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The effects of structural nonrigidity in molecular systems
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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, ¢lectrooptical parameters, and structural
features of molecular systems in various states of aggregation 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-
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Individual atoms or fragments in structurally non-
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, NMR.and ESR spectra and
dipole moments, and in unusual reactivity of such moi-
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,! while small displacements of nuclei in
any direction are described by the harmonic oscillator
potential function.? 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-lving 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 epitaxial structures of the
AMBY type (CVD method)? and simple and especially
coordination halogen-containing power-consuming com-
poundsS and also as active media in molecular and
chemical lasers.® 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.” 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=!! Of the latter, vibra-
tional spectroscopy is the most convenient and informa-
tive method, because the characteristic times of LAM 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!? (Table 1).

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, 1416 |R
spectroscopy of solutions in liquefied gases,17—%® and
Raman spectroscopy of nonaqueous solutions?1—24 are
generalized. The combination of these mecthods 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

Approximate

Investigation method
time scale!3 of the

method/s
Electron diffraction 10—
X-ray and neutron diffraction 10718
Raman and IR spectroscopy 107831012
UV/VIS spectroscopy 107151014
Electron spin resonance 107¥—107*
Mdéssbauer spectroscopy 107
Nuclear magnetic resonance 1076—107?
Studies in molecular beams 10-¢

influence of the environment. It is also possible 1o 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.25

Theoretical studies of the structural nonngidity ef-
fects are based on the analysis of the potential energy
surfaces (PES) of molecular systems calculated by ab
initio quantum-chemistry methods. The spectra and wave
functions of LAM were found by numerical solution of
the Schrédinger equation using an original program based
on the finite element method (FEM),26 which enables
the description of intramolecular 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-
fecular systems that we studied.

Analysis of the expression for the amplitude of the
zero-point vibrations!+2

ay = [n/(ku)!/2)V/2 8]

(k is the harmonic force constant, yu 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 low
force constants. In the former case, even for the stretch-
ing vibrations in triatomic AX, molecules, LAM can be
expected to occur for the nucleus of the light central
atom A (e.g.,27—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...NH3,3!
(CH3);Ga...AsH3,32:33 and other complexes) and of de-
formation vibrations (for instance, the v4 (E) mode in
the ammonia molecule3!). In addition, the inversion
tvpe of nonrigidity has jong been known!!34 for pyrami-
dal molecules AX5 and their various substituted deriva-
tives AX;X". 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 A;,, and on the effective
weight p of the particle tunneling through this barrier.
The inversion in pyramidal molecules of the AXj3 type is
the subject of an ample bibliography (see Refs. 11, 35,
and 36 and references therein); therefore, here we do not
dwell on the formal aspects of this probiem.
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In the compounds EAX, with large coordination
numbers (k = 4, 5, and 6), nonrigid intramolecular
rearrangements mainly follow mechanisms similar to
Berry pseudorozation, 18:35.37 which involves a lone elec-
tron pair E together with ligands X (Figs. 1—-3). In
electron-excessive compounds EAX, such as the CIF*
cation, the intramolecular ligand exchange follows cither
"small” (see Fig. 1. a) or "large” (see Fig. I, b)
pseudorotation mechanisms.3 In the former case, the
trigonal bipyramid (TBP) with C,, symmetry, in which
the lone electron pair occupies an equatorial position,
passes into an equivalent TBP configuration with (5,
svmmetry vig a square-pyramidal (SP) configuration with
C;, symmetry. 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 ((5,) —
SP(C) - TBP(Cy,) - SP(C') - TBP(C'y,)), the
top of the barrier on the PES is matched by a TBP ((j5,)
configuration with the lone electron pair in the axial
position. For compounds with pentacoordinated atoms
(e.g., CIFsand [XeFs]*). the most probable mechanisms
of nonrigid intramolecular rearrangements include
pseudorotation viz a TBP (Dy;) configuration?? (see Fig.
2, a) and the turnstile mechanism of exchange of the F
atoms through the rotation of two triangular pyra-
mids, 1240 one of which has the lone electron pair as the
sixth ligand (see Fig. 2, b6). The nonrigidity of six-
coordinate compounds, for example, xenon hexafluo-
ride,?5 is due to the C3, — C, - C’3, structural

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

A different form of LAM distinguishes L{MX; 4}
complexes (k is the formal valence of the M atom, equal
to two or three), 3 consisting of the [MXy+,]~ anion and
the L* cation. This tvpe includes molecules of the
L{MX;] type (L is an alkali metal; M is Group 1IA 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
{MX;}™ anton, resulting in change of the bidentate (b)
coordination of the cation by the bridging atoms of the
anion, occurring via a monodentate (m) coordination
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 coordination compounds
(CHj3);Ga and CH;OPX; (X = F, CI) looks very much
like that of the migration LAM in L*[MX;]™ (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

TBP (3), ),

TBP (2), €, 2

TBP (1), C,,

Fig. 1. Scheme for the axial—equatorial ligand exchange in EAX, molecules by the "small” {a) and "large” (b pseudorotation
mechanisms.
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SP (1), Cy, C SP(2), C'y,

Fig. 2. Scheme for the model mechanisms for rearrangements in EAX, type molecules: (a) Berry pseudorotation, (&) turnstile
rotation.

Fig. 3. Scheme for Berry pseudorotation in EAX type molecules.
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Fig. 4. (a) Internal rotation of the L* cation with respect to the
{MX,]™ anion in the plane of the LIMX,] complex molecule
and the corresponding potential energy curve () (b) variation
of the dipole moment {uy, of the L[MX,] 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-

~nE
N n'A
- OF
N 0A

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; and L[MX3] type molecules. In the
case of the five-coordinate EAXs 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.!® In addition,
for some representatives of five-coordinate compounds
such as CIFs and [XeFs]™, the structural nonrigidity of
the molecules results in anomalous intensity ratios of the
stretching vibration bands. The deviation of the configu-
ration of the XeFg¢ molecule from an octahedron is a
direct consequence of its structural nonrigidity. In the
N—H...NH; and CIF,;*AuFs~ 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 nonagueous 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.2S The method
in which a molecule is isolated in low-temperature inert
gas matrices has much in common with spectroscopy of
cryogenic solutions and, as noted in the previous study 25
has several disadvantages associated with the splitting of
vibration bands induced by the matrix and with the fact
that this method does not enable the study of compound
bands and overtones or thermodynamic regularities of
physicochemical processes or quantitative analysis. How-

Fig. 5. internal rotations of the CH; and PX2 groups in (CH,),Ga and CH}OPXz (X = F, ChH.
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ever, some other features of the matrix isolation method,
such as the possibility of stabilizing reactive and unstable
species!3: 16 and synthesis of new compounds*#2 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, eic.

Construction of PES

Potential energy surfaces and dipole moment func-
tions for structurally nonrigid molecular systems were
calculated by the Hartree—Fock—Roothaan (HFR)
nonempirical method$3 using MOLECULE# and
HONDO-5%5 programs and the MICROMOL program,%¢
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 typed3 ranging from the 4-31G extended
valence two-exponential Pople basis set (see, e.g.. Ref.
47) to the fullest and the most flexible two-exponential
Huzinaga—Dunning8-49 basis set (DZHD) for Period
1~ atoms and the two-exponential McLean—Chan-
dler3® (DZMC) basis set for Period 111 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 Il atoms were grouped
into 2s [3,1] and 4s2p [6,1.1,1/4,1], respectively. For
the DZMC basis set, the (12s9p/6sdp) [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 condition of the minimum total energy of
the simple molecules contained in the complexes studied
at their equilibrium geometry, known from experiments
(for details, see Ref. 51). (Below the DZHD and DZMC
basis sets extended by polarization functions are denoted
by DZ+P.) Complex molecular systems contaiming 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.?? In cailculations 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 DZ+P+DF basis sets).5! The exponents of the
diffuse functions were found3'=33 from the minimum
total energies of the H™ and F~ ions.

In the calculations for the N—H...NH; complexes
with a linear hydrogen bond, which model. according to
the experimental data,!316 stabilization of the "NH
radicals (X3Z7) 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 prcviously,z‘l the electron wave function is the
eigenfunction of the operator of the full electron spin
squared $? and its projection S':\ whereas in the case of
the lower triplet state for the N—H...NH; complex (Cy,

symmetry). the calculation of the eigenvalue of the 52
operator with the wave function?334 found by UHF
approximation gives 2.014, instcad of the 2.000 obtained
in the RHF approximation. Nevertheless, it follows from
the calculated datat3:31 that energyv, geometric, and spec-
troscopic characteristics of the N—H...NH; linear com-
plex and the monomers NH and NH; 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 of alternative nuclear
configurations of the molecular systems studied was
carried out with a convergence threshold over the energy
gradient of 1073—10% au. A convergence threshold
equal to 107% au ensures an accuracy in determining
equilibrium internuclear distances of 0.001 A, bond
angles of 0.1°, and relative energies of 0.001 kcal mol ™%
If we take into account the fact that restriction of the set
of basis functions and negiect of the clectron correlation
effects result in greater crrors 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 experiences3 of such calculations allow
the accuracy of the Hartrec—Fock calculations with
6-31G* or DZ+P basis sets to be estimated as follows:
0.01—0.05 A for equilibrium interatomic distances,
1—3° for bond angles, 0.2—0.5 D for dipole moments,
5—10% for frequencies of normal modes, 2—5 kcal mol™!
for the relative encrgies of alternative configurations
including the barriers to intramolecular rearrangements,
and 5—10 kcal mol™! 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
polvatomic molecule. Study of the structural nonrigidity
phenomenon requires nontraditional experimental and
theoretical approaches. Therefore, gaining of new funda-
mental knowledge on the effects of structural nonrigidity
is accompanied by the development of special methods
for the solution of the Schrodinger equation for the
movement of nuclei in a molecule, for example, repre-
sentations of discrete variable,55 weak mode.3% coupled
channels 57 erc.
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The finite element method (FEM) was first used in
our works28:58—62 ¢ study structural nonrigidity effects.
Let us consider the basic aspects of this method (for
details, see, for example, Ref. 63) as applied to the
problems of quantum mechanics of molecules.

