13~10-12 
10-t5_ 10-14 
i0-~_10-'~ 

10-7 
10-6_10-3 

10-6 

influence of the environment. It is also possible to gain 
information on the processes of collision perturbation of 
various types of molecular motion, to study the dynamic 
characteristics of nonrigid molecules as functions of their 
structural features, and, in some cases, to determine the 
characteristic times of LAM. 2s 

Theoretical studies of the structural nonrigidity ef- 
fects are based on the analysis of  the potential energy 
surfaces (PES) of molecular systems calculated by ab 
initio quantum-chemist~, methods. The spectra and wave 
functions of LAM were found by numerical solution of 
the Schrgdinger equation using an original program based 
on the finite element method (FEM),  26 which enables 
the description of intramotecular motions of an arbitrary 
form. 

Main types of the large-amplitude motions of nuclei 
and their spectroscopic, electrooptical, 

and structural manifestations 

Let us consider some forms of LAM needed to 
discuss the effects of structural nonrigidity in the mo- 
lecular systems that we studied. 

Analysis of the expression for the amplitude of the 
zero-point vibrations I,z 

ao = In/(k~)J/2lll2 (I) 

(k is the harmonic force constant,  la is the effective mass 
of the atoms involved in the vibration) shows that even 
in the harmonic approximation, LAM can be observed 
for molecules containing light nuclei or possessing tow 
force constants. In the former case, even for the stretch- 
ing vibrations in triatomic AX 2 molecules, i_AM can be 
expected to occur for the nucleus of the light central 
atom A (e.g., z7-30 asymmetrical stretching vibrations of 
the proton in linear molecular ions Rg--H+--Rg,  where 
Rg is an atom of an inert gas). In the latter case, low 
force constants are typical of the motion of molecules A 
and B with respect to each other within weakly bonded 
molecular complexes A...B (for example, NH...NH3, 3t 
(CH3)3Ga...AsH3) 2.33 and other complexes) and of de- 
formation vibrations (tbr instance, the v4 (E) mode in 
the ammonia molecule3t). In addition, the inversion 
type of nonrigidity has long been known it,34 for pyrami- 
dal molecules AX 3 and their various substituted deriva- 
tives AX2X' .  These molecules have two equivalent con-  
figurations, Which undergo interconversion via inversion 
of the A atom with respect to the plane through the 
X (X') atoms. The way in which the inversion rearrange- 
ments are displayed in spectroscopic and other proper- 
ties of the molecules depends on the height of the 
potential barrier to the inversion bin v and on the effective 
weight /a of the particle tunnel ing through this barrier. 
The inversion in pyramidal molecules of the AX 3 type is 
the subject of an ample bibliography (see Refs. I1, 35, 
and 36 and references therein); therefore, here we do not 
dwell on the formal aspects of this problem. 
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In the compounds EAX k with large coordination 
numbers (k = 4, 5, and 6), nonrigid intramolecalar 
rearrangements mainly follow mechanisms similar 1o 
Berry pseudorotation, 10,35,37 which involves a lone elec- 
tron pair E together with ligands X (Figs. I--3).  In 
electron-excessive compounds EAX 4 such as the CIF4 + 
cation, the intramolecular ligand exchange follows either 
"small" (see Fig. I, a) or "large" (see Fig. 1, b) 
pseudorotation mechanisms. 38 In the former case, the 
trigonal bipyramid (TBP) with C2~, symmetry, in which 
the lone electron pair occupies an equatorial position, 
passes into an equivalent TBP configuration with C2~, 
symmetry via a square-pyramidal (SP) configuration with 
C4v symmet~' .  In the latter configuration, the lone 
electron pair occupies an axial position. In the case of 
the latter mechanism (let us denote it by TBP (C2~,) -4 
SP (Cs) ~ TBP (C3u) --9 SP (C's)  ~ TBP (C'2~)), the 
top of  the barrier on the PES is matched by a TBP (6"3,,) 
configuration with the lone electron pair in the axial 
position. For compounds with pentacoordinated atoms 
(e.g., CIF 5 and [XeFs]+'/, the most probable mechanisms 
of  nonrigid in t ramolecula r  rearrangements include 
pseudorotation via a TBP (D3h) configuration 39 (see Fig. 
2, a) and the turnstile mechanism of  exchange of the F 
atoms through the rotation of  two triangular pyra- 
mids, 12,40 one of  which has the lone electron pair as the 
sixth ligand (see Fig. 2, b). The nonrigidity of six- 
coordinate compounds,  for example, xenon hexafluo- 
ride, 25 is due to the C3~ , -~ C2v --, C'3v structural 

transformation (see Fig. 3). This  type of pseudorotat ion 
results in the permutation of  four F atoms, whereas the 
other two atoms, F(2) and F(5), which occupy trans- 
positions relative to each other, remain at their positions. 

A different form of LAM distinguishes L[MXk+j] 
complexes (k is the formal valence of the M atom, equal 
to two or three), 35 consisting of the [MXk+l]-  anion and 
the L + cation. This type includes molecules of  the 
L[MX3] type (L is an alkali metal; M is Group I lA or 
VA element; X = H, F, O), which we studied. This 
group of molecules is characterized by migration nonri-  
gidity of the L + cation with respect to the trigonal 
[MX3]- anion, resulting in change of  the bidentate  (b) 
coordination of  the cation by the bridging atoms of  the 
anion, occurring via a monodentate  (m) coordinat ion 
according to the (b) --+ (m) --,, (b ' )  ~ ._. mechanism 
(Fig. 4, a). 

The form of  the internal rotations of the tops around 
the single bonds  in the coord ina t ion  c o m p o u n d s  
(CH3)3Ga and CH3OPX 2 (X = F, CI) looks very. much 
like that of  the migration LAM in L+[MX3] - (Fig. 5). 
This type of  structural nonrigidity, which is mainly 
characteristic of  organic molecules (see, for example,  
Ref. 9), corresponds to transitions between the PES 
minima, whose number is equal to the number  of  the 
possible spatial configurations for a particular molecule. 

Some of the molecular  systems that we studied are 
involved not only in individual types of  structural nonri-  
gidity out of  those described above but also in their 

1 1 

C 2 ~- ~ - -  

2 

TBP (1), C2u SP (1), C4v 

q -( 
TBP (2), C'2v 

/ 

TBP (1], ("2,, TBP (2), C3L, C2 TBP (3), C'2, , 

Fig, !. Scheme for the axial--equatorial ligand exchange in EAX 4 molecules by the "small" (a) and "large" (b) pseudorota~ion 
mechanisms. 
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Fig. 4. (a) Internal rotation of the L + cation with respect to the 
IMX31- anion in the plane of the L[MX3] complex molecule 
and the corresponding potential enemy cur','e (U): (b) variation 
of the dipole moment (~:), of the L[MX3] molecules vs the 
vibrational quantum number (n} of the internal rotations. 

various combinations. Therefore, it is pertinent to divide 
all the structurally nonrigid molecules into two large 
groups, namely, molecules with one and several types of 
LAM. 

As shown below, the LAM described here and their 
combinations are responsible for a variety of spectro- 
scopic, electrooptical, and structural properties. The 
Rg--H+--Rg ion-molecular complexes are characterized 
by complete anharmonicity of the large amplitude asym- 

metrical stretching vibrations even near the bottom of 
the potential well. Threshold dependences of the dipole 
moment on the vibrational quantum number of LAM 
are inherent in AH 3 and L[MX3] type molecules In the 
case of the five-coordinate EAX 5 molecule, the struc- 
tural nonrigidity is normally manifested as equalization 
of the nonequivalent equatorial and axial bonds between 
the central atom and the ligand, as a result of rapid 
exchange by the corresponding ligands, t~ In addition, 
for some representatives of five-coordinate compounds 
such as CIF 5 and IXeFsl ' ,  the structural nonrigidity of 
the molecules results in anomalous intensity ratios of the 
stretching vibration bands. The deviation of the configu- 
ration of the XeF 6 molecule from an octahedron is a 
direct consequence of its structural nonrigidity. In tile 
N - - H . . N H  3 and CIF4+AuF6 - complexes, these abnor- 
mal features are manifested as a short-wavelength shift 
of the NH radical and as an unusual, for a TBP configu- 
ration, number of lines in the vibrational spectrum of 
CIF4 § Other possible manifestations of the structural 
nonrigidity effects in the molecular systems will be 
considered below. 

Spectroscopic and calculation procedures 

Experimental procedures 

The main principles of the IR spectroscopy of mol- 
ecules dissolved in liquefied noble gases, Raman spec- 
troscopy of solutions in nonaqueous solvents, analysis of 
the spectra in terms of the technique of time correlation 
functions (TCF), and methods for obtaining data on 
molecular parameters and intra- and intermolecular dy- 
namics have been considered previously. 25 The method 
in which a molecule is isolated in tow-temperature inert 
gas matrices has much in common with spectroscopy of 
cryogenic solutions and, as noted in the previous study, 25 
has several disadvantages a~ociated with the splitting of 
vibration bands induced by the matrix and with tile fact 
that this method does not enable the study of compound 
bands and overtones or thermodynamic regularities of 
physicochemical processes or quantitative analysis. How- 
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Fig. 5. Internal rotations of the CH 3 and PX 2 groups in (CH3)3Ga and CH3OPX 2 (X = F, CI). 
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ever, some other features of the matrix isolation method, 
such as the possibility of stabilizing reactive and unstable 
species 15,16 and synthesis of new compounds 41,42 that 
cannot be obtained using traditional chemical proce- 
dures, make this method fairly attractive for investigation 
of the effects of structural nonrigidity in radicals, weakly 
bonded molecular complexes, dimers, trimers, etc. 

Construction of  PES  

Potential energy surfaces and dipole moment func- 
tions for structurally nonrigid molecular systems were 
calculated by the Har t ree- -Fock--Roothaan  (HFR) 
nonempir ica l  method 43 Using MOLECULE 44 and 
HONDO-515 programs and the MICROMOL program, 46 
which we had adapted for the IBM AT/386/486 PC. 
Most of the calculations were performed with several 
types of basis sets consisting of Cartesian functions of 
the Gaussian type 43 ranging from the 4-310 extended 
valence two-exponential Popte basis set (see, e.g., Ref. 
47) to the fullest and the most flexible two-exponential 
Huzinaga- -Dunning  48.'t9 basis set (DZHD) for Period 
I--I1 atoms and the two-exponential McLean--Chan- 
dler 50 (DZMC) basis set for Period Ill atoms. The two 
last-mentioned basis sets were supplemented by external 
or polarization p-functions for H, Li, Be, Na, and Mg 
atoms and d-functions for the other atoms. In the case 
of the DZHD basis set, the 4s elementary functions for 
the H atom and 9s5p for Period I1 atoms were grouped 
into 2s [3,1] and 4s2p [6,1,1,1/4,11, respectively. For 
the DZMC basis set, the (12s9p/6s4p) [6,3,1,1,1, 
1/6,1,1,1] contraction scheme was used. The exponents 
of the polarization p- and d-functions were found, as a 
rule, from the condit ion of the minimum total energy of 
the simple molecules contained in the complexes studied 
at their equilibrium geometry., known from experiments 
(for details, see Ret" 51). (Below tile DZHD and DZMC 
basis sets extended by polarization functions are denoted 
by DZ+P.)  Complex molecular systems containing at 
least 50 electrons were calculated using the extended 
4-31G and 6-31G* valence two-exponential Pople basis 
sets: the latter was supplemented by the polarization 
function at the central atom. 47 In calculations of nega- 
tive molecular ions, diffuse functions at the H and F 
atoms were also taken into account (4-31+G*, 6-31+G*, 
and D Z + P + D F  basis sets). 5| The exponents of the 
diffuse functions were found 51-s3 from the minimum 
total energies of the H -  and F -  ions. 

In the calculations for the N--H. . .NH 3 complexes 
with a linear hydrogen bond, which model, according to 
the experimental data, 15,16 stabilization of the N H  
radicals (X3E - )  in a low-temperature ammonia matrix. 
in addition to the unrestricted Hartree--Fock (UHF) 
approximation, 43 its restricted approximation (RHF) 43 
was also employed. In the RHF approximation, which 
we used previously, 31 the electron wave function is the 
eigenfunction of the operator of tile full electron spin 
squared o ~2 and its projection ,~:, whereas in the case of 
the lower triplet stale for the N--H. . .NH 3 complex (C3v 

symmet~')+ the calculation of the eigenvalue of the ,.~2 
operator with the wave function'S, s4 found by UHF 
approximation gives 2_014, instead of the 2.000 obtained 
in the RHF approximation. Nevertheless, it follows from 
the calculated data 15,31 that enemy, geometric, and spec- 
troscoptc characteristics of the N--H. . .NH 3 linear com- 
plex and the monomers NH and NH 3 forming it in the 
ground electron state prove to be stable with respect to 
the approximation chosen for solving the electron prob- 
lem for open electron shell systems. 

For each type of basis set, full optimization of the 
independent geometric parameters ofahernative nuclear 
configurations of the molecular systems studied was 
carried out with a convergence threshold over the energy 
gradient of 10-3--10 .4 au. A convergence threshold 
equal to ]0 -4 au ensures an accuracy in determining 
equilibrium intenmclear distances of 0.001 .~, bond 
angles of 0. I ~ and relative energies of 0.001 kcal mol -s 
If we take into account the fact that restriction of the set 
of basis functions and neglect of the electron correlation 
effects result in greater errors in the HFR method, this 
accuracy should be considered acceptable. 

Comparative nonempirical calculations performed 
with different basis sets, their comparison with experi- 
mental results and the results of more precise calcula- 
tions, which take into account the electron correlation 
effects, and the experience s3 of such calculations allow 
the accuracy of the Hartree--Fock calculations with 
6-31G* or DZ+P basis sets to be estimated as follows: 
0.01--0.05 .~ for equilibrium interatomic distances, 
I--3 ~ ['or bond angles, 0.2--0.5 D for dipole moments,  
5--10% ['or frequencies of normal modes, 2--5 kcal mol -I 
for the relative energies of alternative configurations 
including the barriers to intramolecular rearrangements, 
and 5--10 kcal tool -] for the energies of isodesmic 
reactions, i.e., reactions occurring with retention of the 
number of electron pairs. This accuracy of some mo- 
lecular characteristics is quite sufficient for discussing 
the structural nonrigidity effects at a qualitative or even 
semiquantitative level with reasonable expenditure of 
computer time. 