The method of finite elements assumes the numerical
solution of the stationary Schrédinger equation

Hx)¥(x) = E¥(x) )

in the space of one, two, or three variables of vector x in
the range of its definition Q (x € Q; x = {x, y, 7}) with
the Dirichlet boundary conditions (V|- = 0, T is the
boundary of region Q). The search for the eigenvalues
and eigenfunctions of the Schrodinger equation is equiva-
lent to the fulfillment of the variation principle

§L = fdQéW(x)[—%Vz + V(x) - EJ":‘(x) =0, (3)
1 -

which, with allowance for the Ostrogradsky—Gauss theo-
rem and the Dinichlet boundary conditions, for the
variation of the required wave function (3¥)r = 0). can
be written as follows:
2 ]
8L = IdQ][—;L VY-V + SV (x) - ET*‘} = 0. 4)
2

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

(1). Discretization of the solution region of the prob-
lem into finite elements Q,

L

M
Q= %QI‘ (5)

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

(2). Approximation of the wave function sought in
each element Q, by a local function PV(x)

N pely
Yix e Q)= ¥ = L FO0, (6)

)=l
where the ¢ coefficients are to be determined. Form-
functions F!2(x) (or basis functions) are normally cho-
sen as power m polynomials of the vector components
x = {x, y, z} or as Lagrangian interpolation polynomials
F™x) = 8; (5 is the Kronecker symbol). In the latter
case, the c,ﬁ coefficients are equal to the vajue of the
function itself in an i-th node at boundary I'; of element
Q. ie., =¥ (x) =¥ The local function ¥, like

the global function ¥, remains continuously differen-

tiable.

(3). Replacement of the integral over region Q in
retations (3) and (4) by the sum of the corresponding
integrals over all the finite elements

M
L= /Z'bl-, =0 (7)

(4). Now problem (2) can be formulated as a general-
ized algebraic problem of finding n lowest eigen pairs
{Ek, \'Pk} (/( = 0, vay n*l):

N
Y(H, - ES) =0, (8)

i=)
where N is the total number of nodes in the network in
region Q, and

H}f) = IF,U)(X)V(X)EM(X)dQ +
2y

Lo [[vF v ojaa =
2u o ! !

2
= (Fwir)" + %(vrjwﬁ)‘”, 9

() = N ! —/F t
S = [FPoF xda =(FIE)T

o,

(10)

All the matrix elements in algebraic problem (8), except
for the PES matrix elements V{(x), can be calculated
analytically. Therefore, unlike nonempirical calculations
of the electronic structure of a molecule, involved. for
example, in the construction of PES M(x) (see the previ-
ous section), in the numerical solution of the Schrodinger
equation (2) for the motion of nuclei in a molecule
within the FEM procedure, the major computer time is
needed for finding the n lowest proper values for the
sparse {due to the local character of form-functions
FD(x)) matrix with large dimensions Nx ¥, where nor-
mally N = 103 to 103, rather than for the calculation of
matrix elements.

Like any numerical method, the FEM is not free from
inherent errors, originating from its main approximations:
discretization (3), numencal integration in the calculation
of (FJViFy. and interpolation of form-functions F{(x).
For example, in the case of the interpolation polynomial
of power m, the error in the calculation of a k-th energy
level |E, — Efl ~ o(h¥™)83 (h is the maximum size among
the Q; elements, | < /< M). However, as we have shown
previously,?6:38 it is not internal but external errors (those
introduced by PES W(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 vibrational-inversion spec-
trum of an ammonia molecule calculated by various
methods with the same potential energy function®3.66

Wixy = 0.5(1;2 + u[ex‘p(—‘(xz) =1 . ) (1

(x is the LAM coordinate) and found experimentally are
presented in Table 2. It can be scen that the internal
errors of the FEM can be virtually eliminated by choos-
ing the optimum size of the network and the interpola-
tion polynomial. 1n our calculations,?6:58 we used square
finite elements (two nodes per element) and Lagrangian
interpolation polynomials as £;. To determine the abso-
lute positions of the energy levels with an accuracy of
0.01 cm™!, it was sufficient to use N = 0% on a uniform
network. Other details of the calculation procedure for
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the numerical solution of Eg. (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 NHj can be described with nearly the same
accuracy as provided by experimental results. However,
such a happy choice of F(x) is by no mecans always
possible. Therefore, the question arises concerning the
accuracy of the construction of potential function ¥(x)
for a controllable accuracy of calculation of the tunnel-
ing splitting A of energy levels. We have found?6 an
answer to this question by investigating using the FEM
on the influence of the degree of relative perturbation of
the potential function &€ = [V (x) — V(x)])/V(x) (V' (x)
and M(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 A
vafues can be determined with a relative error within
several g, and this value decreases as the number of the
level & increases. Thus, for ¢ < 10%, the tunneling
splittings can be calculated at least to within the A value
itself. Otherwise, the accuracy of calculation of the
tunneling splitting is no longer a controllabie value. The
above-tisted circumstances account for the strict re-
guirements on the accuracy of construction of the po-
tential energy function ¥{(x) in describing LAM based on
the results of the numerical solution of Schrodinger
equation (2) using FEM.

Molecules with one type of large-amplitude
motion of the nuelet

Rg—H*"—Rg Molecular ions
(Rg are noble gas atoms)

The absorption band at 305 cm™! was first®? observed
in the IR spectrum of Ar/H; matrix samples prepared by
co-condensation of an Ar—H, (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
octahedral positions in the argon crystal lattice. How-
ever, according to the results of more recent experi-
ments, 8870 the band at 905 cm™' was assigned to
Ar,H* charged complexes. None of the vibrational spec-
tra of the centrosymmetrical Ar—H*—Ar molecular ion
(D.., symmetry) constructed by ab initio calcula-
tions27-28.71.72 in an harmonic approximation could be
brought into correlation with this absorption band.

To explain the origin of the absorption band at
905 cm™!, we performed nonempirical calculations?9-30
of a two-dimensional PES for linear vibrations of the
Ar—H™*—Ar molecular ion. The two-exponential DZ+P
basis set extended by polarization functions was
used. The fully symmetrical vibrations of the linear

Table 2. Calculated (variants 1—1l) and experimentally mea-
sured encrgy levels (cm™!) for inversion vibrations of the NH;
motecule

Energy Calculation Experiment$5-66
levels 12 I e

o+ 0 0 0 0
0- 0.84 0.83 0.78 0.79
[ 9326 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
3t 2386.7 2386.8 2387 23835
3 2894.4 2894.6 2895 28953
4* 3456.7 3456.6 3457 3442
4- 4051.7 4051.8 4052 —

¢ The calculation?6.38 was carried out using the FEM.

®The calculation® was carried out using the generalized
Venttsel"—Cramer— Brillouin method,

“The variational calculation® with the basis set of harmonic
oscillator functions was carried out.

Ar—H*—Ar molecular ion were matched by the coordi-
nate $;(£,7) = (1/¥2)(ry + ry), while asymmetrical vi-
brations corresponded to the coordinate S(E,") =
(1/V2)ry = ), where ry = Ry = R and ry = Ry — R, are
deviations from the equilibrium state R, = 2.86 au
between the proton and the first or the second Ar atom,
respectively. The PES calculated at 49 points with
—0.15au< Sy <0.15auand 0 au < §; £ 0.5 au (Fig. 6)
was approximated by the least-squares method to a two-
dimensional polynomial function

U(5,,83) = 0.5F505,2 + 0.5F 82 + FS83 +
+ FiaS152 + FuSit + Fast + Fp§252 (1)

with the root-mean-square deviation o = 6 cm™! and a
maximum deviation of 16 cm™!. In the least-squares
procedure, the force field coefficients of function (12)
were the following™ (in au): Fyy = 0.163654, F5p =
3.95885-1073, Fyy = —=5.16200-1072, F; =
~8.46673 - 1072, Fyy = 2.03920 - 1072, Fyy = 2.20336- 1072,
and Fa, = 8.94382- 1072 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 Fyp» for asymmetrical stretching vibrations was
obtained, which corresponds to a gently sloping PES
extended along the S, coordinate (see Fig. 6, 8). In
addition, the quartic force constant Fyy, corresponding
to the LAM along the 5, coordinate, appears unusually
large in relation to Fpy).

The two-dimensional model equation describing the
linear vibrations in the Ar—H *—Ar ion-molecular com-
plex has the form (£ = 1)

g 1.9 ‘
39 an 3 33_52; + S, 50 = E(v,,o)¥. (13
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Fig. 6. The ab inirio calculated two-dimensional potential energy surface for linear vibrations in the Ar—H*—Ar molecular ion (a)
and its topological map (b). Isoenergy lines are drawn at 0.0004 auv intervals.