The formalism, main statements, and potential 
of the finite element method in the description 

of the large amplitude motions of nuclei 

The PES constructed as a result of approximate 
solution of the many-electron problem serves as the basis 
for the description of the movement of nuclei in a 
polyatomic molecule, Study of the structural nonrigidity 
phenomenon requires nontraditional experimental and 
theoretical approaches. Therefore, gaining of new funda- 
mental knowledge on the effects ofstructural nonrigidity 
is accompanied by tile development of special methods 
for the solution of the Schr6dinger equation for the 
movement of nuclei in a molecule, for example, repre- 
sentations of discrete variable+ s5 weak mode, 56 coupled 
channels, s? etc. 
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The finite e l emen t  method (FEM) was first used in 
o u r  works 26,58-6-z to study structural nonrigidity effects. 
Let us cons ider  the basic aspects of this method (for 
details, see, for example, Ref. 63) as applied to the 
problems of  q u a n t u m  mechanics  of molecules. 

The method  of  finite elements assumes the numerical  
solut ion of  the s tat ionary Schr6dinger equation 

l~(x)'t'(x) = E~'(x) (2) 

in the space o f  one ,  two, or three variables of  vector x in 
the range of  its def ini t ion f2 (x e .Q; x = Ix, y, Z}) with 
the Dirichlet  b o u n d a r s  condi t ions  (Wlr = 0, r is the 
b o u n d a ~  of  region .Q). The search for the eigenvatues 
and e igenfunct ions  of the Schr6dinger equation is equiva- 
lent to the fulf i l lment  of the variation principle 

C' ] aL = .[ df)8'-P(x) --4qZ-V 2 + g(x)  - E q'(x) = 0, (3) 
~2 L zp 

which, with al lowance for the Ostrogradsky--Gauss theo- 
rem and the Dirichlet  boundary  condit ions,  for the 
variat ion of  the required wave function (6Wit = 0), can 
be writ ten as follows: 

5L = f d n  5 2  v ~ , .  v,e + 6~elV(x) ~ v  1 ~ [ 2~a - = O. (4) 

The following statements of the FEN| should be 
considered to be the most important .  

( I ) .  Discret izat ion of the solution region of  the prob- 
lem into finite e lements  ~,, 

= ~ ,  (5l 

i .e.,  a one- ,  two- ,  or  three-dimensional  network is con-  
structed in region f~. 

(27. Approx ima t ion  of the wave function sought m 
each e lement  f'/t by a local funct ion '('~l)(x) 

q~(x e ~ )  = q'<U(x) = cd)Fa)(x) (6) 
J= l  i i ' 

where the ci (h coefficients are to be determined.  Form- 
funct ions  b;10(x) (or basis functions)  are normal ly  cho- 
sen as power  m polynomials  o f  the vector components  
x = {x, y ,  z} or as Lagrangian interpolation polynomials  
Fi(t)(x) = 8ii (6 is the Kronecker  symbol). In the latter 
case the ci fh coefficients are equal to the value of  the 
func t ion  itself in an i-th node at boundary I ' / o f  element  
~/ ,  i .e.,  ci (h -~ ff'(O(x i) = q'i (t). The local function ,~,(rj, like 
the global func t ion  q', remains cofitinuoUsly differen-  
tiable. 

(3). Rep lacement  of the integral over region ,Q in 
relat ions (3) and  (4) by the sum of the corresponding 
integrals over all the finite e lements  f)l 

M 

6L = Y'.~Iv = 0. (7) 
l= l  

(4)�9 Now problem (2) can be formulated as a general- 
ized algebraic problem of f inding n lowest eigen pairs 
{ E~, ~ }  (k = 0 . . . . .  n -  1): 

N 

5 " ( H , , -  Es.,)c, = 0, ( s t  
t ; I  

where N is the total number  of  nodes in the network in 
region -q, and 

H.~ = S F) t~(x)V(x)F,"~x)dn  + j, 

'1---2 I[vr)"(x)l[vF,'"(x)ldn = 
+ 2 u n  ~ 

+ q2 t [ _ _~(/), 
= ( F / V , , F , )  <'' ~vG,v~,~ (9) 

s','> = ~ ~ ' ) (~ )F . ' " (~ )~ .  = (r,I F,>'" ( to)  �9 j t  ~ , 
~ j  

A, II the m a t r i x  e l e m e n t s  in a l geb ra i c  p r o b l e m  (8) ,  e x c e p t  
for the PES matrix elements  V(x),  can be calcula ted 
analytically. Therefore, unlike nonempir ica l  ca lcula t ions  
of the electronic structure of a molecule,  involved, for 
example,  in the construct ion of  PES V(x) ( see  the previ-  
ous section), in the numerical  solution of  the Schr6dinger  
equat ion (2) for the motion of  nuclei  in a molecule  
within the FEM procedure, the major  compute r  t ime is 
needed for finding the n lowest proper values for the 
sparse (due to the local character  of  fo rm- func t ions  
F~(t)(x)) matrix with large d imens ions  Nx N, where nor -  
mally N = 103 to 105, rather than for the ca lcula t ion  of  
matrix elements.  

Like any numerical method, the FEM is not free from 
inherent errors, originating from its main  approximations:  
discretization (5), numerical integration in the calculat ion 
of (Fj]~Fi). and interpolation of form-funct ions  Fi(t)(x). 
For example, in the case of  the interpolat ion polynomial  
of power m, the error in the calculation of a k-th energy 
level ] E k -  cek~ ~ o(hZm) 64 (h is the maximum size am ong  
the .% elements,  1 _< l _< 3ft. However, as we have shown 
previously, 26,58 it is not internal but external errors (those 
introduced by PES V(x)) that determine the potential  of  
the method in describing the lower section of  the spec- 
trum in problem (2). 

The lower sections of the v ibra t ional - invers ion spec- 
t rum of an ammonia  molecule calculated by various 
methods with the same potential  energy funct ion  6s,66 

V(x) = 0.5ax 2 + u[exp~-*tx 2) - I ] ( 11 ) 

(x is the LAM coordinate)  and found exper imental ly  are 
presented in Table 2. It can be seen that the in terna l  
errors of the FEM can be virtually e l iminated  by choos-  
ing the op t imum size of  the network and the in terpola-  
t ion polynomial.  In our  calculat ions,  26,58 we used square 
finite elements (two nodes per e lement)  and Lagrangian 
interpolat ion polynomials as ~. To de te rmine  the abso-  
lute positions of  the energy levels with an accuracy of  
0.0l  cm - t ,  it was sufficient to use N- -  [03 on a un i fo rm 
network. Other details o f  the calculat ion procedure  for 
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the numerical solution of Eq. (2) have been reported 
previously. 58 

It also follows from Table 2 that with a happy choice 
of potential function (11), the vibrational-inversion spec- 
trum of  NH 3 can be described with nearly the same 
accuracy as provided by experimeutal results. However, 
such a happy choice of V(x) is by no means always 
possible. Therefore, the question arises concerning the 
accuracy of  the construction of  potential function V(x) 
for a controllable accuracy of calculation of the tunnel- 
ing splitting A of energy levels. We have found 26 an 
answer to this question by investigating using the FEM 
on the influence of the degree of relative perturbation of 
the potential function e = [ V ' ( x ) -  l/{x)]/V(x) (V'(x) 
and V(x) are the perturbed and nonperturbed values for 
the potential function at point x, respectively) on the 
tunneling splitting A for molecular systems with two 
equivalent minima on the potential energy curve. For a 
relative inaccuracy ~ in the potential construction, the 
values can be determined with a relative error within 
several e, and this value decreases as the number of the 
level /c increases. Thus, for ~ _< 10%, the tunneling 
splittmgs can be calculated at least to within the/x value 
itself. Otherwise, the accuracy of  calculation of the 
ttmneling splitting is no longer a controllable value. The 
above-listed circumstances account for the strict re- 
quirements on the accuracy of construction of the po- 
tential energy function klx) in describing LAM based on 
the results of the numerical solution of Schr6dinger 
equation (2) using FEM. 

M o l e c u l e s  with one  type  o f  large-ampl i tude  
motion o f  the nucle i  

Rg--l~--Rg Afolecular ions 
(Rg are noble gas atoms) 

The absorption band at 905 cm - t  was first 67 observed 
in the IR spectrum of Ar/H~_ matrix samples prepared by 
co-condensation of an A r - - H  2 (400: 1) gas mixture, 
which had passed through a glow discharge at a cryostat 
window at 15 K. Initially, this band was attributed to the 
vibrations of interstitial neutral H atoms captured in 
octahedml positions in the argon crystal lattice. How- 
ever, according to the results of  more recent experi- 
ments, 68-7~ the band at 905 c m - '  was assigned to 
ArnH* charged complexes. None of  the vibrational spec- 
tra of the centrosymmetrical A r - - H + - - A r  molecular ion 
(D.~ h symmetry) constructed by ab initio calcula- 
tions 27,28,71,H in an harmonic approximation could be 
brought into correlation with this absorption band. 

To explain the origin of  the absorption band at 
905 cm -1, we perlbrmed nonempirical  calculations z9,30 
of a two-dimensional PES lot  linear vibrations of the 
Ar - -H+- -Ar  molecular ion. The two-exponential DZ+P 
basis set  e x t e n d e d  by polar iza t ion  f lmctions was 
used. The fully symmetrical vibrations of the linear 

Table 2. Calculated (variants 1--I11) and experimentally mea- 
sured energy levels (cm -I) for inversion vibrations of the NH 3 
molecule 

Energy Calculation Experiment 6s,66 

levels I" 11 b llV 

0* 0 0 0 0 
0- 0.84 0.83 0.78 0.79 
I+ 932.6 932.6 932.4 932.4 
I- 968.2 968.4 968.8 968.2 
2 + 1602.9 1603.0 1603 1602 
2- 1884.1 1884.1 1884 1882.2 
3 § 2386.7 2386.8 2387 2383.5 
3- 2894.4 2894.6 2895 2895.5 
4* 3456.7 3456 6 3457 3442 
4- 4051.7 405t.8 4052 -- 

'~The calculation z6,ss was carried out using the FEM. 
bThe calculation 65 was carried out using the generalized 
Venttsel'--Cramer-- Brillouin method. 
CThe variational calculation 66 with the basis set of harmonic 
oscillator fimctions was carried out. 

Ar - -H+- -Ar  molecular  ion were matched by the coordi- 

nate Sw(Eg +) = (I/,,/-})(r I + r2), while asymmetrical vi- 

brations corresponded to the coordinate S2(Z,, +) = 

(l/,J~2)(r I - r2), where rl = Ri - Re and r 2 = R? - Re are 
deviations from the equilibrium state Re = 2.86 au 
between the proton and the first or the second Ar atom, 
respectively. The PES calculated at 49 points with 
-0.15 au <_ S I _< 0.15 au and 0 au _< S 2 _< 0.5 au (Fig. 6) 
was approximated by the least-squares method to a two- 
dimensional polynomial function 

U(S,,S2) = 0.5/:'20812 + 0.5F02822 + F30S, 3 + 

+ FI2SIS22 -k F41)SI 4 + F04S24 + F22812522 (12) 

with the root-mean-square  deviation cr = 6 cm -I and a 
maximum deviation of  16 cm - l .  In the least-squares 
procedure, the force field coefficients of function (12) 
were the following 73 (m au): F~ 0 = 0.163654, F0? = 
3.95885" 10 -3, F30 = - 5 . 1 6 2 0 0 "  10 -2, Fj2 = 
-8.46673" 10 -2, F~) = 2.03920" 10 -2, F04 = 2.20336" 10 -2, 
and F~, = 8.94382, l0 -2. Even at the level of polyno- 
mial representation of  the PES for linear vibrations of 
the Ar - -H+- -Ar  ion, a low value of the harmonic force 
constant 1:o2 for asymmetrical stretching vibrations was 
obtained, which corresponds to a gently sloping PES 
extended along the S 2 coordinate (see Fig. 6, b). in 
addition, the quartic force constant F04, corresponding 
to the LAM along the S 2 coordinate, appears unusually 
large in relation to F02. 

The two-dimensional  model equation describing the 
linear vibrations in the Ar - -H  +--At ion-molecular com- 
plex has the form (h = 1) 

-La a2~ !a a2~ 
2 '-g-~ - 2 "- ~ + u(s, .s~)v = e (~ , , ,~ . ) , v .  ( 1 3 )  
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Fig. 6. The ab inirio calculated two-dimensional potentia! enemy surface |br  linear vibnitions in the Ar--H+--Ar  molecular ion (a) 
and its topological map (b). Isoenergy lines are drawn at 0,0004 au intervals 

Here Gi = mAr - I  == 1.37145" 10 -5 au, and  G 2 = 
2mH+ - i  + mAr - I  = I. 11087 �9 10 -3 au. Acco rd ing  to the 
per turbat ion theory ,  up to the second order  o f  magn i tude  
inclusively, the  v ib ra t iona l  spec t rum of  p rob lem ( t 3 )  is 
defined as 

E(ol,v2) = c~l(v t + 0.5) + w2(v 2 + 0.5) + 

+ Xl2(U I + 0.5)(0 2 + 0.5) + Xtl(U I + 0.5) 2 + 

+ x22(V 2 + 0.5) 2 + C. 114) 

D e t e r m i n a t i o n  o f  the  spec t roscop i c  cons tan ts  in expres-  
s ion ( t4 )  for the  v ib ra t iona l  t e rms  via t he  F/j coef f ic ien ts  
(12) of the p o l y n o m i a l  r ep resen ta t ion  of  t w o - d i m e n -  
sional PES is a fair ly com p l ex  procedure .  S ince  no 
appropriate  r e l a t i onsh ip s  can  be found  in the  l i t e r a t u r e ,  
below we p r e sen t  express ions  for ca lcu la t ion  of  the 
spectroscopic c o n s t a n t s  (14) (in au): 

~,)l(Xg+) = (F20G l jr/2, r +) = (Fo2G2)I/2: 

( .4 i-Z__.2 A 
. = [ B I 2 +  . (.,)[ ) (-olo)'2 " 

3 .,~ ~)_L. 
- , , , :  3(8,-2,or >~>?, 

. ~ .  = ~ - [ 3 B , -  , - 8 , , ~  i •  
- -  - - 2 , ~  ~ 0 ~ - ~ . ) , o 7 :  

(15) 

if" 7 A  ' '  3 (  ~ ~, 
2 <,,r J,,q 7i.s~ ~ ,,,~ . ) ,o~" 

where A I = (F3o/F2o3i2)o>I 3 = -2.62173" 10 -9, 

AI 2 [ F i ~ i f  i ' "  " = . .F20 I'Fo2J]r 2" -3.48312" 10 -7, 

B i = (F4o/F2o2)tol 4 = 3.83548" I0 -12 

"~ 4 B 2 = (Foa/Fo2")o~ 2 = 2.71902" 10 -8, 

BI2 = [~(F~F02)Je~. l -e ,  2 = 1.36259..10:-9. 

T a k i n g  these  coeff ic ients  in to  a c c o u n t ,  we found 
f rom f o r m u l a s  (15)  the  fol lowing values for the  cons tan t s  
( c m  - I )  a p p e a r i n g  in express ion  (14) for the  v ibra t ional  
ene rgy  le ' , e l s :  e ) l (Zg  +)  -- 328.8, C02(Zu +) = 460.2,  xi l  = 
- 0 . 6 .  x22 = 785.2.  x i2  = - 1 0 9 4 . 6 ,  and  C = 582.8. The 
resu l t ing  ~alues  o f  the  v ib ra t ion  c o n s t a n t s  xt2 and  x22 
i nd i ca t e  tha t  the  a s y m m e t r i c  l inear  v ib ra t ions  o f  the 
A r - - H * - - A r  ion are c o m p l e t e l y  a n h a r m o n i c  and  c a n n o t  
bc d e s c r i b e d  us ing  the  pe r tu rba t ion  theory .  In fact ,  on 
pass ing to  n o r m a l  coo rd ina t e s  qi = G i - ) / 2 S i  (i  = 1, 2) 
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and taking the anha rmon ic  terms in the polynomial  
funct ion U(S~, S 2) to be per turbat ion  V. instead of  the 
expected inequali ty 

l<0,21Vl0.0)l << l~~ - A~~ = 2~,)2 = 920 c m - i  

w e  h a v e  

1<0,21 v[0,0)[ = [82(2[q2410'> ~- ~B~m2, (21q2210;. 
[ 

= 2912 cm -~ > 20~ = 920 cm -t.  

Thus,  the A r - - H + - - A r  molecu la r  ion is an example  
of  structurally nonrigid molecu la r  systems, for which the 
harmonic  oscil lator  approx imat ion ,  traditional in mo-  
lecular vibrational  spec t roscopy,  is not valid even tbr the 
ground vibrational  state. Thus,  we have explained why 
the earl ier  ab initio ca lcu la t ions  27,28,71,72 did not allow 
ident i f icat ion of  the vibrat ion band at 905 cm - I ,  ob- 
served exper imental ly .  67-7~ 

The results o f  studies 74 o f  the A r - - H ~ - - A r  ion based 
on two-d imens iona l  dynamic  ab initio calculations were 
very close to our results ob ta ined  independently.  Previ- 
ously, 75 a s imilar  a n h a r m o n i c  vibrat ion system was re- 
ported for the X e - - H + - - X e  molecu la r  ion (D, .asymme-  
try.,) isolated in an Xe matrix. Vibrat ion analysis 7s showed 
a p ronounced  mixing o f  the vibrat ion states of  a har- 
monic  oscil lator  and a substantial  violat ion of  the normal 
mode pat tern even near  the bo t tom of  the potential well. 

Hydrides a H  3 

A m o n g  pyramidal molecu les  o f  the AX 3 type. the 
inversion LAM are manifes ted  most clearly m the vibra- 
t iona l - invers ion- ro ta t iona l  spectra o f  AH 3 hydrides. This 
is due to the par t ic ipat ion o f  the light hydrogen atoms in 
the inversion rear rangements  and to the low inversion 
barriers tt,35,36 in C H 3 - ,  N H  3, OH3 +. and G e H  3. These 
features o f  hydrides result  in subs lamial  tunne l ing  
splittings (~1 cm -~ and larger) o f  the vibrationally rota- 
tional energy levels, which can be recorded m the micro-  
wave region and the ad jacent  f a r - l R  region. 

An inversion spec t rum in the microwave region was 
first observed for an a m m o n i a  molecule .  9 Although this 
molecule  has been studied fairly comprehensively 9,1t,35,36 
both exper imenta l ly  and theore t ica l ly ,  the unusual be- 
havior o f  its dipole m o m e n t  caused by the inversion 
LAb1 (see, for example ,  Ref. 76) still arouses interest in 
this unique quan tum object .  

Based on  q u a n t u m - m e c h a n i c a l  analysis o f  the inver-  
sion m o v e m e n t s  in a o n e - d i m e n s i o n a l  two-well  po len -  
tial, we obta ined 6z,vv a t ime-osc i l l a t ing  dependence  o f  
the dipole  m o m e n t  for NH 3 type molecules  

,/,a(O>,, = )a,eosIc,),,t). (16) 

Here, the osci l lat ion f requency  o),, corresponds to the 
tunnel ing splitt ing o f  the invers ion doublet  of  levels with 
number  n, and )an = (n+lp-(x)l n - )  is the amplitude o f  the 
dipole m o m e n t  osci l la t ions a long  the coordinate  x of  the 
inversion motions.  

For the NH3 molecule at ~0 = 0.8 cm -I  and o)~ = 
35.8 cm - I  (see Table 2), the tunnel ing  t imes or l ifet imes 
t n = ~/(o n o f a  localized state in a min imum are equal  to 
t 0 --- 1 .3 -10  - t ~  s and t I = 2 . 9 - 1 0  -~2 s, respectively. 
Taking into account the osci l la t ions  of  the dipole mo-  
ment with t ime (16), we arrive at the conclus ion that 
when the observation t imes  t I << t << t 0` the N H  3 
molecule in the ground vibrat ional  state has the dipole 

moment  <la(t)) 0 ~ uO = 1.5 D, 78 whereas in the first 

inversion-vibrationally exci ted  state, i~ efficiently be- 

haves as a nonpolar molecule  with <~(t)}) = 0 D.  H e r e ,  

I :  
<u(t)),, = -J(r ,  t)),dt a n d  t h e  d i p o l e  m o m e n t  a m p l i -  

,t o ' 

rude ),to is equal to the value for the matrix e lement  
<O+lu(x)[O-> found exper imenta l ly  78 for the 14NH3 mol-  
ecule. 

In order  to observe the above-no ted  sharp depen-  
dence o f  the dipole m o m e n t  o f  the ammon ia  molecule  
on the vibrational quan tum number  n of  the inversion 
LAM, it is necessary that the radiat ion lifetimes t,,+ and 
~,~ of  the inversion double t  o f  the levels with number  n 
be "tong relative to the t unne l ing  t ime t n. We est imated 
the radiation lifetimes ,i+__+0- and z l -  ,0+ of  the first 
excited doublet  of levels in the N H  3 molecule  using the 
known dipole approximat ion formula  for the probabili ty 
of  E l - rad ia t ion  per unit t ime 

Q3 
_ 4 t ' , o  l ( l "  - " )V1+--,o- -5, hc 3 ,~I0 >I-, 

O3 
H ' I -  -,0+ - 4 "',- ~9" I'( I-[~t'~0+)[ 2, (17)  

3 hc ) 

where W-~l+~o~ = zi+-~o-; W-ll--.o+ == zl--+o + and, 
accord ing to the pub l i shed  data,  65,66,78 f21§ o-  = 
932 cm - t ,  I(l+l~10-;)h = 0.25 D; ~~--__,0 + = 968 cm -~, 
I( I-l~tl 0 ~'>l = 024  D. As shown by numerical estimates, 62,77 
the first excited inversion level doublet  in an a m m o n i a  
molecule possesses among  tl~e longest radiation lifetimes 
for the above-noted anoma ly  in the behavior  o f  the 
dipole m o m e n t  of  this  m o l e c u l e  to be observed:  
~1+ ,0- = 6 �9 10 -2 s, t l - ~ 0 +  = 7 �9 10 -2 s >> t I = 3 �9 10 -12 s. 
Such sharp dependences  o f  the dipole momen t  on the 
vibrational quantum n u m b e r  n o f  the inversion mot ions  
could also be expected for o t h e r  hydrides A H >  

l~ve-coordinate compounds CIF 5 and [XeFs] + 

Chlorine pentafluoride and the [XeF5] + cation should 
have the configuration o f  a perfect  tetragonal pyramid 
tC4,, symmetry'). 34'79 However ,  the lone electron pair, 
located on a fourfold axis, in terac ts  differently with the 
bonding electroh pairs, resul t ing in slightly changed 
angles between the bonding pairs and in increased lengths 
of  the neighboring bonds,  because  the repulsion o f  the 
ch-e lec t ron  pairs is s t ronger  than  that of  the pair located 
in the trans-position. As a consequence ,  the axial bond 
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= 1.57 and 

in CIF  s and [XeFs] + is s t ronger  than the equatorial  
bonds  8~ (Fig. 7). 

The  vibrational spectra o f  CIFs and IXeFs] + in vari-  
ous aggregative states (the gas and solid phases, matr ix 

�9 i so la t ion ,  and solutions in liquid Kr and Xe and anhy-  
drous H F) have been studied systematically 4~176 in a 
broad frequency range inc luding the region o f  th i rd-  
o rder  transitions, which had not been studied previously. 
The  frequencies  and relative intensit ies of  all the ob-  
served bands were measured ,  the integral absorpt ion 
coeff ic ients  for the vT(E) band,  most  intense in the IR 
spec t rum of  3sCIFs ((3704-60)- 10 - s  cm 2 molec- -~ s -z)  
and  [XeFs]  + ( ( 3 0 0 + 7 0 ) .  10 - s  cm 2 molec .  - t  s -~) ,  
anharmonic i ty  constants  o f  some vibrations, and isotopic 
shifts were de termined ,  and the force constants  were 
est imated.  As a consequence ,  several abnormal features 

in the intensity ratios of  the IR bands in the spectra o f  
CIFs and [XeFs] +, in the values o f  both the main force 
constants and the interaction constants, the anharmonici ty  
constants  of  the v 3 and v 8 modes,  etc., were ident i -  
fied40,~; these anomalous  features are related one  way 
or  another  to the structural nonrigidi ty of  these c o m -  
pounds. 

The intensities of  the vibration bands in the IR 
spectra of polyatomic fluorinated molecules  are usually 
calculated ss using the model  of  polar  tensors. For  the F 
a tom,  the tensor  has the following form: 

Cpx ! OZ. F 

pF  I .  =i~p~.la~v #y/~>'v ap>.la~v I (18) 

[ap~ia~v o~lay~ op:lazF) 
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where Pi arc the dipole moment  components, which are 
transformed upon representation of the corresponding 
Cartesian shift, and x, y, and 7, are the spatially fixed 
coordinates of the F atom. Analysis of the I R absorption 
spectra of the five-coordinate compounds considered 
showed that the observed intensities of the slretching 
vibration bands of CIF s and [XeFs]* are poorly corre- 
tqted with the known ratios for molecules with C4~. 
symmetry, derived from the local oscillator model 86 

{/(vi)  + /(v2)l " [ / (vv) l  ~ I - 4 .  1[9) 

The calculations carried out 4~ for the CIF 5 mol- 
ecule give ratios of 1 6 . 4 ,  I '  17, and 1 '3 .3 ,  respec- 
tiveh, It was also noted 4~ that the use of the model 
of polar tensors for describing the X--Fax and X---Feq 
bonds (X = C1, Xe.) is not quite correct, because the 
effective charge on the Fax atoms is much smaller than 
that on the Feq atoms. The calculation of the deri,,atives 
of the dipole moment  functions for the CIF 5 molecule, 
carried nut previously. 86 as well as our estimates 4~ showed 
that upon the displacement of Fax and Feq along the 
bond, the derivatives of these functions differ by an order 
of magnitude ( - - 0 .  I e and - - t . 0  e), whereas the deriva- 
tives of the dipole moment  functions for the displace- 
merit of Feq perpendicular to the bond are comparable 
(+0.26 e and 4-0.14 e). For the [XeFs]* cation, the 
derivatives of the dipole moment functions have not 
been calculated; however, according to estimates. 88 rela- 
tion (19) and the derivatives of the dipole moment 
functions for the shift of Fax and Feq along the bond and 
Feq perpendicular to the bond are similar to those for 
CIF 5. Therefore, it can be claimed that the X--Fax bond 
(X = CI, Xe) differs substantially in electrooptical pa- 
rameters not only from the equatorial bond but also from 
the bonds in other five- or six-coordinate fluorides (PF 5 
SF0, etc.), for which tensor (18) has been successfully 
used .85 

The electrooptical parameters of CIF 5 and [XeFsl + 
can be discussed only after the valence force fields of 
these compounds have been reliably determined because 
this point has not been ultimately clarified. Various 
simplifying assumptions, used to determine force parana- 
eters, have an especially pronounced effect on the off- 
diagonal elements of the F-matrix89; Fii differ not only 
in magnitude but also in signs. 84,88,9~ model used to 
calculate the IR intensities for CIF 5 and IXeFs] +, in 
addition, tO t h e  difference in .the character of the 
X--Fax and X--Feq bonds (X = CI, Xe), should take into 
account the contr ibutions of the lone electron pair di- 
pole and nonrigid intramolecular rearrangements, which 
may lead to fast axial--equatorial exchange by the F 
ligands, as indicated unambiguousl,, by NM R spectra. 92 