Here G, = ma,~!' = 1.37145-1075 au, and G, = . ) ) y
5 -1 - = ~3 ; LN APy 3w - 8w} 1 <
2mys "t ma T = 111087 - 1077 au. According to the g = 3138~ T = s
perturbation theory, up to the second order of magnitude 2\ 207 o - 403 /o)
inclusively, the vibrational spectrum of problem (13} is
defined as )
) ) i 741 3f oAb Vi
£y = ooy + 0.3) + wxloy + 0.3) + ¢= -8;\385 2 i }(13)2 " _8‘{.82 B 3(1)5 40l ) 0}

+ xp{vy + 0.5Kuy + 0.3 + xp (v + 0.5)2 + ) )
: where Ay = (Fyo/ Fag¥ Do = —2.62173 - 1079,

+ xplvy + 0.5)2 + C (14 - s
Az = [FA o/ Fa' 2 Fy) woyan? = —3.48312- 1077,

Determination of the spectroscopic constants in expres-

. O ) ; = a1 d = 333548 - 1642
sion (14) for the vibrationat terms via the F; coefficients 81 = (Fa/ 7)o, 3.83543 - 107,

(.12) of the polynf)miﬂl representation of twojdimcn— B, = (Fou/ FyrDeos* = 271902+ 1073,
sional PES is a fairly compiex procedure. Since no
appropriate relationships can be found in the literature, By = [P/t FagFyn)lenZen? = 1.36259 1079, -

below we present expressions for calculation of the

spectroscopic constants (14) (in au): Taking these coefficients into account, we found

from formulas (15) the following values for the constants
afZM) = (FG'2, @p S, = (Fa G/ (cm™!) appearing in expression (14) for the vibrational
energy levels: o(5,7) = 3288, wy(E,%) = 460.2, x;; =

{ 13, AApn Y =0.6. X3 = 783.2. x;3 = —1094.6, and C = 582.8. The

X3 =BTl s - 35— resulting values of the vibration constants x;» and xin
\ [y ~ dws [DIAY ) . . . . . .- o

; indicate that the asymmetric linear vibrations of the

Ar—H*—Ar ion are completely apharmonic and cannot

3f 8 5 A} RN be described using the perturbation theory. In fact, on
M= T e passing to normal coordinates ¢; = GV2S; (i =1, 2)
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and taking the anharmonic terms in the polynomial
function U(S). $y) to be perturbation F. instead of the
expected inequality

10, 21¥10.0) << |E9(0,2) — EO0.0) = 2w, = 920 cm ™t

y <

we have

B, .
0. 2171003 = B 20q2 0y + ;:J—“Ql‘h‘loi" =
~0
=29t2em™l > 20y = 920 com L

Thus, the Ar—H*—Ar molecular ion 1s an example
of structurally nonrigid molecular systems, for which the
harmonic oscillator approximation, traditional in mo-
lecular vibrational spectroscopy, is not vahd even for the
ground vibrational state. Thus, we have explained why
the earlier ab initio calculations??.28:7L.72 did not allow
identification of the vibration band at 905 cm™!, ob-
served experimentally.67—70

The resuits of studies™ of the Ar—H™*—Ar ion based
on two-dimensional dynamic ab initio calculations were
very close to our results obtained independently. Previ-
ously.?S a similar anharmonic vibration system was re-
ported for the Xe—H¥—Xe molecular ion { D, , svymme-
try) isolated in an Xe matrix. Vibration analysis’® showed
a pronounced mixing of the vibration states of a har-
monic oscillator and a substantial violation of the normal
mode pattern even near the bottom of the potential well.

Hydrides AH;

Among pyramidal molecules of the AX;3 type. the
inversion LAM are manifested most clearly in the vibra-
tional-inversion-rotational spectra of AH; hydrides. This
is due to the participation of the light hydrogen atoms in
the inversion rearrangements and to the low inversion
barrierst13536 in CH;™, NHj, OHs*. and GeH;. These
features of hydrides result in substantial tunneling
splittings (~1 em”~! and larger) of the vibrationally rota-
tional energy levels, which can be recorded in the micro-
wave region and the adjacent far-IR region.

An inversion spectrum in the microwave region was
first observed for an ammonia molecule.? Although this
molecule has been studied fairly comprehensively?:11.35.36
both experimentally and theoretically, the unusual be-
havior of its dipole moment caused by the inversion
LAM (see, for example, Ref. 76) still arouses interest in
this unique quantum object.

Based on quantum-mechanical analysis of the inver-
sion movements in a one-dimensional two-well poten-
tial, we obtained®2-77 a time-oscillating dependence of
the dipole moment for NH; type molecules

(ulD), = p,cos{o,r). (16)

Here, the oscillation frequency o, corresponds to the
tunneling splitting of the inversion doublet of levels with
number 2, and u, = (T lu(x)p™) is the amplitude of the
dipole moment oscillations along the coordinate x of the
inversion motions.

For the NH; molecule at wg = 0.8 cm™! and o =
35.8 cm™! (see Table 2), the tunneling times or lifetimes
i, = 7/w, of a localized state in a minimum are equal to
= 131009 s and ¢, = 2.9-107'12 s, respectively.
Taking into account the oscillations of the dipole mo-
ment with time (16), we arrive at the conclusion that
when the observation times #; << 1 << f3, the NH;j
molecule in the ground vibrational state has the dipole
moment (u(r)j, = o = 1.5 D.7® whereas in the first
inversion-vibrauonally excited state, 1t efficiently be-
haves as a nonpolar molecule with ((r)), =~ 0 D. Here.

. | )
(uin)y, = 7(])(p(.'>>,,d!. and the dipole moment ampli-

tude pg is equal to the value for the matrix element
(0*u(x)I0™) found experimentally’® for the '4NH; mol-
ecule.

In order to observe the above-noted sharp depen-
dence of the dipole moment of the ammonia molecule
on the vibrational quantum number n of the wnversion
LAM, it is necessary that the radiation lifetimes t,,+ and
1, Of the inversion doublet of the levels with number n
be long relative to the tunneling time 7, We estimated
the radiation lifetimes ty+_g~ and t,—_,o+ of the first
excited doublet of levels in the NH3 molecule using the
known dipole approximation formula for the probability
of El-radiation per unit time

1

49
Wivso- = 3 '“3” [ARATTEN
2 e

o

3

Wis e = S L2001 7]0 "2, a7
3 he
where W o~ = ty+ 91 Wh—Lo+ = 1y-_9+ and,
according to the published data 86678 o,. . =
932 em™', JO*u07H = 0.25 D; Qo+ = 968 cm™!,

K170 "y = 0.24 D. As shown by numerical estimates, 8377
i

the first excited inversion level doublet in an ammonia
molecule possesses among the tongest radiation tifetimes
for the above-noted anomaly in the behavior of the
dipole moment of this molecule to be observed:
T+_ 0~ = 6 . ‘Ovrz S, -0+ = 7- l0_2 s >> f| 4 3 M 10—12 S.
Such sharp dependences of the dipole moment on the
vibrational quantum number n of the inversion motions
could also be expected for other hydrides AH;.

Five-coordinate compounds CIFs and {XeFs]*

Chlorine pentafluoride and the {XeFs}* cation should
have the configuration of a perfect tetragonal pyvramid
{Cy, symmetry) 347 However, the lone electron pair,
located on a fourfold axis, interacts differently with the
bonding electron pairs, resulting in slightly changed
angles between the bonding pairs and in increased lengths
of the neighboring bonds, because the repulsion of the
cis-electron pairs is stronger than that of the pair located
in the rrans-position. As a consequence, the axal bond
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Vg (E)

Fig. 7. Geometric structure {a) and the form of normal modes (b) of the CIF5 molecule and the XCFS* cation: R“ = 1.57 and

1.76 A, R,y = 167 and 1.84 A. a = 86.0° and 80.4°, respectively.

in CIFs and [XeFs]* is stronger than the equatorial
bonds3Y (Fig. 7).

The vibrational spectra of CIFs and [XeFs]” in vari-
ous aggregative states (the gas and solid phases, matrix
_isolation,. and solutions in liquid Kr and Xe and anhy-
drous HF) have been studied systematically4®:80—84 jn 3
broad frequency range including the region of third-
order transitions, which had not been studied previously.
The frequencies and relative intensities of all the ob-
served bands were measured, the integral absorption
coefficients for the vo(E) band, most intense in the IR
spectrum of 3CIFs ((370£60) - 1078 cm? molec. ™! s71)
and [XeFs]® ((300£70)- 1078 cm? molec.™! s7h),
anharmonicity constants of some vibrations, and isotopic
shifts were determined, and the force constants were
estimated. As a consequence, several abnormal features

in the intensity ratios of the IR bands in the spectra of
CiFs and {XeFs|™, in the values of both the main force
constants and the interaction constants, the anharmonicity
constants of the vy and vg modes. erc., were identi-
fied49-84: these anomalous features are related one way
or another to the structural nonrigidity of these com-
pounds.

The intensities of the vibration bands in the IR
spectra of polyatomic fluorinated molecules are usually
calculated®s using the model of polar tensors. For the F
atom, the tensor has the foilowing form:

I'4 N

Bp.jexp OpJOVe CPy/OTF |

Fols < oy
Px —-ilcp}./@xp prl/(,‘};: (18

(Ep}./(‘:z;: i

epfeve 3p:/éze)
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where p; are 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 IR absorption
spectra of the five-coordinate compounds considered
showed that the observed intensities of the stretching
vibration bands of ClFs and [XeF:|™ are poorly corre-
fated with the known ratios for molecules with Cj,.
symmetry, derived from the local oscillator mode}¥6

{liv)) + kv [itvay] = 10 4 (193
The calculations carried out¥®:86.87 {51 the CIF; mol-
ecule give rauos of 1:6.4, 1:17, and 1: 3.3, respec-
tively. It was also noted49:86.88 that the use of the model
of polar tensors for describing the X—F,, and X—~F.,
bonds (X = Cl. Xe) 15 not quite correct, because the
cffective charge on the F, atoms is much smailer than
that on the F.q atoms. The calculation of the derwvatives
of the dipole moment functions for the CIFs molecule,
carried out previouslyv.86 as well as our estimates3? showed
that upon the displacement of F,, and F,q along the
bond, the derivatives of these functions differ by an order
of magnitude {(~—0.1 ¢ and ~— 1.0 ¢), whereas the deriva-
tives of the dipole moment functions for the displace-
ment of F.q perpendicular to the bond are comparable
{+0.26 e and +0.14 ). For the {XeF;|™ cation. the
derivatives of the dipole moment functions have not
been calculated; however, according to estimates.3® rela-
ton (19) and the derivatives of the dipole moment
functions for the shift of I, and ¥, along the bond and
Feq perpendicular to the bond are similar to those for
CIFs. Therefore, it can be claimed that the X—F,, bond
(X = Cl. 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 (PFs,
SF,, eic.). for which tensor (18} has been successfully
used 83

The electrooptical parameters of ClF5 and [XeFs|™
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
simplifving assumptions, used to determine force param-
eters, have an especially pronounced effect on the off-
diagonal elements of the F-matrix®%; F; differ not only
in magnitude but also in signs.34.88.90.91 A model used to
calculate the IR intensities for ClFs and {XeFs)*, in
addition to the difference in the character of the
X—F,x and X—F,q bonds (X = Cl, Xe), should take into
account the contributions 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 unambiguously by NMR spectra.?2