As noted above, in the case of five-coordinate com- 
pounds, pseudorotation via a TBP configuration and the 
turnstile exchange by F atoms appear to be the most 
probable mechanisms of intramolecular rearrangements. 
The barrier to pseudorotation in C1F 5 via the D3h TBP 
configuration was estimated 39 to be 80 kcal mol - I ,  i.e., 
this intramolecular rearrangement is energetically unfa- 

vorable. Tile turnstile mechanism of the exchange by F 
atoms in CIF 5 was also excluded from consideration 3~ 
relying on the results of the corresponding Hartree-- 
Fock calculations carried out for molecules SH 6 and 
SF 6 with the two-exponential sp-basis set. I~ Howe~er, it 
was noted 39 that polarization d-funct ions of the central 
atom and e lec t ron  co r re la t i on  eff~'cts p lay a no t i ceab le  
role in d e t e r m i n i n g  the barr iers to  i n t r a m o l e c u l a r  rear- 
rangements in f luor ides o f  Per iod  I11 e lements .  Our  
estimates Iz,4~ showed that when fuller basis sets are used 
and electron correlation effects are taken into account, a 
moderate-height barrier to the rearrangement by the 
turnstile mechanism should be expected; in our opinion, 
this is the most probable mechanism [br CIF 5 and 
[XeFs] ~-, However, since no direct ab initio calculations 
of the potential surface for the turnstile mechanism or 
any other possible mechanism of  the ligand exchange in 
CIF 5 and IXeFsI* were carried out and since there is no 
reliable valence-force field for these compounds, the 
question of the size of the contr ibution of nonrigid 
intramolecular rearrangements to the determination of the 
IR intensities of CIF 5 and ]XeFs]" remains open, which 
accounts tbr the necessity of further studies involving not 
only spectroscopic but also other physical methods. '~3 

Six-coordinate compound XeF 6 

The XeF6 molecule, which is the only one of the 17 
known hexafluorides 9'~ that does not form an octahedral 
configuration, 95,% is a glaring example of structurally 
nonrigid six-coordinate binary compounds.  Among xe- 
non fluorides, having strong oxidizing properties 
(~G~ = -17 .5z2 .0  kcal mol - I ,  ~(~)29s[XeF41 -.-- 
-31.4+2.5 kcal mo1-1. .3G~ = -38 .5~2 .5  
kcal tool -I ,  /"~)29s[XeF,, (n = 2, 4, 6)] ~ 30.0 kcal tool-It ,  
XeF~, possesses the highest electron-donating capacity, 
although comparison of the energies of the fbrmation of 
cations 

XeF o ~ [XeFo_~]" ,-- F- (n = 2, 4, 6) (20) 

and the i r  radi i  ( R [ X e F I  + < R l X e F d  * < R I X e F s I % ,  
which determine the cry. sial lattice energy, 97,98 implies 
that XeF. should be the strongest base. This is due to the 
nonrigidity of the XeF 6 molecule with respect to 
pseudorotation (see Fig. 3). The following experimental 
facts can be regarded as being electrooptical and spectro- 
scopic manifestations of the structural nonrigidity o f  
X~2F6 .$1 ,97=I05  

(1).The effective dipoIe moment  of the XeF 6 mol- 
ecule is equal to zero. 

(2). The vibrational spectra of  XeF~ exhibit a larger 
number of bands than should be expected for an O/, 
structure. 

(3). No bands could be detected in the deformation 
frequency range, apparently due to the fact that defor- 
mation vibrat ions  are di rect ly  t ransformed into 
pseudorotation even in  the ground state. 

Detailed research into the I R spectra of xenon 
hexafluoride in the gas phase and in solutions in liquid 
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noble gases, 81,101-108 whose results have recently been 
analyzed comprehensively in a review, 2s provided ex- 
perimental evidence indicating that the XeF 6 molecule is 
shaped like a distorted octahedron with C3~, symmetry. 
The nonrigidity of the XeF o molecule with respect to 
pseudorotation is convenient to consider in terms of the 
motion of the lone electron pair, 102-104 which can occur 
in three directions: 

(a) the electron pair passes between two F atoms; its 
localization exactly between these atoms gives rise to an 
intermediate structure with C2v symmetry ( C3v -> ~ ,  
C3~ transformation); 

(b) the electron pair passes through the Xe--F bond 
in another triangular plane; if the pair is directed toward 
the F atom, XeF 6 forms a C4,~ structure (C3v --+ C4v --* 
C3,, transformation); 

(c) the electron pair passes through the center of the 
molecule toward the opposite triangular plane; this gives 
an octahedral strt,cture (C3~, ~ Oh ~ C3~, transformation). 

As noted previously, 2s the heights of the barriers to 
these structural rearrangements giving rise to intermedi- 
ate structures with C2~, C4v, and Oh symmetD' have not 
been determined experimentally. However, it has been 
assumed t~ that the C3~, -~ O/, --+ C3v transformation is 
energetically the least favorable and that the potential 
maximum for the C3v --* C4~ -* C3v transformation may 
be much higher than that for the C3o --+ C2~ --) Csv 
structural transition. This provides grounds for believing 
that the barrier to the C3v --~ C2~, --> C3t, rearrangement 
may be overcome fairly easily at the cost of thermal 
energy at T = 300 K. Proceeding from the assumption 25 
that the XeF 6 molecule is structurally nonrigid and the 
electron pair moves (in terms of the model of repulsion 
of the electron pair by the valence shell 94) from its 
position between three F atoms to another position via a 
channel  between two F atoms, one can interpret satis- 
factorily not only most of the experimental data 97-t~ 
obtained i'br XeF 6 but some characteristic features of 
this molecule. 25 This statement refers both to the ab- 
sence of bands in the region of deformation vibrations in 
the vibrational spectra of XeF6102-104 and to the zero 
effective dipole moment of the XeF 6 molecule. The 
value |or the fixed dipole moment of XeF 6 can be t~176 
extremely small (<_10 -2 D) due to the efficient interac- 
tion of charges of the electron pair and the F atoms. 

It has been shown 102-104,106''108 that when the con- 
centrat ion of XeF 6 (<_10 -2 tool L - j )  in cryogenic solu- 
t i o n s  i s  relatively high, the monomeric phase is trans- 
|brined into a polymeric phase (XeF6) n (n = 2, 4), which 
is accompanied by the intermediate formation of a struc- 
turally nonrigid ionic compound,  [XeFs]+[XeFT] -. 

Analysis of the Raman spectra of the XeF6--HF 
system showed 25,110-114 that the spectral pattern de- 
pends substantially on the concentration of XeF~, in 
anhydrous HF (Fig. 8). This is due to the fact that at 
high concentrations,  in addition to nonionized and ion- 
ized monomeric molecules and ionized polymeric spe- 
cies of XeF 6, the system contains several structurally 

nonrigid associates (solvates) and ionic compounds of 
the (XeF6)m--([FsXe],a+...n[FHF] 5-) (m and n range 
from 1 to 4; m + n ~ 4) and [XeFs]~[XeF7] - type, 
formed upon the donor-acceptor interaction between the 
Lewis base (XeF 6) and acid (HF) (Table 3). 

Analysis of the line contours of stretching vibrations 
in the Raman spectra of XeF 6 in a solution in HF in 
terms of the TCF apparatus (Table 4) showed that in the 
case where polymeric species predominate in the solu- 
tion, the major contribution to the lbrmation of the 
corresponding vibration bands is made by the vibration 
dephasing process. As the concentration of XeF 6 in HF 
decreases, this contribution decreases, and for concen-  
trations of _<0.01 tool tool -~, the contributions of the 
vibrational and rotational relaxation processes virtually 
coincide. It was concluded 25,112,113 that the rv value, 
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Fig. 8. Raman speclra of xenon hexafluoride in anhydrous HF 
at T = 293 K in the 450--750 cm -I range for solution 
concentrations of 0.12 (o), 0.063 (b), 0.024 (c). 0.0083 
tool tool -i (at). Dashed lines show the individual components 
obtained by resolution of the complex experimental contour. 
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Table 3. Experimental frequencies (cm -I) in the Raman spectrum of the 
XeF6--HF system for various concentrations of the solution (0.120--0.083 
tool tool -~) at 300 K 

Concentration/mot tool -~ 

0.120 0.063 0.024 0.083 

Assignment of 

frequencies 

- -  - -  674 sh, p 676 s, p [XeFd+F - 
- -  664 s, p 664 s, p 664 sh, p ([XelesI*F-) 2 
659 s, p --  - -  - -  ([XeFsI~F-)a 
638 sh, p 640 sh. p i I [XeFsi*[XeF7]- 
-- 622 sh, p 623 sh, p 625 s, p [XeFs]§ - 
619 sh, p 619 sh, p 620 sh, p 620 sh, p XeF 6 
- -  619 s. p 604 s, p 605 sh, p ([XeFs}+F-)2 
596 s, p - -  - -  - -  ( [ X e F s I + F - ) 4  
582 sh, p? 584 sh, p? 585 sh, p? 586 sh, p? [FsXeI'~...[FHF] a- 
507 w, dp 508 w, dp 508 w. dp 512 w, p? .XeF 6 
408 w, dp  410 w, dp  410 w, dp 411 w, dp ! [ X e F d + F  - ,  
359 w, p 360 w, p 361 w. p 361 w, p ? ( [ X e F d * F - ) ,  o r  
206 w. dp 208 w, dp  205 w, dp 200 w, dp .] ( [ X e F ~ J + F - ) 4  

Notation. s is strong, in is medium, and w is a weak band; sh is shoulder; p is 
polarized and dp is a depolarized vibration. 

Table 4. Parameters of the vibrational (~v) 
and rotational (ZR) relaxation of XeF6 
molecules in anhydrous HF at various solution 
concentrations ( T =  300 K) 

C 

/tool mol -) 
~ v  ZR 

ps 

0.120 1.36_+0.04 1.062:0.05 
0.063 0.37_+0.07 0.89",=0.08 
0.041 0.39_+0.11 0.81_+0.12 
0.030 0.39+0.12 0.75+0.12 
0.017 0.44_+0.12 0.77_+0.13 
0.008 0.50_+0.15 0.61+0.15 

which depends only slightly on the XeF 6 concent ra t ion ,  
characterizes the mobi l i ty  o f  F atoms during the non-  
rigid C3, ., --+ C2t, ~ C3t  , structural  rearrangement.  Theo -  
retical estimates 88 made  it possible to de termine  for the 
first t ime the characteris t ic  t ime of  the in t ramolecular  
reorientat ion of  the F a toms in the xenon hexafluoride 
molecule  10.35+0.15 ps). 

Complex molecules L[AIX3] 

Based on the e lec t ron  diffraction analysis and ab 
initio calculations of  tile PES,  it was shown 35,115 that 
complex molecules o f  the L[MX3] type (L is an alkali 
metal;  M is a Group I1A or  VA element :  X = H, F, O) 
are structurally nonrigid with respect to the migration of  
the L + cat ion in the p lane  o f  the [MX3]-  trigonal anion.  
In these compounds  LAM can manifest themselves as an 
unusual character of  vibrat ional  spectra and electrooptical  
properties including the behav ior  of  the dipole moment .  
We have studied 12,60-62,116-119 the spectroscopic and 

electroopt ical  manifestat ions o f  LAM in the LIMX3I 
complexes  using F E M  z6,58 and the PES and the dipole 
momen t  functions calcula ted previously, 35,115 

Let the rotation o f  the L + cat ion in the plane o f  the 
molecule  in relation to the [MX3]-  anion be determined 
by angle q> (see Fig. 4, a).- Le t -us  d e n o t e  the. L - - M  
distance by R. We showed 6~ that the internal rotation o f  
the L + cat ion in relat ion to tile rigid trigonal [MX31- 
framework in the plane o f  the L[MX3] molecule ,  which 
does not  rotate as a whole ,  is described by a two- 
d imens ional  equation 

, ] 
t r ' (  I 13~., t~- . _ UcjT(R,~)I,I,(R,~) - 7 - ( ~ - "  + ~mR%(R% ) + = L . mR- 7 ) '~ '  - 

= EW(R.o), (21) 

where m is the reduced weight o f  the L + cation and the 
[MX3]-  f ramework,  1 is the m o m e n t  of  inertia o f  the 
f ramework,  Lefr(R,tp) = U(R,,.O) - h 2 ( 4 / -  mR2)[8(l+ 
mR2)2], U(Rap) is the mutual potent ia l  energy o f  the 
cation and the anion.  

By neglect ing the radial var iat ions of  the wave func-  
tion and tile potent ial  energy funct ion ,  the t w o - d i m e n -  
sional problem can be reduced to a one -d imens iona l  
problem. By choos ing  U(q0) in the form 

U(g,) = 0.5h3(I - cos3@) (22) 

and averaging the radius of  the internal  rotations R(~o) = 
R b + 0.5(R m - Rb)(I - cos3m) over  the rotation angle ,.p 

(R) = 0.5(R b + Rm), (23) 

we obtain 

-B~2,ph u + 0.5t13(I - cos3q~)'F = gW. (24) 

Here h 3 is the height  o f  tile potent ia l  barrier by which 
the bidentate (b) coord ina t ion  o f  the L + cation by the 
bridging X a toms separates from its monoden ta te  (m) 
coordinat ion  (see Fig. 4, a). In the case o f (b )  conf igura-  
tion. ,,p = 2xl/3, while for tile (m)  configurat ion,  tp = 
~(21+ ~)/3, / = 0_, •  • ..,; .B = 0.sh2[lm<R)') -~ + 
U t] is the effect ive constant  for  in t ramolecular  rota- 
t ions, R b and R m are the equi l ibr ium L - - M  distances for 
the (b) and (m) configurat ions,  respectively. 

By in t roducing dimensionless  parameters -c = h3/(2B) 
and z = E/B into Eq. (24), we get  

--~a2ow + ~(I -- cob3g))q j = ~:W. (25) 

By change of  the variable 9, this equat ion can be 
reduced to tile Math ieu  equa t ion  (see, for example ,  
Ref. 9). However ,  no tabulated eigenvalues of  the Mathieu 
equat ion tot the values o f  pa ramete r  z given in Table  5 
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are available; therefore,  the vibration states of  the L[ MX3] 
molecule were  found by the numerical  solut ion of  Eq. 
(25) using the F E M  program z6,Ss that we developed in 
order to descr ibe the vibrational spectra o f  the LAM 
along a PES o f  an arbitrary shape. 

According to the Bloch theorem concerning the move- 
c e n t  of  a part icle  in a periodic field, the e igenfunct ions  
o f  Eq. (25) can be represented as follows 

tV. . , (~) = In,k) = e /k '~un ,~ (~ ) ,  ( 2 6 )  

where n is the vibrat ion quan tum number  o f  the LAM, k 
is the quan tum number  of  the periodic m o v e m e n t ,  and 
u,,.gOp) = un,t(~p + 2n/3);  k = 0, +_1. The  F E M  calcula- 
tions give the  lower  energy states as nondegenera te  
A-type states for even n including n = 0 and double 
degenerate E- type  states lor  odd n. The same energetic 
succession o f  levels has been found in solving the prob- 
lem of quan t iza t ion  o f  the internal  rotation o f  a top with 
a threefold symmet ry  axis in organic molecules .  9 As 
shown in our  previous studies, 6~ the A- and E-type 
eigenfunctions can be represented as symmetr ized  linear 
combinat ions  o f  wave funct ions of  separate potential 
wells 

In,0)^ = (~., + ,~.~ + ~.,)l-.rs, 

In,+l)~ = (~.2 - ~._O/d~, (27) 

In, - I)E = ( 2 0 . ,  - q~.: - * . , ) / 4 " 6 -  

The data o f  Table  5 indicate that, accord ing  to our 
FEM calculat ions  ~ - 6 z , l l 6 - t  19 for the under -bar r ie r  re- 
gions of  the LAM spectra, the tunnel ing  splittings of  the 
energy levels accessible for h igh-resolut ion vibrational 
spectroscopy (>10 .7  cm - I )  arise in the LIMX3] com-  
plexes at ~ _> 9. Fo r  compar ison ,  Table 5 conta ins  the 
numbers N o f  the under-barr ier  triplets of  the vibrational 
energy levels. In the series o f  compounds  studied, the 

greater  the height of  the potential  barrier 2"t expressed in 
the units o f  the effective in t ramolecular  rotation con- 
stant (B), the greater the number  H. in the case of  
fluorides of  the L[MF31 type with heavier  L and M 
atoms of  the corresponding Groups,  the spectroscopic 
manifes ta t ions  o f  the structural nonrigidi ty effect are 
even more  depressed than those in L iBeF  3 if  the number 

is taken into account.  On passing from L[MF3] to the 
hydrides L[MH3],  the spectroscopic  effects o f  structural 
nonrigidi ty are enhanced.  

Based on the dipole momen t  funct ions calculated ab 
initio, 35,115 the following dependences  of  the internal 
rotations for the z- and x - c o m p o n e n t s  o f  the dipole 
m o m e n t  in the L{MX3] molecule  on the q0 angle can be 
proposed: 

~ . . ~  = Ila(,p)lcos~, u ~ )  = lla(~p)lsin~o. 

lla(',P)l = A + Bcos3q~; 

A = 0.5(iat, + lam), B = 0.5(ia b - r tm),  (28) 

where lab and I.tm are the dipole  momen t s  o f  the mol- 
ecule  in the (b) and (m) configurat ions,  respectively (see 
Fig. 4, a). By analogy with the a m m o n i a  molecule,  we 
obta ined 6~ oscillating t ime dependences  o f  the dipole 
m o m e n t  componen t s  

(~gO>~ = (le,.-iI 2 - I c~+d  2 + 2~r~-c~-XC~,oCOSO~Z)&~I, 

(lab(t)). = 2(V~ c~,0cosm~t - c~._ I )c~-t l~q, (29) 

where In: 1 = ~f q~2nl(~p)~tz(tp)d~ p. These dependences  are 
0 

de te rmined  by the frequency (o n o f  the tunnel ing splitting 
of  the vibrational  level with number  n, matrix element 
l,,zl , and the coefficients ca, ~ of  the initial population o f  

T a b l e  5. Spectroscopic and electrooptical parameters of internal rotations in molecules of the L[MX3] type 

m w 

Mole- h 3 B * B N n* {la)0 (tap,. E* t 

cule /kcal m o r t  /cm -! D /era -I /s 

LiBeF 3 13.7 0.501 4774.9 30 41 29 7.7 2.8 3687 7 �9 10 -3 << t < 0.2 
NaBeF 3 14.3 0.229 10951.9 >30 >50 >29 >7.7 >3687 
LiMgF 3 22.7 0.364 10918.8 >30 >50 >29 7.3 >3687 
LiPO 3 3.2 0_485 1153.8 I 1 21 9 7.6 2.7 575 0.1 << t < 2.7 
Lit3eH 3 20.4 3.154 1131.I 10 20 10 7.1 -2.5 4068 5 - 1 0 - 4 < <  t<  1.10 -2 
NaBeH 3 15.1 2.868 920.7 9 18 8 9.4 3.2 2699 I " 10 -3 << t < 1 �9 10 -2 

Note. The following designations are used: h 3 is the height of the potential barrier separating the (b) and (m) configurations of the 
molecule (see Fig. 4, a); B is the effective constant for intramotecular rotations; ~ = hJ(2B); ~ is the number of the vibrational 
quantum number of the internal rotations at which the tunneling splittings (>10 -7 cm -~) are accessible for the high-resolution 
vibration spectroscopy; N is the number of under-barrier triplets of the vibrational energy levels; n* is the vibrational quantum 
number of internal rotations at which the dipole moment of the molecule sharply changes (see Fig. 4, b); P('~,)0 and (ff-)n" are the 
dipole moments of the molecule in the ground and excited (for n = n*) vibrational states, respectively (see ffig. 4, b) ~, E" is the 
threshold value for the vibration energy, corresponding to n* (see Fig. 4, b): t is the time interval of observation of the threshold 
varialion of  the dipole moment of the molecule. 
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the levels with number n at t = 0 (i.e., by the way of 
preparing the initial state of  the system). 

Let the molecular system at t = 0 be localized in the 
first potential well 

�9 ,(t9,0) = o,1(~0) = c,,0[n,0) + Cn.-lln.-l) + Cn.+l[n,+l). (30) 

Then the coefficients for wave fimctions (27) are as 

follows: cn. 0 = 1/,f3, c~,- I = .J~-3, cn,+ I = 0, and 
expressions (29) assume the particular form 

(~az(t)) n = 2[(I + 2COSO~nOI, zt]/3, (px(t))n -= 0. (31) 

According to the above- in t roduced  definition of  the 
t ime-averaged dipole m o m e n t  (see the Section devoted 
to the AH 3 hydrides), for observation times t,, = ~/com 
<< t << t n = n/co n (m > n), we have 

i.e., the z components  of  the dipole moment for the 
lower (n) and upper (m) triplets of the levels in the 
L[MX3] molecule would be sharply different. 

To observe exper imenta l ly  this anomaly in the be- 
havior of  the dipole m o m e n t  of a molecule of  the 
L[MX3] type, it is at least necessary that the radiation 
lifetimes of  the levels with the appropriate numbers 
satisfy' the condit ions 

~n >> t,,. xrn >> tm. (33) 

The radiation lifetimes %+1 were estimated by the known 
formula of  dipole approx imat ion  for the probability of 
E1 radiation per unit t ime 

~'rt+ l ,k-..*n,q 4 ~23 _ .§ ~ . q  I ( n +  1 ,/c[.fi ,n,q) I- 
3 hc 2 

(34) 

where D,,+~ k~n,t is the f requency of the transition be- 
tween the in+f./~) and In,q) levels. For the L[MX3] 
molecule, the selection rules allow the following transi- 
tions: A ~ E ,  E ~ E ,  and E ~ A .  Summation of  the 
squared moduli  of  the matr ix elements with wave func- 
tions (27) in Eq. (34) over z and x components (28) of 
the dipole moment  if' leads 6~ to expressions for the 
transition probabilit ies 

W n . l , h . . . ~ n , E  = 16~3n+ l.a~n, EJ2nxl/ ( 3hc3). 

H/~+I,E~n, E = 16s 

l'Vn+ I.E~,,.A = 16~3,+ hE_~n.AJ2n~t/(3hC3), (35) 

where 

L,.~I = ,~3 'Ibv-I,l(~)c~176 �9 
0 

The corresponding radiat ion lifetimes "in+ I were deter- 
mined from the ratios reciprocal  to expressions (35). 

The Inz I and J,t~l parameters of the matrix e lements  
of the dipole moment of  the L[MX3] molecule were 
found by numerical integration. Tile FEM eigenfunctions 
were used as the wave functions ~m(q~) and r 
The ~tb and P'm constams in expressions (28) were se- 
lected based on the data of  ab initio calculations. 35,115 
Particular calculations of  radiation times showed that 
condition (33), needed to reveal the abnormal behavior  
of the dipole moment,  holds for the L[MX3] molecules 
starting from some number n* (see Table 5). With al low- 
ance for restrictions (33), i.e., for the observation t imes 
t n. << t < an" (see the last column of  Table 5), the dipole 
moment of the molecule in the vibrationally excited 

states (~a ( t ) ) ;  is almost threefold lower than that in the 

state (pa.(t))0. General ly ,  the variation of  the ground 

dipole moment ( ~ t ( t ) ) ;  of the L[MX3] molecule as a 

fimction of tile vibration quantum number n of  the 
internal rotations for the observation time tn. << t < 77n. 
follows a threshold pattern (see Fig. 4. b, Table 5). Thus, 
the internal rotation in the L[MX3] molecules can de-  
crease sharply their polarity in the vibrationally excited 
states that are relatively far from the top of the potential  
barr ier  of  i n t r amolecu la r  r ea r rangements .  This  
electrooptical effect of structural nourigidity, by analogy 
with the above-noted spectroscopic effect, is enhanced.  
judging by the n* value, on passing from the fluorides 
L[MF31 to the hydrides L[MH3]. 

The electrooptical effect of  structural nonrigidity pre- 
dicted can be observed experimentally using the procedure 
proposed in our studies, 7,119 in which a beam of strt,ctur- 
ally nonrigid molecules that passes through a vacuum 
chamber is subjected to an isotopically selective treatment 
by IR laser radiation. The beam of nonrigid molecules 
deflects in a nonmfiform electric field and, over the lifetime 
of the vibration excitation an,, it is separated in the cross 
direction into two isotope components in accordance with 

their sharply dissimilar polarities, (~a ( t ) ) ;  and (la (t))0. It 

follows from Table 5 and Fig. 4, b that the LiPO 3 molecule 
is the best object for this experiment. This molecule can 
pass into a low-polarity vibrationally excited state with 

(kl (I)) 9 = 2.7 D according to one of the rigid modes (see. 

tbr example, Ref. t20). In this case, the threshold energy, 
equal to 575 cm - I ,  is acce~ible for the available laser 
sources and the lifetime of the required vibrational excita- 
tion amounts to -3 s. The hydrides L[MH3].can hardly be 
studied by this method due to their extremely low volatil- 
ity. In addition, as can be seen from Table 5, the threshold 
energies E* of the hydrides fall into the region that is 
virtually inaccessible for vibrational excitation of a low- 
polarity molecule. For the same reason, fluorides of the 
LIMF31 type are also unsuitable. The replacement of  the L 
and M atoms by heavier analogs from the corresponding 
Groups shifts the threshold energy E* even further to the 
high-frequency region. 



The effects of structural nonrigidity m molecular systems Russ.Chem.Bull . ,  Vol. 48, No. 8, August,  1999 1413 

Molecular systems with several large amplitude motions 

The molecular c o m p l e x  N - - H . . .  N H  3 

It was found by Raman spectroscopy Is,t6 that irra- 
diation of an ammonia  lo~-temperature matrix (T = 
77 K) by an atomic aluminum beam gives the " "NH and 
"Ntt ,  radicals and AIH molecules. The v(NH), v~(NH:), 
and v(AIH) vibration bands in the Raman spectra of the 
ammonia matrix are shifted to shorter wavelengths from 
those in the spectra of inert gas matrices by 202, 56, and 
54 cm -I .  Interpretation of this finding in terms of the 
theory of hydrogen bonding is inconsistent with its gen- 
erally recognized effect; the stretching band of a mono- 
mer having formed a hydrogen bond usually undergoes a 
long-wavelength shift, unlike the short-wavelength shift 
observed in this case. tSA6 Moreover, the N H ,  and 
" 'NH radicals discovered possess in the ammonium 
matrix very. long lifetimes (of the order of several hours). Is 

In order to interpret the abnormal behavior of the 
" N H  (X3Z - )  radicals in the ammonia matrix, we car- 
ried out t5,$4 ab  in i t io  calculations for various models of 
the intermolecular interaction of the " " NH radical with 
the N H a molecule. Of the possible types of orientational 
interaction, the N ~ H . . . N H  3 complex (C3~, symmetry) 
with a linear hydrogen bond proved to be energetically 
the most favorable; this permitted the main structural 
model for stabilization of the " N H  radical to be chosen 
unambiguous ly .  The one -d imens iona l  dynamic 
nonempirical calculations performed Is,s4 provided only 
qualitative explanation for the observed stabilization of 
the " ' N H  radicals in an ammonia matrix due to the 
formation of N ~ H . . . N H 3  complexes, which are weakly 
bonded (bond energy 4 kcal mol -I) and have an unusual 
(judging by the positive sign of the estimated vibration 
frequency shift of the radical incorporated in this com- 
plex) linear hydrogen bond. 

However, a semiquantitative theoretical description 
of the unust,al case of a hydrogen-bonded system can be 
derived only when the molecular dynamics inside the 
complex is taken into account. Therefore. the PES cal- 
culated ab in i t io  were used 29,31,121-123 to solve the two- 
dimensional dynamic problem of the shift of the vibra- 
tion band of  the " ' N H  radical in the nonrigid 
N--H. . .NH3 molecular complex with a linear hydrogen 
bond. We studied the role of the vibration interactions of 
the "" NH radical both inside the complex (including its 
interaction with the lloppy intermolecular NHx mode 
relative to NH; Fermi resonances) and with other mol- 
ecules of the ammonia  matrix in the formation of the 
observed short-wavelength shift of the v(NH) vibration 
band, equal to 202 cm- t  

In solving the two-dimensional dynamic problem, 
the PES constructed by ab init io calculations with the 
DZ+P basis set was approximated by the polynomial 
function 

U(X,x) = 0.5F2o X2 + 05I=02 X2 -~ FI)  X x  +" F30 X3 

�9 + FO3X3 + F2 ,X2x  + FI2Xx 2. (36) 

where x is the vibration coordinate of the " N H  radical. 
X is a coordinate related to the vibrations of the NH 3 
molecule within the complex. The resolution coefficients 
(36) were found by the least-sqt,ares method. 73 

The two-dimensional equation for the vibrational 
motion inside the complex has the l'oml of expression 
(13), where S~ = X, S 2 = x,  and G2 --I = m N m H / m N H  and 
Gi -I are the reduced weights of the corresponding oscil- 
lators. The vibrational spectrum of the problem de- 
scribed by Eq. (13) is determined in terms of the pertur- 
bation theory up to the second order inclusively by 
expression (14); the spectroscopic constants appearing in 
this expression for the case of polynomial function (36) 
can be found from the formulas reported previously. 3t,vz 

The calcula t ions  carried out by this proce- 
dure 29.31,121-123 showed that the magnitude of the 
anomalous frequency shift of the v(NH) vibration band 
in the ammonia matrix should not be related only to the 
interaction of the "NH radical vibrations inside the 
complex with the floppy intermotecular mode of N lq 3 in 
relation to Nit .  The frequency shift observed can be 
interpreted by taking into account the fact that the 
N--H.. .NH 3 molecular complex has vibrational states 
with Fermi resonance, v(NH) ~ 2v4(NH3) and v(NH) 
vlINH~). 