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 CIFs vig the Dy, TBP
configuration was estimated3? to be 80 kcal mol™!, i.e.,
this intramolecular rearrangement is energetically unfa-

vorable. The turnstile mechanism of the exchange by F
atoms in CIFs was also excluded from consideration??.
relving on the results of the corresponding Hartree—
Fock calculations carried out for molecules SH, and
SF, with the two-exponential sp-basis set. ¥ However, it
was noted3? that polarization d-functions of the central
atom and electron correlation effects play a noticeable
role in determining the barriers 1o intramolecular rear-
rangements in fluondes of Period 111 elements. Our
estimates!2-%¢ showed that when fuller basis sets are used
and electron correlation eftects 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 mechamsm for CIFs and
[XeF;]™. 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; and | XeFs]™ were carried out and since there is no
refiable valence-force field for these compounds, the
question of the size of the contribution of nonrigid
intramolecular rearrangements to the determination of the
IR intensities of CIF5 and [XeFs]™ remains open., which
accounts for the necessity of further studies involving not
only spectroscopic but also other physical methods. 93

Six-coordinate compound XeFy

The XeFq molecule, which is the only one of the 17
known hexafluorides® that does not form an octahedral
configuration.?3:%% is a glaring example of structurahy
nonrigid six-coordinate binarv compounds. Among xe-
non fluorides, having strong oxidizing properties
(AGUsgg|XeFa) = —17.322.0 kcal mol™!, AG 5| XeFy} =
~31.442.5 kcal mol™!, AGY4g(XeFg] = —38.3+2.3
keal mol ™!, DPheg[XeF, (1= 2. 4, 6)] = 30.0 kcal mol™'),
XeF, possesses the highest electron-donating capacity,
although comparison of the energies of the formation of
cattons

XeF, === [XeF, )" = F (n=2,4,6) (20)

and their radii (R{XeF]™ < R[XeF3]* < R[XeF:l™),
which determine the crystal lattice energy,?”%8 implies
that XeF- should be the strongest base. This is due to the
nonrigidity of the XeFg 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 of
XeFy, 8197105

(1). The effective dipole moment of the XeF, mol-
ecule i1s equal to zero.

(2). The vibrational spectra of XeFg exhibit a larger
number of bands than should be expected for an Oy
structure.

{3). No bands could be detected in the deformation
frequency range, apparently due to the fact that defor-
mation vibrations are directly transformed into
pseudorotation even in the ground state.

Detailed research into the IR spectra of xenon
hexafluoride in the gas phase and in solutions in hiquid
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noble gases, 31.101—108 4 hoge results have recently been
analyzed comprehensively in a review,?3 provided ex-
perimental evidence indicating that the XeFg molecule is
shaped like a distorted octahedron with Cj, symmetry.
The nonrigidity of the XeF¢ molecule with respect to
pseudorotation is convenient to consider in terms of the
motion of the lone electron pair,192—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 C;, symmetry (Cs, —» Gy, —
(5, 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¢ forms a Cy, structure (Cy, » Gy, —
C;, transformation);

(c) the electron pair passes through the center of the
molecule toward the opposite triangular plane; this gives
an octahedral structure (G, — Oy — C;, transformation).

As noted previously,23 the heights of the barriers to
these structural rearrangements giving rise to intermedi-
ate structures with C,,, Cy4,, and O, symmetry have not
been determined experimentally. However, it has been
assumed!® that the C;, » O, - C3, transformation is
energetically the least favorable and that the potential
maximum for the C3, - C4, — 3, transformation may
be much higher than that for the C5, —» Cy, = C3,
structural transition. This provides grounds for believing
that the barrier to the C;, - Cy, - Cj, rearrangement
may be overcome fairly easily at the cost of thermal
energy at T = 300 K. Proceeding from the assumption?’
that the XeFg molecule is structurally nonrigid and the
electron pair moves (in terms of the mode! of repulsion
of the electron pair by the valence sheli®) from its
position between three F atoms to another position vig a
channel between two F atoms, one can interpret satis-
factorily not only most of the experimental data%7—10?
obtained for XeFy but some charactenstic 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 XeFg192—194 gnd 1o the zero
effective dipole moment of the XeFg molecule. The
value for the fixed dipole moment of XeFy can bel®?
extremely smalt (<1072 D) due to the efficient interac-
tion of charges of the electron pair and the F atoms.

It has been shown102—104,106—108 tpa when the con-
centration of XeFg (<1072 mol L™y in cryogenic solu-
tions-is relatively high, the monomeric phase is trans-
formed into a polymeric phase (XeFy), (n =2, 4), which
is accompanied by the intermediate formation of a struc-
turally nonrigid ionic compound, {XeFs|*[XeF4]~.

Analysis of the Raman spectra of the XeF¢—HF
system showed?5: 11014 that the spectral pattern de-
pends substantially on the concentration of XeF; in
anhvdrous 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 XeFg, the systemn contains several structurally

nonrigid associates (solvates) and ionic compounds of
the (XeFg),,—([FsXel3*...a|[FHF]®™) (m and n range
from | to 4, m + n < 4) and [XeFs}"[XeF;]™ type,
formed upon the donor-acceptor interaction between the
Lewis base (XeFg) and acid (HF) (Table 3).

Analysis of the line contours of stretching vibrations
in the Raman spectra of XeFy 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 formation of the
corresponding vibration bands is made by the vibration
dephasing process. As the concentration of XeFg in HF
decreases, this contribution decreases, and for concen-
trations of <0.01 mol mol™!, the contributions of the
vibrational and rotational relaxation processes virtually
coincide. It was concluded?> 11,113 that the t, value,

582 \ 619 638

Ha\ 4
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!

/

I/ tel. units

I\
/f\ P
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Fig. 8. Raman spectra of xenon hexafluoride in anhydrous HF
at 7 = 293 K in the 450—750 cm™' range for solution
concentrations of 0.12 (a), 0.063 (), 0.024 (¢). 0.0083
mol mol™! (d). Dashed lines show the individual components
obtained by resolution of the complex experimental contour.
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Table 3. Experimental frequencies (ecm™!) in the Raman spectrum of the
Xch—HF system for various concentrations of the sotution (0.120—0.083

mol mol~') at 300 K

Table 4. Parameters of the vibrational (1)
and rotattonal (tg) relaxation of XeFg
molecules in anhydrous HF at various sotution
concentrations (7 = 300 K)

Concentration/mol mol~!

Assignment of

0.120 0.063 0.024 0.083 frequencies ¢ \ Ty R

- _ 674 sh,p 6765, p (XeF("F~ /mot mol ps

— 664 s, p 664 s, p 664 sh, p ([XeFS]‘F‘)z 0.120 1.36£0.04 1.06+0.05
639 s, p - —~ - ([XeFs]"F), 0.063 0.37£0.07  0.89x0.08
638 sh, p 640 sh, p - - [XeFJ [XeF]” 0.041 0.3920.11 0.81£0.12
- 622 sh, p 623 sh, p 625s, p [XeFy)*F~ 0.030 0.3940.12  0.7520.12
619 sh, p 619 sh, p 620 sh, p 620 sh, p XeF, 0.017 0.4440.12  0.77+0.13
- 619s. p 604 s, p 605 sh, p ([XeF5"F), 0.008 0.50+0.15  0.61+0.15
3% s, p — — — ([XeFs)*F7y,

S82sh, p?  S584sh, p?  S85sh, p? 586 sh, p?  [FyXel>T..[FHF}®~

307 w, dp 508 w, dp 508 w, dp 512 w, p? XeF

408 w, dp 410 w, dp 410 w, dp 411 w, dp | [XeF *F,

339 w, p 360 w. p 361 w, p 361 w, p P ([XeF]*F), or

206 w. dp 208 w, dp 205 w. dp 200 w, dp J (XeF PP,

Notarion. s is strong, m is medium, and w is a weak band; sh is shoulder: p is

polarized and dp is a depolarized vibration.

which depends only slightly on the XeFg concentration,
characterizes the mobility of F atoms during the non-
rigid C5, — Gy, - (5, structural rearrangement. Theo-
retical estimates38 made it possible to determine for the
first time the characteristic time of the intramolecular
reorientation of the F atoms in the xenon hexafluoride
molecule (0.35%0.15 ps).

Complex molecules L{MX;]

Based on the electron diffraction analysis and ab
initio calculations of the PES, it was shown3%115 that
complex molecules of the L{MX;3] type (L is an alkali
metal; M is a Group 11A or VA element; X = H, F, O)
are structurally nonrigid with respect to the migration of
the L* cation in the plane of the {MX;]~ trigonal anion.
In these compounds LAM can manifest themselves as an
unusual character of vibrational spectra and electrooptical
properties including the behavior of the dipole moment.
We have studied!2-60—62,116~119 the gpectroscopic and
electrooptical manifestations of LAM in the L[{MX;]
complexes using FEMZ26:58 and the PES and the dipole
moment functions calculated previously 33115

Let the rotation of the L™ cation in the plane of the
molecule in relation to the [MX3]™ anion be determined

by angle ¢ (see Fig. 4, a).-Let .us denote the  L—M . .

distance by R. We showed®® that the internal rotation of
the L* cation in relation to the rigid trigonal [MX;]™
framework in the plane of the L[MX;] molecule, which
does not rotate as a whole, is described by a two-
dimensional equation

LR D e Rey R =
U TR T T e 3pr fatRew T V(R fH(R0) =
= E¥(Re), 2n

where m is the reduced weight of the L* cation and the
[MX5]™ framework, / is the moment of inertia of the
framework, U R.@) = U(R.@) — r241— mRH[8(] +
mR2?], U(R.p) is the mutual potential energy of the
cation and the anion.

By neglecting the radial variations of the wave func-
tion and the potential energy function, the two-dimen-
sional problem can be reduced to a one-dimensional
problem. By choosing () in the form

Ulp) = 0.5m3(1 — cos3e) (22)

and averaging the radius of the internal rotations R(e) =
R, + 0.5(R,, — Ry)(1 — cos3¢) over the rotation angle ¢

‘R = 0.5(R, + Ry, 23)
we obtain
=B W + 0.5my(1 — coslo)¥ = £V (24)

Here #3 is the height of the potential barrier by which
the bidentate (b) coordination of the L* cation by the
bridging X atoms separates from its monodentate (m)
coordination (see Fig. 4, a). In the case of (b) configura-
tion. ¢ = 2xl/3, while for the (m) configuration, ¢ =
22+ /3, 1= 0, £1, £2, . B = 058 [(m(R) ™! +
™' is the effective constant for intramolecular rota-
tions, R, and Ry, are the equilibrium L—M distances for
the (b) and (m) configurations, respectively.