According to the known theory of Fermi resonances, I 
the energy' levels E of the resonance states are found as 
the roots of the determinant 

~,v'l:r" 0) .a.- V,.I - E }"l,ll ,] 

! I = 0 (37)  
) v,,., El',':+ h , . , ,  - el 

In tbe basis set of the harmonic oscillator functions for 
the v(NH) ~ 2v4(NH 3) Fermi resonance and in the two- 
dimensional mode[ with potential energy function (36), 
we have 

I[) = [20), lib = 101'~ l q.) = I/n.t, = O. 

["1,1) = VII.I = 0"5F2t'~';fi&) 

and the frequency shift for the "' NH radical 

AVll = El  I _. EH(0)  = 0 . 5 ( 8 2  a 4{I..].,1!2)U2 - 0.58. (38) 

where X 0 = (hGi /o ; I )  t/2` Xo = (hGz/o)2)V2 are the ampli- 
tudes of the zero-point vibrations, 6 = El) (~ - El0)). 
Taking into account the symmeto' ,  one can conclude 
that the v(NH) mode interacts with the fully symmetri- 
cal component of the first overtone of the E type defor- 
mation modes of the N H 3 molecule. 

To estimate the matrix element VIA l, a two-dimen- 
sional PES (Fig. 9) for the vibrations within the 
N--H.. .NH 3 complex was constructed m the coordi- 
nates Iz't X = Re(2Ct I - - a 2 -  ct3),/v~- (Re, and c~, are the 
equilibrium N--H distance and the changes in the 
H - - N - H  bond angles in the pyramidal NH 3 molecule, 
respectively) and x = r -  r e (r  e is the equilibrium inter- 
atomic distance in the N H  radical). As the approxima- 
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tion for the calculated PES, we used two-dimensional 
function (36) (least-squares fit method; the root-mean- 
square deviation ~ = 12 cm - t ,  the maximum deviation is 
24 cm-I) .  The force field coefficients found for function 
(36) were 3t,73 (in au) ~ 0  = 4.82553-10 -2, F0l = 
0.459718, and F21 = -7.97733- 10 -4. According to pub- 
lished data, 3t ]VI.II 1 = 2.8 cm -I .  

It follows from relations (38) that the maximum 
short-wavelength shift of vibrational level [01) in the 
" ' N H  radical, equal to ]Vl.ll[, is attained at 6 = 0. 
,Assuming the exact resonance condit ion and a statistical 
error of 96% 3t,73 |br the determination of the small 
parameter F2I by the least-squares fit method, we find 
that the contribution of the v(NH) -~ 2v,,(NH3) Fermi 

-0.4 

0.25 

b 
x / a t l  ~ - .  

-0.05 

-0.4 -0.2 0 0.2 X/au 

Fig. 9. Ab initio calculated potential energy surface for vibra- 
tions under the conditions of Fermi resonance v(NH) 
2v4(NH3) in the N--H...NH3 molecular complex (at and its 
topological map (b). Isoenergy lines are drawn at 0.00t au 
intervals. 

resonance in the N - - H . . .N H  3 molecular complex to the 
short-wavelength shift does not exceed 6 cm -t .  As shown 
by the analysis carried out in terms of normal vibration 
coordinates, the other resonance, v(NH) --- vI(NH3), is 
manifested only in the next (quartic) terms of the expan- 
sion of the potential energy function and its contribution 
is <6 cm -t .  Thus, the total contribution of the Fermi 
resonances inside the N - - H . . . N H  3 complex does not 
exceed -10 cm -t .  

It follows from the foregoing that consideration of 
the vibration interactions of the "NH radical incorpo- 
rated in a weakly bonded N - - H . . N H  3 complex with a 
linear hydrogen bond (whether it is interaction with the 
floppy intermolecular mode or interaction under condi- 
tions of Fermi resonances) proves insufficient, even as 
to the order of magnitude, to account for the observed 
short-wavelength shift of the vibration band of this 
radical in an ammonia matrix. However, even if we still 
assume a slight short-wavelength shift, equal to ~10 cm -I , 
caused by the presence of Fermi-resonance vibrational 
states, the value of 202 cm - t  observed in reality can be 
reasonably interpreted 31 only as being due to the mani- 
fold enhancement of the interaction constant [Vl.n[ by 
the material of the polar matrix (for example, when the 
NH and NH 3 fragments in the complex additionally 
approach each other). Therefore, the major contribution 
to the formation of the abnormal  short-wavelength shift 
is made by the strong vibrational interaction of" the 'N H 
radical with the material of the NH 3 matrix via the 
structurally nonrigid N - - H . . . N H  3 molecular complex, 
which has in addition Fermi-resonance vibrational states. 

The compounds R2NPX 2 (R  = ~le, Et; X = F, CI, Br) 

Compounds of the R2NPX 2 type (R = Me, Et; X = 
F, CI, Br) contain two electron-donating atoms, N and 
P. Therefore, they behave as Lewis bases, whose basicity 
is intermediate between those typical of ethers and free 
amines. Coordination compounds  with such ligands can 
also possess properties of Lewis acids; their parameters 
depend appreciably on structural features, in particular, 
structural nonrigidity of these compounds. Detailed study 
of the IR izs-lz7 and Raman 227-130 spectra of R2NPX: 
(R = Me, Et; X = F, CI, Br) in the gas and liquid phases 
at 7 .= 280--300 K demonstrated that the observed t2s-130 
decrease in the frequencies of  the asymmetrical vibra- 
t ions of the PX 2 fragment and vibrations of  the 
C- -N  bond compared to those in MePX 2 and Me3N 13t 
is due to weakening of the P - - X  and C--N bonds in both 
Me2NPX 2 and Et2NPX 2. This fact is consistent with the 
view that the order of the P - - N  bond is higher than 
those of the C - - P  and C - - N  bonds as a result of 
pr:--d~ interaction. The P- -N bond in R2NPBr 2 should 
be longer than lhat in R2NPCI2; in tun~, in the latter 
case, this bond is longer than that in R2NPF ~ due to the 
decrease in the electronegativity of substituent X and, as 
a consequence, weakening of  the p-~--d~ interaction 
along the P--N bond. These views on the intramolecular 
interactions are consistent with the fact that t3~ the fie- 
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Table 6. Symmetrical (s) and antisymmetrieal (as) stretching vibration frequencies (v/cm -I) 
for the C2NPX 2 fragment in Me2NPX / and Et2NPX 2 (X = F, CI. Br) at T= 300 K 

Molecule X vs(NC~) ,,.~s(NC.O vs(PNC 2) Vas(PNC ) Vs(PX-D va~(PX-~) 

Me2N PX 2 F 1306 1189 706 991 795 738 
CI 1290 1t76 693 980 515 430 
Br t280 1170 689 974 461 365 

Et2NPX 2 F 1082 1030 683 950 800, 790 740 
CI 1076 1022 671 947 512, 485 4t2 
Br 1076 1018 669 947 441, 422 345 

quency of the fully symmetrical vibration of the C2NP 
fragment in the vibrational spectrum of Me2NPX 2 de- 
creases from 705 to 690 cm -1 on going from X = F to X 
= Br, while that in the spectrum of Et~NPX 2 decreases 
from 685 to 670 cm - l  (Table 6), 

The TCF for the vibrational and rotational relaxation 
of the R2NPX 2 molecules were found from the contours 
of the Raman lines with frequencies of-670--705 cm - l ,  
corresponding to the fully symmetrical vibration of the 
PNC 2 fragment. The calculation of the characteristic 
times t v and T R with the assumption of the Lorentzian 
line contour ('Fable 7) showed that the vibrational relax- 
ation times xv are equal to -1.0 and -2.0 ps for Me2NPX 2 
and Et2NPX 2, respectively, and virtually do not depend 
on the type of atom X. Unlike ~;v, the ~R value depends 
substantially on the nature of atom X and increases for 
Me2NPX 2 and Et2NPX 2, respectively, in the sequence F 
(~R = 1.3 and 1.9 ps), CI (r R = 3.2 and 4.8 ps), and Br 
(zR = 4.8 and 9.6 ps). This fact indicates that the 
mechanisms of the formation of the Raman line con- 
tours corresponding to the fully symmetrical vibration of 
the PNC 2 fragment are markedly dissimilar: in the case 
of Me2NPF 2 and Et2NPF 2, this line contour is formed 
with virtually identical contributions of the vibrational 
and orientatinal relaxation processes, whereas in the case 
of chloro and bromo derivatives R2NPX 2, vibrational 
dephasing contributes to the line contour formation. 

The sharp increase in z R on going from fluorine- 
containing to bromine-containing R2NPX 2 is due, in our 
opinion, to the following reasons. The prt--d,'t interac- 
tion arising upon the decrease in the electronegativity of 
the atom X decreases the P - -N  bond order in the PNC 2 
fragment. This lowers somewhat the barrier to the inter- 
nal rotation of the PX 2 group around the P--N bond; the 
height .o( Lh.is b~rrier is kno',vn!3Z only for .Me2N.PF2._a_nd 
is relatively large (~10 kcal tool-I). Meanwhile, the 
internal rotations of the methyl and ethyl groups around 
the C- -N  bond have lower barriers, whose height was 
estimated t32 to be _<t--2 kcal tool -I.  If the heights of 
these barriers increase as the electronegativity of X de- 
creases (this does not contradict the views developed 
previously132), the ~R value should consequently in- 
crease. The fact that the rv values for Me2NPF2 and 
Et2NPF 2 almost coincide with x R may be due to the fact 
that the fluorinated derivatives R2NPX 2 are more struc- 
turally nonrigid than the chlorinated and brominated 

Table 7. Parameters of the vibrational (Zv) and rotational (*R) 
relaxation of the Me2NPX 2 and Et2NPX 2 molecules (X = F, 
Ct, Br) at T= 300 K 

Molecule % zp, ~,/deg 

ps 

Me2NPF 2 0.94_+0.10 1.26_+0.20 0.96+0.20 
Me2NPCI 2 0 .84-+0.15 3.18_+0.25 1.02_+0.20 
Me2NPBr 2 1.09-+0.15 4.83_+0.30 0.88+0.22 
Et2NPF 2 1.80+_0.15 1.93_+0.25 068_+0.2t 
Et2N PC12 2 .12-+0 ,20  4.84_+0.30 0.76+0.22 
Et2NPBr 2 2 .05-+0 .20  9.55_+0.35 0.71_+0.23 

compounds. Therefore, the z v value (by analogy' with the 
situation occurring for the above-considered XeF 6 mol- 
ecule) can serve as the time characteristic of nonrigid 
intramolecular rearrangements in R2NPF 2 (~0.9+_0.10 ps 
for R -- Me; -I.8__+0.15 ps for R = Et). Note that the 
accuracy of the above-presented time characteristics for 
nonrigid intramolecular rearrangements in R2NPF 2 may 
be not very. high because some vibrations of the C2NP, 
C2N, and PX 2 fragments and those of the CH 2 and Me 
groups are mixed 13~ This, in turn, can affect markedly 
the energy transfer on collisions and, hence, influence 
the orientation relaxation. 

The molecule (CH3)3Ga 

According to electron diffraction 133 and spectro- 
scopic 134,135 studies, the GaC 3 fragment in the trimethyl- 
gallium (TMG) molecule is planar (D3h point group of 
symmetry); the methyl group is assumed t36 to rotate freely 
around the G a - - C  bond. Thus, the TMG molecule occurs 
in the D3h effective configuration, which accounts for 20 
normal vibfb.tions with th6-types of symmet~ 

Fvi b = A t'  + A 2' + A 20 + E'  + E". 

Four vibrations of the TMG molecule with A2" symme- 
try (v7, v8, v9, a n d  rio) are active only in the IR 
spectrum, six vibrations with A t " (v l, v2, and v3) and E" 
(vts, vi9, and v20) symmetry are active only in the 
Raman spectrum, seven vibrations of E'  symmetry (v I I, 
vt2 , vl3 , Vl4, vi5, Vl6, and vi7  ) a r e  both IR- and Raman- 
active, and three vibrations of A 2 "symmetry (v 4, v 5, and 
v 6) are inactive in both types of spectra. 
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The results of the influence of intermolecular inter- 
actions on the vibrational spectra of polyatomic mol- 
ecules in the gas and liquid phases are well known 137 
and, in the case of liquid T M G ,  they are manifested as UK 
slight changes in the parameters of the vibration band 
contours. 3z,33,138,139 Therefore, we shall consider in 
greater detail the spectroscopic effects of the intramo- 
lecular interactions in liquid TMG.  In order to study 273 
these interactions, we studied the dynamic characteris- 284 

291 
tics of liquid TMG at various temperatures. 295 

As noted above, the methyl group in TMG 133,140 298 
tends to undergo intramolecular rotation around the 305 
Ga- -C  bond. According to the current views, 8s the 312 
torsion vibrations of the CH3 group (C3v local symme- 319 
try.) are normally exhibited in the IR spectra as a weakly 
pronounced rotational structure of the bands correspond- 
ing to the stretching, deformation, and rocking vibra- 
tions of that group. However, special high-resolution 
(~0.5 cm - t )  measurements t36 of the IR spectrum of 
gaseous TMG did not reveal any rotational structure of 
these bands. 

To gain information on the dynamics of liquid TMG, 
we calculated the vibrational and rotational TCF; the 
contour of the Raman line corresponding to the ','3 (AI 'J 
mode of the GaC3 fragment served as the experimental 
base for these calculations. The vibrational (~v) and 
rotational (tR) relaxation times for this mode at various 
TMG temperatures are presented in Table 8; it can be 
seen that the ~v value virtually does not depend on the 
temperature. Unlike the ~v value, ~R increases almost 
fivefold as the temperature of TMG increases in the 
273--319 K range (see Table 8). The ratio of the ~;, and 
~R values leads to the conclusion that at low TMG 
temperatures, the vibrational and orientational relax- 
ation processes make almost identical contributions to 
the lormation of the contour of the v 3 (A I ") line, whereas 
at higher temperatures, this contour  is formed entirely 
due to the vibrational dephasing process. The calculation 
of the TCF for various rotation mechanisms in TMG in 
the 273--319 K temperature range showed that the time 
when the free rotation mode is replaced by the rotational 
diffusion mode corresponds to that calculated for the 
case of J-diffusion. For the vast majority of liquid me- 
dia, 141 a temperature increase is usually accompanied by 
a decrease in ~R- In our opinion,  the increase in the ~R 
value following an increase in the temperature of TMG 
is related to a structural transformation of the medium in 
the closest environment  Of the molecule, due tO whicla 
the increase in the number of interparticle elastic colli- 
sions does not result in energy redistribution over the 
rotational states. An alternative explanation of the ab- 
normal temperature dependence of'c R is the assumption 
that the tunnel and activation mechanisms of intramo- 
lecular rearrangements coexist in the TMG molecule 
under the conditions of intermolecular interactions. The 
temperature dependence of the rate constants for the 
rearrangements in some temperature ranges does not 
rule out deviations from the Arrhenius law. t4z,~43 The 

Table 8, Parameters of the vibrational (~v) and rotational (ZR) 
relaxation of the TMG molecules at various temperatures 

"~V ~R ~/ps e./deg 
ps J-dif- M-dif- 

fusion fusion 

1.14• 1.23~0 15 0.059 0 . 1 7 7  15.3+0.8 
1.07• 1.76-+0.15 0040 0 . 0 8 1  7.1+0 8 
1.01• 1.98__-0.20 0.034 0 . 0 6 8  6.2+__1.0 
1.10• 2.064-020 0.032 0 . 0 6 5  5.8+1.0 
1.06• 2.194-0.20 0.029 0 . 0 6 1  5.4• 
I 01• 2.75-+0.25 0.026 0 . 0 5 2  4.8_4_-1.2 
1.06• 4.434-0.30 0.020 0.050 3.8• 1.2 
1.07• 5.27• 0.014 0.046 2.6__+1.2 

above explanations of the experinaental dependence of 
~R on the TMG temperature are qualitative, and this 
aspect requires further studies, 

According to the views developed in our previous 
studies,2S,ll3,13~ tact that the "~v and ~R values at T = 
273 K virtually coincide is due to the tact that the 
highest structural nonrigidity of the TMG molecule is 
observed at this temperature. Therefore, as in the case of 
other nonrigid molecules, t2 the zv value can serve as a 
time characteristic of intramolecular rearrangements in 
liquid TMG (I.10+0.20 ps). 

The CII30PX 2 molecules ( X  = F, CI) 

In a previous Section, we discussed the intramolecu- 
lar rearrangements in the coordinat ion compounds of 
the R2NPX 1 type (R = Me, Et; X = F, CI, Br) using the 
procedure of Fourier analysis of the contours of the 
Raman lines corresponding to the fully symmetrical 
stretching vibrations of the P - - N  bond. The structural 
nonrigidity is manifested in these compounds as the 
internal rotations of the methyl and ethyl groups around 
the C--N bonds and rotation of  the PX 2 group around 
the P--N bond. The class of structurally nonrigid mol- 
ecules with two types of LAM includes as well the 
CH3OPX 2 molecules (X = F, CI), in which the methyl 
group can execute internal rotation around the C- -O  
bond and the PX 2 group can rotate around the P--O 
bond (see Fig. 5). 

Using nonempiricat HFR calculations, tz,lt7 station- 
at3" points where OEtot/Oqi = 0 by definition for all the 
independent internal coordinates of the molecule qi were 
found  on the PES of CH3OPX-, (Fig: .10): For both 
molecules, configuration I is the most stable. In this 
configuration, the projections of the bonds of the terminal 
H and X atoms and the lone electron pair of the P atom 
on the line of the C--O and P - - O  bonds, respectively, are 
arranged in staggered order with respect to the two lone 
electron pairs o ( the  O atom. This arrangement of the 
stereochemically active fragments in the CH~OPX2 mol- 
ecules is in agreement with the higher stability of the 
staggered conformations compared with the eclipsed ones, 
typical of ethane-like structures. 9 According to calcula- 
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tions, configurations I I - - I V  with eclipsed functional groups 
are energetically l e ~  stable and correspond either to 
~ d d l e  points on the PES (configurations I!--111), when 
one second derivative is negative, O2Etot/Oqi2 < 0, or to 
maxima (configurat ion IV), when two second derivatives 
of  the total energy are negative. 

The  PES for the i u t ema l  rotations of  the two inter- 
act ing n o n d e f o r m a b l e  tops,  C H  3 and PX2, in the 
C H 3 O P X  2 molecu le ,  accord ing  to the theory o f  internal 
rotat ions in a mo lecu l e ,  9 is described by the fimction 

U(a,cp) = 0.5h3(1 - cos3cz) + 0.5hf(l - coscp) + 

+ 0.5h6(I -- cos6e 0 + 0.5h2(1 -- cos2~p) + 

+ 0.25ht3(1 - coscp)(l - cos3c0, (39) 

where the angles o f  rota t ion c~ and q~ o f the  CH 3 and PX 2 
groups are measured  in relat ion to the positions o f  these 
groups in configt, ra t ion I corresponding to the absolute 
m i n i m u m  (see. Fig. I0). I f  the h 3 parameter  in expres- 
sion (39) de te rmines  the height of  the barrier to the 
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III IV 
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Fig. 10. Alternative eonfigt, rations of the CIt3OPX 2 molecules 
(X = F, CI) at the stationa~, points of their potential energy 
surfaces. 

internal  rotation o f  the methyl  group around the C - - O  
bond, h 6 influences the shape of  this potential  barrier.  
The  same roles in the descr ipt ion of  the internal ro ta-  
t ions of  the PX 2 group around the P - - O  bond are played 
by the h I and h 2 values. Finally, tile hi3 pa ramete r  
reflects the interaction o f  the two tops. 

According to the data o f a b  initio calculations with the 
6-31G* basis set, the parameters of  the potential energy 
fimction (39) for the C H 3 O P F  2 molecule are (kcat tool - I ) :  
h 3 = 0.5, h I = 6.6, and hi3 = -0 .8 .  For reproducing the 
correct  signs of the second derivatives of  the potent ia l  
energy 32U/~ct ~" and a2U/Ocp 2 in the vicinity of  the singular 
points of  the PES corresponding to configurations I - - I V ,  
the two remaining parameters  in function (39) should 
satisfy the inequalities [h6[ < 0.1 kcal mol - l  and [h2] < 1.5 
kcal mol - I .  The PES described by fimction (39) with the 
above values for the parameters h3, hi,  and hi3 and with 
h 6 = 0.06 kcal mol --I and h~ = 1.45 kcal mol - I  is shown 
in Fig. 11. It can be seen that the top of  the potential  
barrier to the internal rotation of  the methyl group around 
the C - - O  bond with the height h 3 = 0.5 kcal mol  - I  
corresponds to configurat ion 11. Configuration IV corre-  
sponds to the absolute max imum on the PES for the 
internal rotation in CH3OPF2,  whereas configuration I l l  
corresponds to the top o f  the min imum-energy  path 
(MEP)  (the bold curve on Fig. 11) for the in t ramolecular  
rotation of  the PF2 group around the P - - O  bond. Thus,  
the min imum height o f  the barrier to the internal rota t ion 
of  the PF 2 group in the molecule  amounts to 6.3 kcal 
tool - I ,  which somewhat differs from the maximum height,  
h I = 6.6 kcal mol - I .  

IV" 

~ l l l  

'I 6 IV" 

5 

4 j 

- 2  - l i f o  
I" 

u/rad I / 
1 r 

11' 0 
Fig. I 1. Two-dimensional potential energy st, rface for internal 
rotations of the CH 3 and PF 2 groups in CH3OPF 2, described 
by" function (39) with energetic parameters of ab initio calcula- 
tions carried out with the 6-31G* basis set. The rotation angles 
r and tO of the CH 3 and PX 2 groups are determined with 
respect to their positions in configuration 1 of the absolute 
minimum (see Fig. 10). 
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One more stationary point,  corresponding to con- 
figuration V (ct = 22 ~ q0 = 154~ whose energy is only 
0.04 kcal mol -I  lower than that of configuration I l l ,  was 
identified on the PES of  CH3OPF 2 by gradient optimi-  
zation of  the geometry with the 6-31G* basis set. Poten- 
tial function (39) constructed in the approximation of 
nondeformable tops for CH 3 and PF 2 does not describe 
the extremum pronounced so weakly on the PES. How- 
ever, even if we assume that configuration V is matched 
by a local minimum on the multidimensional PES of the 
molecule, nevertheless, this configuration cannot mani- 
fest itself against the thermal background of  the real 
experimenL 

The barriers to the rotat ion of the CH 3 and PCI 2 
groups in the CH3OPCI~ molecule, with a correction 
applied for the errors caused by the limitedness of  the set 
of the function system in the 4-31G basis set, are 0.7 and 
6,6 kcal mol - I  (the minimum height along the MEP). A 
similar significant decrease in the barrier to internal 
rotation of  the methyl group compared to that for the 
PX 2 group has been noted in our previous work 13~ 
dealing with the study of  the dynamics of R2NPX 2 type 
molecules based on Raman spectra. Judging by the 
heights o f  the barriers, f luorine-containing CH3OPX 2, 
like fluorine-containing RtNPX 2, are more structurally 
nonrigid than the chlorine-containing compounds.  

Analysis of the optimized geometrical parameters of 
the CH3OPX~ molecule at various ct and g, angles, 
describing the two types o f  internal rotation, demon-  
strated that the bond lengths along the LAM coordi-  
nates, including the C - - O  and P--O bond lengths, 
remain virtually constant. This feature allows consider-  
ing the stretching vibrations of the C- -O  and P--O 
bonds to be characteristic vibrations in a spectroscopic 
study of  the dynamics of the CH3OPX 2 molecule. 

Generally,  the ab initio calculations demonstrated 
the tendency of  the CH3OPX 2 molecules to undergo two 
types of  nonrigid intramolecular  rearrangements. The 
spectroscopic effects of the structural nonrigidity in these 
compounds could be ult imately clarified by experimental 
studies of  the contours of  lines for the fully symmetrical 
stretching vibrations of the C - - O  or P--O bonds in the 
Raman spectra of the CH3OPX 2 molecule using a previ- 
ously reported procedure. 23 

Molecular systems with 
induced structural nonrigidity 

The compound CIOu - 

Chlorine ox~r should have a TBP structure 
(C s symmetry) in which two F atoms are arranged axially, 
while the third F atom, the O atom, and the lone electron 
pair occupy equatorial positions. 144,bs5 However, the sub- 
stantial repulsion between the lone electron pair and the 
O atom forming the double bond with the CI atom causes 
a significant distortion of the perfect C~ configuration. 146 
The structural parameters of  the CIOF 3 molecule ob- 

tained by gas electron diffraction t47 and its dipole mo- 
ment (1.74 D) confirmed the occurrence of the direc- 
tional repulsion in the case of  the double bond with 
different occupancies of the rt-bonding orbitals in the 
equatorial and axial planes of  TBP. 91A48 Due to this fairly 
strained structure, C1OF3, unlike most halogen fluorides 
and oxyfluorides, exhibits amphoter ic  properties. 

The vibrational spectra of  the CIOF2 + cation in 
the solid phase and in solut ions in anhydrous HF 
(CIOF2+HF2 - ,  C1OFz+BF4 - ,  C I O F t + X F 6  - (X = 
Sb. As, P, U)) have been s tudied in a number of  
papersi49--151; however, its structure has not been deter- 
mined. It was suggested tsi that  this  cat ion has a pyrami- 
dal structure with the C s poin t  group of  symmetry, 
although some of  the spectroscopic data 149-t51 point to 
a planar C2,, configuration. It has been noted s1,152-154 
that two configurations, a pyramidal  (C~symmetry) and 
a planar (C2o symmetry) configurat ion,  are equally 
probable for the CIOF2 + cation. In addit ion,  the con- 
figurations are virtually indist inguishable in the vibra- 
tional spectra. All six vibrations for these structures with 
the types of symmetry 

Fvi  b = 4A" (IR, Raman) + 2A" (IR, Raman) (C s) 

Fvib = 3At (IR, Raman) + B1 (IR, Raman) + 
+ 2B 2 (IR, Raman) (Cz~) 

are active both in the Raman and  IR spectra. The only 
difference between these configurat ions  can be found in 
polarization measurements in the  Raman spectra; four 
polarized lines are observed for the  pyramidal structure 
of  C1OF2 + (C s) and three l ines are observed for ~he 
planar structure (Cto). 