By introducing dimensionless parameters © = 43/(28)
and £ = E/B into Eq. (24), we get

”ﬁzw‘l" + (1 — coslp)¥ = &, (23)
By change of the variable ¢, this equation can be
reduced to the Mathieu equation (see, for example,

Ref. 9). However, no tabulated eigenvalues of the Mathieu
equation for the values of parameter 1 given in Table 3
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are available; therefore, the vibration states of the L{MX;]
molecule were found by the numerical solution of Eq.
(25) using the FEM program?26:58 that we developed in
order to describe the vibrational spectra of the LAM
along a PES of an arbitrary shape.

According to the Bloch theorem concerning the move-
ment of a particle in a periodic field, the eigenfunctions
of Eq. (25) can be represented as follows

Yo i(0) = |n.k) = e*ou, (o), (26)

where n is the vibration quantum number of the LAM, &
is the quantum number of the periodic movement, and
Uy {0) = up @ + 21/3); k = 0, £1. The FEM calcula-
tions give the lower energy states as nondegenerate
A-type states for even »a including n = 0 and double
degenerate E-type states for odd n. The same energetic
succession of levels has been found in solving the prob-
lem of quantization of the internal rotation of a top with
a threefold symmetry axis in organic molecules.? As
shown in our previous studies,%0:61 the A- and E-type
eigenfunctions can be represented as symmetrized linear
combinations of wave functions of separate potential
wells

1"70>A = (o, + o, + '1’"3)/\[3—,
In+1e = (@, — ©,0/¥2, D

=1 = 20, — © — D)/V6 -

The data of Table 5 indicate that, according to our
FEM calculations60—62.116—119 £ the under-barrier re-
gions of the LAM spectra, the tunneling splittings of the
energy levels accessible for high-resolution vibrational
spectroscopy (>1077 cm™1) arise in the L{MX;] com-
plexes at # > 9. For comparison, Table 5 contains the
numbers N of the under-barrier triplets of the vibrational
energy levels. In the series of compounds studied, the

greater the height of the potential barrier 2t expressed in
the units of the effective intramolecular rotation con-
stant (B), the greater the number 7. In the case of
fluorides of the L{MF;] type with heavier L and M
atoms of the corresponding Groups, the spectroscopic
manifestations of the structural nonrigidity effect are
even more depressed than those in LiBeF; if the number
7 is taken into account. On passing from L|MF3] to the
hvdrides L[MH;], the spectroscopic effects of structural
nonrigidity are enhanced.

Based on the dipole moment functions calculated ab
initio 35115 the following dependences of the internal
rotations for the z- and x-components of the dipole
moment in the L{MX;] molecule on the ¢ angle can be
proposed:

HA0) = lu(o)|cosp, @) = Ju(p)ising,

(@) = A + Bcos3e;

A= 05(pp + ugy), B =050, = up). (28)

where p, and p,, are the dipole moments of the mol-
ecule in the (b) and (mm) configurations, respectively (see
Fig. 4, a). By analogy with the ammonia molecule, we
obtained08! oscillating time dependences of the dipole
moment components

I

<“:(t)>n (I‘-‘n.—ll2 - [Cn,H[z + 2’/5Cn,—lCn,l)c‘-"s“)nr)Inzh

{u N, = 2AV2 Cp,0€08WT = Cpp ~1)Cp w1 Lnz), 29)
where /= f &2 (@)p (9)de. These dependences are
0

determined by the frequency w, of the tunneling splitting
of the vibrational level with number n, matrix element
I,\, and the coefficients c, ; of the initial population of

Table 5. Spectroscopic and clectrooptical parameters of internal rotations in molecules of the L{MX;] type

Mole- hy B T n N n* @0 @". Er H4

cule /keal mot™!  fem™! D Jem™! /s

LiBeF3 13.7 0.501 47749 30 41 29 7.7 2.8 3687 7-1073<< <02
NaBeF; 143 0.229 10951.9 >30 >50 >29 >7.7 >3687

LngFJ 22.7 0.364 10918.8 >30 >30 >29 7.3 >3687

LiPO3 3.2 0.483 1153.8 11 21 9 7.6 2.7 575 0.1 << <27
LiBeH, 20:4 3.154 3Lt 10 20 7 25 4068 < 5-107% << 1< -1072
NaBeH; 15.1 2.868 920.7 9 8 9.4 32 2699 1-1073 << t<1-1072

Note. The following designations are used: A is the height of the potential barrier separating the (b) and (m) configurations of the
motecule (see Fig. 4, a); B is the effective constant for intramolecular rotations; t = h3/(28); £ is the number of the vibrational
quantum number of the internal rotations at which the tunneling splittings (>1077 cm™ 1) 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 (sce Fig. 4, b); Tu) and (). are the
dipolc moments of the molecule in the ground and excited (for n = n*) vibrational states, respectively (sce Fig. 4, by, E* is the
threshold value for the vibration energy corresponding to n* (see Fig. 4, 6). ¢ is the time interval of observation of the threshold

variation of the dipole moment of the molecule.
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the levels with number n at 1 = 0 (ie., by the way of
preparing the initial state of the system).

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

Yo(9.0) = D,1(9) = ¢ g + cpiln—1) + ¢, 4 ilnt 1. (30)

Then the coefficients for wave functions (27) are as
follows: c¢,qo = I/Jg, Crmt = J2/3, cpey = 0, and
expressions (29) assume the particular form

D)y = 2[(1 + 2cos0,01,11/3, W), = 0. a1

According to the above-introduced definition of the
time-averaged dipole moment (see the Section devoted
to the AHj3 hydrides), for observation times 1, = n/w,
<< 1 << t, = nfw, (m > n), we have

(B) = s/, (D), = 2y, (32)
i.e., the z components of the dipole moment for the
lower (n) and upper {(m) triplets of the levels in the
L{MX;] molecule would be sharply different.

To observe experimentally this anomaly in the be-
havior of the dipole moment of a molecule of the
L{MX;] type, it is at least necessary that the radiation
lifetimes of the levels with the appropriate numbers
satisfy the conditions

Ty D>ty Ty O Uy (33)

The radiation lifetimes 1,4, were estimated by the known
formula of dipole approximation for the probability of
El radiation per unit time

Q-
Wt komg = T—25200 (041K o), (34)

where Quy ¢,y 4 i the frequency of the transition be-
tween the jn+1,k) and |n,q) levels. For the L{MXjs)
molecule, the selection rules allow the following transi-
tions: A—->E, E-E, and E - A Summation of the
squared moduli of the matrix clements with wave func-
tions (27) in Eq. (34) over z and x components (28) of
the dipole moment [’ leads9-81 1o expressions for the
transition probabilities

Wn*l,A-—m,E = |693,,4,1.,\_,,,'5/2,,,,/(3?1&)_
w'nH,E—m.E = l6QJn+l.E—-m‘EJZm'l/(3h"J),

u/n'*l.E—»n,A = l6Q}n+I.E—an,Aerurl/(B"C})a (35)

where

x/3
Ju,\'l = £ Q’ﬁx,l(‘ﬁ)‘bnl(‘P)}lx(‘O)d‘P-

The corresponding radiation lifetimes 1,., were deter-
mined from the ratios reciprocal to expressions (353).

The 1,;; and J,y parameters of the matrix elements
of the dipole moment of the L[MX;] molecule were
found by numerical integration. The FEM eigenfunctions
were used as the wave functions &,(9) and &, ().
The w, and y,, constants in expressions (28) were se-
lected based on the data of ab initio calculations.35.115
Particular caiculations 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 allow-
ance for restrictions (33), ie., for the observation times
s <<t < 1, (see the last column of Table 5), the dipole
moment of the molecule in the vibrationally excited

states (u:(t))n. is almost threefold lower than that in the

ground state <p1(1)>0. Generally, the variation of the

dipole moment (p:(r)>n. of the LIMX3] molecule as a
function of the vibration quantum number n of the
internal rotations for the observation time 1, << 1< 1.
follows a threshold pattern (see Fig. 4. b, Table 5). Thus,
the internal rotation in the L[MX;] molecules can de-
crease sharply their polarity in the vibrationally excited
states that are relatively far from the top of the potential
barrier of intramolecular rearrangements. This
electrooptical effect of structural nonrigidity, by analogy
with the above-noted spectroscopic effect, is enhanced,
judging by the n* value, on passing from the fluorides
L{MF3]} to the hydrides L[MH;].

The electrooptical effect of structural nonrigidity pre-
dicted can be observed expenmentally using the procedure
proposed in our studies,”!¥ in which a beam of structur-
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 nonuniform electric field and, over the lifetime
of the vibration excitation t,., it is separated in the cross
direction into two isotope components in accordance with

their sharply dissimilar polarities, (p:(t)>", and (p:(t)>0. It
follows from Table 5 and Fig. 4, b that the LiPO; molecule
is the best object for this experiment. This molecule can
pass into a low-polarity vibrationally excited state with

{u_(1)), = 2.7 D according to one of the rigid modes (see.
for example, Ref. 120). In this case, the threshold energy,
equal to 575 cm™!, is accessible for the available laser
sources and the lifetime of the required vibrational excita-
tion amounts 1o ~3 s. The hydndes L{MH;) 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. fluornides of the
L{MF;] type are dlso unsuitable. The replacement of the L
and M atoms by heavier analogs from the corresponding
Groups shifts the threshold energy £* even further to the
high-frequency region.
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Molecular systems with several large amplitude motions

The molecular complex N—H...NH;

It was found by Raman spectroscopy'3:16 that irra-
diation of an ammonia low-temperature matrix (7 =
77 K) by an atomic aluminum beam gives the " NH and
"NH, radicais and AIH molecuies. The v(NH), viiNH3).
and v(AlH) 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, 36, and
54 cm~ L Interpretation of this finding in terms of the
theory of hydrogen bonding is inconsistent with its gen-
erally recognized effect; the stretching band of 2 mono-
mer having formed a hydrogen bond usually undergoes a
long-wavelength shift, unlike the short-wavelength shift
observed in this case.!516 Moreover, the "NH, and
""NH radicals discovered possess in the ammonium
matrix very tong lifetimes (of the order of several hours).13

in order to interpret the abnormal behavior of the
“"NH (X*£7) radicals in the ammonia matrix, we car-
ried out!3:54 g4 initio calculations for various models of
the intermolecular interaction of the ~ " NH radical with
the NH; molecule. Of the possible types of orientational
interaction, the N—H..NH; complex (C3, symmetry)
with a linear hydrogen bond proved to be energetically
the most favorable; this permiited the main structural
mode! for stabilization of the ~~NH radical to be chosen
unambiguously. The one-dimensional dynamic
nonempirical calculations performed!5:54 provided only
qualitative explanation for the observed stabilization of
the ~"NH radicals in an ammonia matrix due to the
formation of N—H...NH; complexes, which are weakly
bonded (bond energy 4 kcal mol™') 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 semiguantitative theorctical description
of the unusual case of a hydrogen-bonded system can be
derived only when the molecular dynamics mnside the
complex is taken into account. Therefore, the PES cal-
culated ab initio were used29:31.121=123 15 golve the two-
dimensional dynamic problem of the shift of the vibra-
tion band of the "~ “NH 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 floppy intermolecular NH3; mode
refative 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™ L.