The precision polarization measurements  51.ts3't54 in 
the Raman spectra of the CIOF2 + cat ion in solutions in 
anhydrous HF for three different species showed that, in 
the case of  CIOF2+HF2 - and C1OF2+BF4 - ,  the cation 
occurs as the pyramidal s tructure with C s symmetry, 
whereas in CIOFt+AuF6 - ,  it exists in the planar struc- 
ture with C?o symmetry' (Table 9). The dependence of 
the structure of  the CIOF2 + ca t ion  on the nature of the 
anion observed in the Raman spectra  was interpreted 
based on nonempir ica l  q u a n t u m - c h e m i c a l  calcula-  
tions. 12,51 The combinat ion of  the  spectroscopic,  quan- 
tum-chemical, and dynamic data  obtained t2,3g,St,i53-155 
led to the conclusion that complex  formation of  CIOF 3 
with Lewis acids o f  the AFn type (A -- H, B, Au; n = 1, 
3, 5, respectively) can occur  via tWO sites, namely, 
through axial F ligands in the case of  moderate-strength 
Lewis acids H F  and BF3 to give subsequently the pyra- 
midal C s configuration and through the equatorial F 
ligand in the case of the abnormal ly  strong Lewis acid 
AuF 5 (Fig. 12). When the complexa t ion  occurs through 
the second channel ,  the strong field o f  the AuF6-  anion 
together with the field of  the solvent (HF)  induces 
structural nonrigidity of the CIOF2 + cation by trans- 
forming it into a unique planar T - shaped  configuration, 
which had been known before 9t,145 only for CIF 3 and 
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Table 9. Experimental frequencies (cm -t)  in the Raman spectra of the 
CIOF2 ~ cation for the CIOFz+HF2 - ,  CIOF2+BF4-, and CIOF2~-AuF6 - 
systems in HF solutions 

CIOF2+HF2 - CIOF2+BF4 - CIOF2+AuF6 - Vibration Assignment 
types of frequencies 

387 p 386 p 380 dp v 4 CA') ~ (F--CI--O)  
403 dp 404 dp 397 dp % (A") b:,s(F--Ct--O) 
512 p 513 p 502 p v 3 (A') 5s(CI--F) 
705 dp 71l dp 714 dp v 5 (A") vas(CI--F) 
736 p 742 p 748 p v 2 (A') vs(CI--F) 
1321 p 1322 p 1327 p 
1333 p 1334 p 1338 p v I (A') vs(CI--O) 

Notation: v is stretching, ,5 is deformation, s is symmetrical and as is an 
antisymmetrical vibration. 

BrF3. The calcula ted geometr ical  parameters for the 
planar T-shaped  CIOF2 ~ cat ion have been reported pre- 
viously. 5~ 

The compound CIF4+AuF6 - 

The e l e c t r o n - d o n a t i n g  abi l i ty  o f  c h l o r i n e  
pentafluoride is somewhat  lower than that of  chlor ine 
trifluoride and,  unlike CIF 3, CIF  5 exhibits no e lec t ron-  
withdrawing properties.  4~ The transformation of  
CIF  s into CtF4 +, having two two-cen te r  bonds and one 
three-center  four-e lec t ron bond,  is accompanied  by a 
substantial increase of  the force constant  o f  the equa to-  
rial bond (from 2.67 to 4.78 mdyne A -I ,  respectively), 
whereas the change  in the constant  of  the axial bond is 
insignificant ( f rom 3.33 to 3.73 mdyne A - I ,  respec- 
tively). 156 This  indicates that the bonds in the equatorial  

plane may form due to sp 2 hybridization,  whereas the 
axial bonds may involve part icipat ion o f  one  p-e lect ron 
pair o f  the Ct a tom in the formation o f  the semi- ionic  
three-center  four -e lec t ron  ppcr-bond. 

According to published data. 156 the CIF4 + cation 
should have a T B P  structure (a distorted te t rahedron 
with C2u symmetry', R(C1--Feq ) = 1.57 A, R ( C I ~ F a x ) =  
1.66 ,~,, the Feq--CI--Feq,  Feq -CI - -Fax ,  and Fax--e l - -Fax 
angles are 97, 90, and 180 ~ , respectively) with the lone 
electron pair in an equator ia l  position. However ,  when 
analyzing the spec t rum o f  CIF4 + having the ground T B P  
configuration,  one should bear  in mind that in t ramo- 
lecular ligand exchange  can occur  in this structure with- 
out significant energy expendi ture  39 (see Fig. 1). The 
mechanisms of  the in t ramolecu la r  rear rangements  in 
CIF4 + can be appreciably  different;  therefore,  we shall 
consider  them in greater  detail .  The simplest  mechan i sm 
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CIOF2+(C2~,) + F- + A F .  

CIOF2"(C0 + F- + AF,~ 

200 
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42 
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Fig. 12. Energy diagram for the complexation processes described by the reaction CIOF 3 + AF n ~ [CIOF2]+IAF,,+II - ,  where 
AF, = HF (r BF 3 (b). AuF 5 (c). calculated ab inttio with the 6-31+G* basis set. 
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is inversion via a square p lanar  D4h conf igura t ion .  Since 
only one M EP leads from each  bisphenoid conf igura t ion  
to the planar one,  whilst four  MEPs  lead f rom the planar 
configuration to the b isphenoid  one,  the PES for the 
inversion are divided into groups o f  four  bisphenoid 
configurations, which pass into one ano the r  via a c o m -  
mon D4h configurat ion.  Besides the invers ion mecha-  
nism, the in t ramolecular  l igand exchange  in CIF4 + can 
occur  by two schemes similar  to the Berry pseudorotat ion 
mechanism.  25 In one scheme ,  the top o f  the barrier on 
the PES corresponds to an SP conf igura t ion  with C4v 
symmetry,  and in the o the r  mechan i sm,  the top is 
matched by a TBP conf igura t ion  with C3o symmetry' .  In 
this case, eight independen t  TBP(C3o)  conf igura t ions  
exist and two M E P s  leading to a T B P  conf igura t ion  
originate from each C_~o conf igura t ion.  

Our estimates, invoking some published data, 39 showed 
that the lowest act ivation energy of  pseudorota t ion is 

charac te r i s t i c  o f  the  C2v ~ C4v r e a r r a n g e m e n t  
(HpR = 2.0 kcal too l - I ) ,  whereas for the C2v ~ -  C3,, 
rearrangement, this value is an order o f  magni tude  greater 
(HeR = 22.5 kcal mo l - r ) .  The  height o f  the barrier  to the 
C2v ~ Dab inversion via a planar SP configurat ion 
(/-/in v = 178 kcal too l - I )  39 for an isolated CIF4 + cation is 
comparable in order of  magni tude  with this barrier  to the 
isoelectronic analog SF4 (Hinv = 118 kcal too l - l ) .  39 It 
can be expected that the height of  the barrier to the 
Cev ~ C3~, rearrangement  would decrease if  fuller basis 
sets were used and the corre la t ion enemy were taken into 
account,  t55 However ,  our  analysis 4~ of  the role o f  polar- 
ization d functions of  the central a tom and electron 
correlation effects indicates that the results obta ined need 
to be considered in terms o f  the small pseudorotat ion 
mechanism (see Fig. I). 

The values for the max ima  of  the v ibra t ion  bands in 
the spectra of  CIFa+AuF6 - recorded in the solid phasc 

and solutions in H F  are listed in Table 10. The data  j56 
on the vibrational spectra o f  CIF4+SbF6 - are also given 
in this Table for compar ison.  The  observed f requenc ies  
were assigned, by analogy 156 with those of  the complexes  
of  CIF 5 with acids YF 5 (Y = As, Sb), assuming that 
CIF4 + occurs  in a TBP configurat ion.  Analysis o f  the 
data given in Table 10 points to abnormal  features in the 
vibration spectrum of  C1F4+AuF6 - .  The IR and R a m a n  
spectra of  the CIF4 + cat ion in the solid phase and  in 
solution in H F  exhibit seven lines instead o f  nine l ines,  
typical o f  both T B P  and a square pyramid with  C2o 
symmetry.  34 The assignment  o f  the intense line with 
frequencies of  ~580 cm - I  (Raman)  and 571 cm - j  ( IR)  
to the v 2 (A 0 mode seems doubtful  because the in tensi ty  
of  the v 2 band in the IR spec t rum o f  CIF4+YF6 - (Y = 
As, Sb) 156 tends to zero. However ,  the intensity o f  this 
line in the Raman spec t rum is more  than 4 t imes grea te r  
than that of  the line at -800 cm - I ,  which was as- 
signed 156 to the fully symmetr ica l  v~ (At) mode  o f  the 
CIF4 + cation and has the m a x i m u m  intensity in the 
Raman spectra of  CIF4+YF6 - (Y = As, Sb). The  assign- 
ment of  the line at ~580 cm - t  (Raman)  to the fully 
symmetrical  v I (At) vibration o f  the A u F  6- anion is not  
quite correct ,  because the dis tor t ion o f  the oc taherdra l  
structures o f  hexafluoro anions  is normally a c c o m p a n i e d  
by the appearance o f  the v 3 line, forbidden in the 
Raman spectrum. 34,89 Even if we suggest that distort ion of  
the AuF 6- structure gives rise to the v~ line in the IR 
spectrum, its intensity, comparable  with that of  the band 
for the antisymmetrical stretching vibration of  AuF6- ,  is 
still abnormally high. Thus, the abnormal features noted in 
the vibrational spectrum of  the CIF4 + cation, occurr ing in 
the strong field of  AuF6-,  which, like C1OF2 +, can induce 

the energetically less favorable C2o ~ C3o rearrangement,  

do not answer the question of  what is the structure o f  the 
CIF4 + cation within the c o m p o u n d  considered.  

Table 10. Experimental frequencies (cm -I) of the CIF4 + cation in the vibrational spectra of CIFa+AuF6 - and CIF4+SbF6 - and their 
assignment 

CI F 4 +Au F 6 - CI F4 ~" Sb F 6- Vibrat ion Assign ment 

Raman I R, Raman I R, types of frequencies 

solid solution solid solid solution solid 
phase in H F phase phase in HF phase 

-- -- - -  235 (5) 245 sh -- v 4 (A t) ,Sas(Feq--CI--FaQ 
279 (14) 271 (10) 

376 (4) -- 381 m -- -- 386 m v 9 (B~) ~o.(Fax--CI--F,~x) 
-- -- --  475 (4) 475 (4) -- v 5 (A2) Z(~SIF2) ' 
512 (I) 515 (<_1) 510 w 515 (2) 515 (_<l) 510 sh v 3 (A I) ;5s(Fe,--CI--Fax) 
546 sh 551 (-<1) 542 w 534 (5) 537 (I) 535 m v 7 (B E) r(Fe.~CI--Feq'j 
581 (93) 577 (80) 571 s 568 (55) 574 (557 -- v 2 (A I) vs(C'l--Fax) 
786 sh 779 sh 776 sh 795 sh -- -- '% (B I) Vas(CI--Fax) 
796 (21) 788 (19) 795 S 802 (100) 802 (100) 803 v.s v I (A|) vs(CI--Feq) 
812 sh 806 sh 816 sh 822 (25) 825 sh 825 S. sh v s (B 2) Vas(CI--Feq) 

Note. The following designations are used (see also the notation LO Tables 3 and 9): r are rocking, 8op are out-of-plane deformation, 
and 7. are twisting vibrations; v.s is a very strong band, m is a medium-intensity band. The frequencies in the Raman spectra are 
characterized by the intensities of  the corresponding lines in relative units. 
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Comprehensive experimental and theoretical study of 
the spectroscopic manifestations of the effects of struc- 
tural nonrigidity in molecular systems provides informa- 
tion on their structural features and on the character of 
intra- and intermolecular dynamics. 

The data presented in this review demonstrate that 
the fact of structural nonrigidity has been proved fairly 
convincingly by the results of studies of the abnormal 
features observed in the vibrational spectra of both rela- 
tively simple (Ar--I-t+--Ar, AI-t 3, XF s, etc.) and fairly 
complex (NH3.._NH, R2NPX 2 (R = Me, El; X = F. C1, 
Br), etc.) molecular systems with one or several types of 
LAM in various aggregative states. These results also 
include the abnormal features observed in the vibrational 
spectra of complexes formed by gold pentafluoride in an 
HF solution, which are associated with a phenomenon 
rather seldom encountered in coordination chemistry, 
namely, induced nonrigidity of the cation in the strong 
field of the anion and the solvent. 

The advantages of the FEM in the description of 
I.AM of various forms based on the results of numerical 
solution of the Schr6dinger equation are demonstrated. 
The method that we proposed for measuring the charac- 
teristic time of the LAM in terms of the TCF apparatus 
is applicable not only to simple 25,157 and coordination 
compounds 117,13~ but also to weakly bonded molecular 
complexes including those containing hydrogen halide 
compounds and belonging to the category, of the most 
toxic and chemically reactive molecular components in 
the exhausts of some environmentally hazardous indus- 
trial processes. The evolution of these compounds is 
largely determined by their interactions with atmospheric 
aerosols and water vapor, 158 giving rise to new long-lived 
structurally nonrigid contaminat ing fractions (complexes 
(HHal)x...(H20)y (Hal = F, CI, I; x + y > 2), acid- 
containing aerosols with enhanced penetrating capacity, 
farge clusters, etc.). The solution of the arising complex 
problem, which includes studies of the characteristic 
features of the structural transformation of HHal in gas 
aerosol tails under  various meteorological conditions, 
determination of the optical characteristics of stable 
compounds (secondary products), development of a pro- 
cedure for determining the concentrations of the primary 
and secondary, compounds,  and prediction of spreading 
of these compounds in the atmosphere, largely depends 
0n the results of  studies of spectroscopic and electrooptical 
manifestations of the structural nonrigidity effects in 
these compounds .  However, systematic theoretical 
(mainly quantum-chemical) investigation of these structur- 
ally nonrigid objects started onb '  in recent years. 3,t58-t6t 
and experimental studies are only at their beginning. 

Electrooptical effects of LAM can be used within the 
new method for the selection of molecules, which we 
proposed previously162; this method allows isolation of 
isotopes of almost any element  in the periodic table 
(including the isotopes of the so-called "dead area" 
elements 7) by selection of nonrigid molecules in IR-laser 

and nonuniform electric fields. This eliminates the re- 
striction to the molecular methods for isotope separation 
caused by the fact that the volatility of the separation 
objects is incompatible with the productivity of these 
methods and enrichment degree. This method is based 
on the abnormal behavior of the dipole moments (~) of 
a whole class of nonrigid molecules, displayed as a sharp 
dependence of ta on the vibration quantum number (n) 
of the LAM. Consequently, the difference between the 
dipole moments in the ground rt(n = 0) and excited 
r ~ 0) vibrational states can be as great as -10 D. The 
main requirements for compounds  suitable for the 
electrooptical selection of structurally nonrigid molecules 
were formulated. 163 

Thus, study of spectroscopic and electrooptical mani- 
festations of LAM in molecular systems is a promising 
and vigorously developing line in the molecular spec- 
troscopy of gases and condensed media. The results 
presented here point to the diversity of structural nonri- 
gidity effects in simple and complex compounds, which 
can be used in various fields of science and engineering. 

This work was financially supported by the Russian 
Foundation for Basic Research (Project No. 96-03- 
34250). 
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