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

LIX.x) = 0.5 FX2 + 0.5Fpxd + FliXx + FpX?
+ Fyye + Fy X + B (36}

where x is the vibration coordinate of the " *NH radical,
X is a coordinate related to the vibrations of the NH;
molecule within the complex. The resolution coefficients
(36) were found by the least-squares method.”

The two-dimensional equation for the vibrational
motion inside the complex has the form of expression
(13), where §; = X. 57 = x, and Gy = nagmyy/myyy and
G,V 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 3173

The calculations carried out by this proce-
dure?®3L121-123 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 intermolecular mode of NHj in
refation to NH. The frequency shift observed can be
interpreted by taking into account the fact that the
N—H...NH; molecular complex has vibrational states
with Fermi resonance, v(INH) = 2v4(NH;) and v(NH) =
\'](NH:‘).

According to the known theory of Fermi resonances,!
the energy levels £ of the resonance states are found as
the roots of the determinant

%f-‘;m + V“ _E VLU \

: | =0 (37)
y {(h ; . . /

I 1 EC V- £

In the basis set of the harmonic oscillator functions for

the v(NH) = 2v4(NH3) Fermi resonance and in the two-

dimensional model with potential energy tunction (36),

we have

16 =120, (I =0t Wai=Vau =0

Fin = Vg = 055X,
and the frequency shitt for the ~*NH radical
v = By By = 0587 + ik g2 - 038, (38)

where Xg = (G /o), xg = (1Gy/wy)'/? are the ampli-
tudes of the zero-point vibrations, § = £'® — ED.
Taking into account the symmetry, one can conclude
that the v(NH) mode interacts with the fully symmetn-
cal component of the first overtone of the E type defor-
mation modes of the NH3 molecule.

To estimate the matrix element ¥} ;. a two-dimen-
sional PES (Fig. 9) for the vibrations within the
N—H...NH; complex was constructed in the coordi-
nates!™ X = R,Q2u; —ay— a;)/vfg (R. and «, arc the
equilibrium N—H distance and the changes in the
H—N—H bond angles in the pyramidal NH; molecule,
respectively) and x = r— r, (. is the equilibrium inter-
atomic distance in the "NH 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 ¢ = }2 cm™!, the maximum deviation is
24 cm™!). The force field coefficients found for function
(36) were3LT3 (in au) Fyy = 4.82553-107%, Fy =
0.459718, and Fy; = —7.97733 - 1074, According to pub-
lished data,3! | ff = 2.8 cm™h.

It follows from relations (38) that the maximum
short-wavelength shift of vibrational level |01) in the
*"NH radical, equal to |V, is attained at 8 = 0.
Assuming the exact resonance condition and a statistical
error of 96% 3173 for the determination of the small
parameter F; by the least-squares fit method, we find
that the contribution of the v(NH) = 2v4(NH3) Fermi

1 \{L -0.4
70111
. X/au
/o
0.2

—=0.05

'-.—0.4 -0.2 0 0.2 Xfau

Fig. 9. Ab initio calculated potential energy surface for vibra-
tions under the conditions of Fermi resonance wW{NH) =
2v(NH,) in the N—H...NH; molecular complex (a} and its
topological map (). lsoenergy lines are drawn at 0.001 au
intervals.

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

1t follows from the foregoing that consideration of
the vibration interactions of the "NH radical incorpo-
rated in a weakly bonded N—H.. NH; 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 ™!,
caused by the presence of Fermi-resonance vibrational
states, the value of 202 cm™! observed in reality can be
reasonably interpreted3! only as being due to the mani-
fold enhancement of the interaction constant |V} y| by
the material of the polar matrix (for example, when the
NH and NH; 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 "NH
radical with the material of the NH; matrix via the
structurally nonrigid N—H...NH; molecular complex,
which has in addition Fermi-resonance vibrational states.

The compounds R;NPX, (R = Me, Et; X = F, CI, Br)

Compounds of the RyNPX, type (R = Me, Ei; X =
F, Cl, 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 1R125=127 apnd Raman 127=130 gpectra of R;NPX,
(R = Me. Et; X = F, Cl, Br) in the gas and liquid phases
at 7= 280~300 K demonstrated that the observed125—130
decrease in the frequencies of the asymmetrical vibra-
tions of the PX, fragment and vibrations of the
C—N bond compared to those in MePX; and Me3sN 13!
is due to weakening of the P—X and C—N bonds in both
Me-NPX; and Et;NPX;. 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
prn—dx interaction. The P—N bond in Ry;NPBr; should
be longer than that in RyNPCly; in tumn, in the latter
case, this bond is longer than that in Ry)NPF; due to the
decrease in the electronegativity of substituent X and, as
a consequence, weakening of the pr—dr interaction
along the P—N bond. These views on the intramolecular
interactions are consistent with the fact that130 the fre-
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Table 6. Symmetrical (s} and antisymmetrical (as) stretching vibration frequencies (v/cm™!)
for the CzNPX2 fragment in Mc:ZNPX2 and EIINP)\'E (X=F, Cl, Br)at T=300K

Molecule X v(NC,) v (NCy)  v(PNC,) v (PNC,) v(PXy) v, (PX,)
Me,NPX, F 1306 1189 706 991 795 738
) Cl 1290 1176 693 980 515 430
Br 1280 1176 689 974 461 365
E(,NPX, F 1082 1030 683 950 800, 790 740
Cl 1076 1022 671 947 512, 485 412
Br 1076 1018 669 947 441, 422 345

quency of the fully symmetrical vibration of the C;NP
fragment in the vibrational spectrum of Me,NPX, de-
creases from 705 to 690 cm™! on going from X = F to X
= Br, while that in the spectrum of Et;NPX, decreases
from 685 to 670 cm™! (Table 6).

The TCF for the vibrational and rotational relaxation
of the RyNPX; molecules were found from the contours
of the Raman lines with frequencies of ~670—705 cm™!,
corresponding to the fully symmetrical vibration of the
PNC, fragment. The calculation of the characteristic
times ty and 1p with the assumption of the Lorentzian
line contour (Table 7) showed that the vibrational relax-
ation times 1y are equal to ~1.0 and ~2.0 ps for M¢;NPX,;
and Et;NPX,, respectively, and virtually do not depend
on the type of atom X. Unlike 1y, the 1z value depends
substantially on the nature of atom X and increases for
Me,NPX; and EtuNPX,, respectively, in the sequence F
(tr = 1.3 and 1.9 ps), Cl (xg = 3.2 and 4.8 ps), and Br
(tg = 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, fragment are markedly dissimilar: in the case
of Mey;NPF, and Et;NPF,, 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 RyNPX,, vibrational
dephasing contributes to the line contour formation.

The sharp increase in tg on going from fluorine-
containing to bromine-containing RyNPX; is due, in our
opinion, to the following reasons. The pn—dxn interac-
tion arising upon the decrease in the electronegativity of
the atom X decreases the P—N bond order in the PNC,
fragment. This fowers somewhat the barrier to the inter-
nal rotation of the PX; group around the P—N bond; the
height of this barrier is known13Z only for Me,NPF, and
is relatively large (~10 kcal mol™}). Meanwhile, the
internal rotations of the methyl and ethyl groups around
the C—N bond have lower barriers, whose height was
estimated!3? 10 be <1—2 kcal mol™l. If the heights of
these barriers increase as the electronegativity of X de-
creases (this does not contradict the views developed
previously!3?), the <ty value should consequently in-
crease. The fact that the ty values for Me,NPF, and
Et;NPF, almost coincide with tg may be due to the fact
that the fluorinated derivatives RaNPX; are more struc-
turally nonrigid than the chlorinated and brominated

Table 7. Parameters of the vibrational (1) and rotational (zg}
relaxation of the Me,NPX, and Et,NPX, molecules (X = F,
Ct, Br)at 7= 300 K -

Molecule Ty, g g/deg
ps

Me,NPF, 0.94%0.10 1.26+0.20 0.9610.20
Mc:;NPCl2 0.84£0.15 3.18+£0.25 1.0240.20
Me,NPBr, 1.09+0.15 4.83%£0.30 0.88+0.22
Et,NPF, 1.80£0.15 1.93+£0.25 0.68%0.21
Et,NPCi, 2.12+0.20 4.84+0.30 0.761+0.22
Et,NPBr, 2.05+0.20 9.55+0.35 0.71£0.23

compounds. Therefore, the Ty value (by analogy with the
situation occurring for the above-considered XeFg mol-
ecule) can serve as the time characteristic of nonrigid
intramolecular rearrangements in RyNPF;, (~0.9£0.10 ps
for R = Me; ~1.8+0.15 ps for R = Et). Note that the
accuracy of the above-presented time characteristics for
nonrigid intramolecular rearrangements in RoNPF; may
be not very high because some vibrations of the C,NP,
C,N. and PX; fragments and those of the CH, and Me
groups are mixed!3® This, in turn, can affect markedly
the energy transfer on collisions and, hence, influence
the orientation relaxation.

The molecule (CH3);Ga

According to electron diffraction!3? and spectro-
scopic 34135 studies, the GaCs fragment in the trimethyl-
gallium (TMG) molecule is planar (Dy;, point group of
symmetry); the methy! group is assumed 3 to rotate freely
around the Ga—C bond. Thus, the TMG molecule occurs
in the D;, effective configuration, which accounts for 20
normal vibrations with the types of symmetry

Tis = A T A + A"+ E' + E"

Four vibrations of the TMG molecule with A" symme-
try (vy, vy, vg, and vjy) are active only in the IR
spectrum, six vibrations with A;” (v}, v,, and v3) and E”
(vig. vi9. and vyg) symmetry arc active only in the
Raman spectrum, seven vibrations of E* symmetry (v,
Vi3, V(3s Vids V15, V16, and vy7) are both IR- and Raman-
active, and three vibrations of A, symmetry (v4, vs, and
vg) are inactive in both types of spectra.
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The resulits of the influence of intermolecular inter-
actions on the vibrational spectra of polyatomic mol-
ecules in the gas and liquid phases are well known!3?
and, in the case of liguid TMG, they are manifested as
slight changes in the parameters of the vibration band
contours.32:33,138.139 Therefore, we shall consider in
greater detail the spectroscopic effects of the inframo-
lecular interactions in liquid TMG. In order to study
these interactions, we studied the dynamic characteris-
tics of liquid TMG at various temperatures.

As noted above, the methyl group in TMG 133.140
tends to undergo intramolecular rotation around the
Ga—C bond. According to the current views.3S the
torsion vibrations of the CHj3 group (Cj, local symme-
trv) 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-
tons of that group. However, special high-resofution
(0.5 cm™Y) measurements!38 of the IR spectrum of
gaseous TMG did not reveal any rotational structuse 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 v3 (A"}
mode of the GaC; fragment served as the experimental
base for these calculations. The vibrational {1y} and
rotational (tg) relaxation times for this mode at various
TMG temperatures are presented in Table §; it can be
seen that the ty value virtually does not depend on the
temperature. Unlike the ty value, tg increases almost
fivefold as the temperature of TMG increases in the
273319 K range (see Table 8). The ratio of the 1y and
tg values leads to the conclusion that at low TMG
temperatures, the vibrational and orientational relax-
ation processes make almost identical contributions to
the formation of the contour of the v3 (A, ") 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, ¥ a temperature increase is usually accompanied by
a decrease in tR. In our opinion, the increase in the g
value following an increase in the temperature of TMG
1s related to a structural transformation of the medium in

the closest environment of the molecule, due to which

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 ty is the assumption
that the tunne] 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. 132-143 The

Table 8. Parameters of the vibrational (t,) and rotational (1)
relaxation of the TMG molecules at various temperatures

/K Ty Ty tj/ps e/deg
ps J-dif- M-dif-
fusion  fusion
273 1.14%0.10  1.23%0.15  0.059 0.177 15.3£0.8
284 1.07+0.10  1.76x0.15  0.040 0.081 71208
291 1.01%0.12  1.98x0.20 0.034 0.068 6.2+1.0
295 1.10%0.12  2.06£020  0.032 0.063 58+1.0
298  1.06£0.12  2.19z0.20 0.029 0.061 5.4+1.0
305 1012015 2.75+%0.25 0.026 0.052 4.8+1.2
312 1.06+0.15 443%0.30  0.020 0.050 3.8+1.2
319 1.07+0.15  5.27£0.30  0.014 0.046 2.6+1.2

above explanations of the experimental dependence of
tg on the TMG temperature are qualitative, and this
aspect requires further studies.

According to the views developed in our previous
studies, 25113130 the fact that the ty and 1y values at T=
273 K virtually coincide is due to the fact that the
highest structural nonrigidity of the TMG molecule is
observed at this temperature. Therefore, as in the case of
other nonrigid molecules,!? the ty value can serve as a
time characteristic of intramolecular rearrangements in
liguid TMG (1.10£0.20 ps).

The CH;0PX, molecules (X = F, Cl)

In a previous Section, we discussed the intramolecu-
lar rearrangements in the coordination compounds of
the RyNPX, type (R = Me, Et; X = F, CL, 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, group around
the P—N bond. The class of structurally nonrigid mol-
ecules with two types of LAM includes as well the
CH;0PX; molecules (X = F, CI), in which the methyl
group can execute internal rotation around the C—O
bond and the PX, group can rotate around the P—O
bond (see Fig. 3).

Using nonempirical HFR calculations, 1247 gtation-
ary points where 2£,/éq; = 0 by definition for all the
independent internal coordinates of the molecule ¢; were
found on the  PES of CH;0PX, (Fig.--10)--For both
molecules, configuration | 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—0 and P—O bonds. respectively, are
arranged in staggered order with respect to the two lone
electron pairs of the O atom. This arrangement of the
stereochemically active fragments in the CH;OPX; mol-
ecules is in agrecment with the higher stability of the
staggered conformations compared with the eclipsed ones,
typical of ethane-like structures.? According 1o calcula-
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tions, configurations lI—IV with eclipsed functional groups
are energetically less stable and correspond either to
saddle points on the PES (configurations II—]JII), when
one second derivative is negative, 32F,/dg? < 0, or to
maxima (configuration [V), when two second derivatives
of the total energy are negative.

The PES for the internal rotations of the two inter-
acting nondeformable tops, CH; and PX,, in the
CH;0PX; molecule, according to the theory of internal
rotations in a molecule,? js described by the function

Ua,) = 0.5A3(1 — cos3a) + 0.5k (1 — cosp) +
+ 0.5h4(1 — cosbar) + 0.5h(1 — cose) +
+ 0.2545(1 — cosg)(1 — cos3a), 39)

where the angles of rotation o and ¢ of the CH; and PX,
groups are measured in relation to the positions of these
groups in configuration I corresponding to the absolute
minimum (see. Fig. 10). If the A3 parameter in expres-
ston (39) determines the height of the barrier to the

Q Q
/

P ey P\T-X
%0/ \‘*\x @0 %
“ 4

c
H/;;‘C\H W N
H H

Fig. 10. Alternative configurations of the CH;OPX, molecules
(X = F. CI) at the stationary points of their potential encrgy
surfaces.

internal rotation of the mecthyl group around the C—O
bond, #g influences the shape of this potential barrier.
The same roles in the description of the internal rota-
tions of the PX, group around the P—O bond are played
by the 4y and hy values. Finally, the h3 parameter
reflects the interaction of the two tops.

According to the data of ab initio calculations with the
6-31G* basis set, the parameters of the potential energy
function (39) for the CH3;OPF, molecule are (kcal mol™!):
hy = 0.5, h) = 6.6, and hj3 = —0.8. For reproducing the
correct signs of the second derivatives of the potential
energy 02U/30? and 92 U/9¢? in the vicinity of the singular
points of the PES corresponding to configurations [—IV,
the two remaining parameters in function (39) should
satisfy the inequalities || < 0.1 kcal mol™! and |k} < 1.3
kcal mol™!. The PES described by function (39) with the
above values for the parameters &3, hy, and A;3 and with
he = 0.06 kcal mol™! and 4, = 1.45 kcal mol™! 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 #; = 0.5 kcal mol™!
corresponds to configuration II. Configuration IV corre-
sponds to the absolute maximum on the PES for the
internal rotation in CH3OPF,, whereas configuration 11
corresponds to the top of the minimum-energy path
(MEP) (the bold curve on Fig. 11) for the intramolecular
rotation of the PF, group around the P—O bond. Thus,
the mimimum height of the barrier to the internal rotation
of the PF; group in the molecule amounts to 6.3 kcal
mol~!, which somewhat differs from the maximum height,
h) = 6.6 kcal mol™!.

Ufkeal mol™!

Fig. 11. Two-dimensional potential energy surface for internal
rotations of the CH; and PF2 groups in CH;OPF,, described
by function (39) with energetic parameters of ab initio calcula-
tions carried out with the 6-31G* basis set. The rotation angles
a and @ of the CHy and PX, groups are determined with
respect to their positions in configuration | of the absolute
minimum {see Fig. 10).
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One more stationary point, corresponding to con-
figuration V (a = 22°, ¢ = 154°), whose energy is only
0.04 kcal mol~! lower than that of configuration 111, was
identified on the PES of CH3;OPF, 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; and PF, 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
experiment.

The barriers to the rotation of the CH; and PCl,
groups in the CH3;O0OPCl; 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~! (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, group has been noted in our previous worki3®
dealing with the study of the dynamics of RyNPX; type
molecules based on Raman spectra. Judging by the
heights of the barriers, fluorine-containing CH;OPX,,
tike fluorine-containing RyNPX,, are more structurally
nonrigid than the chlorine-containing compounds.

Analysis of the optimized geometrical parameters of
the CH;OPX, molecule at various a and ¢ angles,
describing the two types of 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—~0 and P—O
bonds to be characteristic vibrations in a spectroscopic
study of the dynamics of the CH;0PX; molecule.

Generally, the ab initio calculations demonstrated
the tendency of the CH;0PX, molecules to undergo two
types of nonrigid intramolecular rearrangements. The
spectroscopic effects of the structural nonrigidity in these
compounds could be ultimately 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 CH;0PX; molecule using a previ-
ously reported procedure.?3

Molecular systems with
induced structural nonrigidity

The compound CIOF;* AuFg~

Chlorine oxytrifluoride should have a TBP structure
(C, 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. 144145 However, the sub-
stantial repulsion between the lone ¢lectron pair and the
O atom forming the double bond with the Cl atom causes
a significant distortion of the perfect C, configuration.}46
The structural parameters of the CIOF; molecule ob-

tained by gas electron diffraction!¥ 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 n-bonding orbitals in the
equatorial and axial planes of TBP.91.148 Duye 10 this fairly
strained structure, CIOF;, unlike most halogen fluorides
and oxyfluondes, exhibits amphoteric properties.

The vibrational spectra of the CIOF," cation in
the solid phase and in solutions in anhydrous HF
(CIOF,*HF,~, CIOF."BF4~, CIOF;*XF¢™ (X =
Sb. As, P, U)) have been studied in a number of
papers!49—151: however. its structure has not been deter-
mined. Jt was suggested!3! that this cation has a pyrami-
dal structure with the C; point group of symmetry,
although some of the spectroscopic datal4%~15! point to
a planar G, configuration. It has been noted5!,152—154
that two configurations, a pyramidal ( C, symmetry) and
a planar (C;, symmetry) configuration, are equally
probable for the CIOF,™ cation. In addition, the con-
figurations are virtually indistinguishable in the vibra-
tional spectra. All six vibrations for these structures with
the types of symmetry

Iy = 4A° (IR, Raman) + 2A” (IR, Raman), (Cy)

[y = 3A; (IR, Raman) + B, (IR, Raman) +

+ 2B, (IR, Raman) (Cy)
are active both in the Raman and IR spectra. The only
difference between these configurations can be found in
polarization measurements in the Raman spectra; four
polarized lines are observed for the pyramidal structure
of CIOF>* (C,) and three lines are observed for the
planar structure (Cs,).

The precision polarization measurementsS1.153:134 i
the Raman spectra of the CIOF,* cation in solutions in
anhydrous HF for three different species showed that, in
the case of CIOF,*HF;™ and CIOF,*BF,~, the cation
occurs as the pyramidal structure with C, symmetry,
whereas in CYOF,TAuF™, it exists in the planar struc-
ture with C,, symmetry (Table 9). The dependence of
the structure of the CIOF,* cation on the nature of the
anion observed in the Raman spectra was interpreted
based on nonempirical quantum-chemical calcula-
tions.12.5! The combination of the spectroscopic, quan-
tum-chemical, and dynamic data obtained!2.38,51,153—155
led to the conclusion that complex formation of CIOF;
with Lewis acids of the AF, type (A = H, B, Au; n =1,
3, 35, respectively) can occur via two sites, namely,
through axial F ligands in the case of moderate-strength
Lewis acids HF and BFj to give subsequently the pyra-
midal C, configuration and through the equatornial F
ligand in the case of the abnormally strong Lewis acid
AuFs (Fig. 12). When the complexation occurs through
the second channel, the strong field of the AuF¢™ anion
together with the field of the solvent (HF) induces
structural nonrigidity of the CIOF,* cation by trans-
forming it into a unique planar T-shaped configuration,
which had been known before?-45 only for CIF; and
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Table 9. Experimental frequencies (cm™!) in the Raman spectra of the
CIOF," cation for the CIOF,"HF,”, CIOF,"BF,”, and CIOF,"AuF~
systems in HF solutions

CIOF,"HF,” CIOF,"BF,~ CIOF,"AuF,~ Vibration Assignment
types of frequencies

387 p 386 p 380 dp vy (A7) 3 (F—~C1--0)

403 dp 404 dp 397 dp ve (A 8 (F—CI-0)

512 p 513 p 502 p vy (A') 5 (Cl—F)

705 dp 711 dp 714 dp vs (A") vy (Ci—F)

736 p 742 p 748 p vy (A7) v(CI—F)

1321 p 1322 p 1327 p

1333 p 1334 p 1338 p v (A7) v(C1—0)

Notation: v is stretching, 8 is deformation, s is symmetrical, and as s an
antisvmmetrical vibration.

BrF;. The calculated geometrical parameters for the
planar T-shaped CIOF;" cation have been reported pre-
viously 3}

The compound CIF,*AuFg~

The electron-donating ability of chlorine
pentafluoride is somewhat lower than that of chlorine
trifluoride and, unlike CiF;. CIFg exhibits no electron-
withdrawing properties. 3891145 The transformation of
CIF; into CIF,4™, having two two-center bonds and one
three-center four-electron bond, is accompanied by a
substantial increase of the force constant of the equato-
rial bond (from 2.67 to 4.78 mdyne A7!, respectively),
whereas the change in the constant of the axial bond is
insignificant (from 3.33 to 3.73 mdyne A~!, respec-
tively).15¢ This indicates that the bonds in the equatorial

plane may form due to sp” hybridization, whereas the
axial bonds may involve parnticipation of one p-electron
pair of the Cl atom in the formation of the semi-ionic
three-center four-electron ppce-bond.

According to published data.!56 the CIF," cation
should have a TBP structure (a distorted tetrahedron
with Gy, symmetry, R(Cl—F ) = 1.57 A, R(CI—F) =
1.66 A, the F,q—Cl—F,, F,q—Cl—F,, and F,—~Cl-F;,
angles are 97, 90, and 180°, respectively) with the lone
electron pair in an equatorial position. However, when
analyzing the spectrum of CIF,4* having the ground TBP
configuration, one should bear in mind that intramo-
lecular ligand exchange can occur in this structure with-
out significant energy expenditure3? (see Fig. 1). The
mechanisms of the intramolecular rearrangements in
CIF4* can be appreciably different; therefore, we shall
consider them in greater detail. The simplest mechanism

AE/keal mol™!
300 I~ a b Cc
CIOFZT(C;’L') + F7 + AF” 3
62§ CIOF,*(Cy,) + FHF™| 187 >145
| ciory(@ + £ e AT
200 | ¥ CIOF,*(Cy,) + BF4™ o145
CIOF,*(Cy) + FHF~ ,87 >
CIOF,*(C,) + BFy~ |~ CIOF,*(Cy,) + AuFg~
100} 207 AEacompl
AEbcompl CIOF2+(C5) + AUFG_
Y| _CIOF,*(Cy,) - FHF™
T AEfu)mp]
o ¢ {CIOF,*(Cy,) - BFy~
CIOF, + AF
R n \—_ " - —
CIoR (G FHE Y CIOF,* (G - AuFg™
_YCIOF:™(C) - BF4~
~{00L ‘ ) )
—— CIOF,*(C,) - AuF,

Fig. 12. Energy diagram for the complexation processes described by the reaction CIOF, + AF, == [CIOF,]"|AF . |7, whete
AF, = HF (a), BF; (). AuF; (c). calculated ab initio with the 6-31+G* basis set.
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is inversion viag a square planar Dy, configuration. Since
only one MEP leads from each bisphenoid configuration
to the planar one, whilst four MEPs lead from the planar
configuration to the bisphenoid one, the PES for the
inversion are divided into groups of four bisphenoid
configurations, which pass into one another via a com-
mon Dy, configuration. Besides the inversion mecha-
nism, the intramolecular ligand exchange in CIF* can
occur by two schemes similar to the Berry pseudorotation
mechanism.25 In one scheme, the top of the barrier on
the PES corresponds to an SP configuration with Cy,.
symmetry, and in the other mechanism, the top is
matched by a TBP configuration with C;, symmetry. In
this case, eight independent TBP ((j,) configurations
exist and two MEPs leading to a TBP configuration
originate from each C,, configuration.

Qur estimates, invoking some published data,3? showed
that the lowest activation energy of pseudorotation is
characteristic of the (5, == (C,, rearrangement
(Hpr = 2.0 kcal mol™'), whereas for the Gy, == G,
rearrangement, this value is an order of magnitude greater
(Hpg = 22.5 kcal mol™!). The height of the barrier to the
Gy, == Dy, inversion vig a planar SP configuration
(Hipy = 178 keal mol™")3? for an isolated CIF4* cation is
comparable in order of magnitude with this barrier to the
isoelectronic analog SFy (Hiy, = 118 kcal mol™1).3% It
can be expected that the height of the barner to the
(5, == (3, rearrangement would decrease if fuller basis
sets were used and the correlation energy were taken into
account.135 However, our analysis?? of the role of polar-
ization d functions of the central atom and electron
correlation effects indicates that the results obtained need
to be considered in terms of the small pseudorotation
mechanism (see Fig. 1).

The values for the maxima of the vibration bands in
the spectra of CIF;*AuFg™ recorded in the solid phase

and solutions in HF are listed in Table 0. The datal56
on the vibrational spectra of CIF4*SbFg™ are also given
in this Table for comparison. The observed frequencies
were assigned, by analogy?36 with those of the complexes
of CIFs with acids YF5 (Y = As, Sb), assuming that
CIF4* occurs in a TBP configuration. Analysis of the
data given in Table 10 points to abnormal features in the
vibration spectrum of CIF4*AuF¢™. The IR and Raman
spectra of the CIF,* cation in the solid phase and in
solution in HF exhibit seven lines instead of nine lines,
typical of both TBP and a square pyramid with C,,
symmetry. 34 The assignment of the intense line with
frequencies of ~580 cm™! (Raman) and 571 cm™! (IR)
to the v, (Ay) mode seems doubtful because the intensity
of the v, band in the IR spectrum of CIFy*YFg™ (Y =
As, Sb)¥56 tends to zero. However, the intensity of this
line in the Raman spectrum is more than 4 times greater
than that of the line at ~800 cm™!, which was as-
signed15¢ to the fully symmetrical v| (A|) mode of the
CIF4* cation and has the maximum intensity in the
Raman spectra of CIF4*YF,™ (Y = As, Sb). The assign-
ment of the line at ~580 ¢cm™! (Raman) to the fully
symmetrical v, (A)) vibration of the AuFg™ anion is not
quite correct, because the distortion of the octaherdral
structures of hexafluoro anions is normally accompanied
by the appearance of the vy line, forbidden in the
Raman spectrum.343% Even if we suggest that distortion of
the AuF¢™ structure gives rise to the v; line in the IR
spectrum, its intensity, comparable with that of the band
for the antisymmetncal stretching vibration of AuFg™, is
still abnormatly high. Thus, the abnormal features noted in
the vibrational spectrum of the CIF,* cation, occurring in
the strong field of AuFg~, which, like CIOF;*, can induce

the energetically less favorable €y, == (j, rearrangement,

do not answer the question of what is the structure of the
CIF,* cation within the compound considered.

Table 10. Experimental frequencies (cm™!) of the CIF,” cation in the vibrational spectra ofClFfAuF{)_ and Can‘*’SbFé~ and their

assignment
CIF,*AuF~ CIF,"SbF,~ Vibration Assignment

Raman IR, Raman IR, types of frequencies
solid solution solid solid solution solid
phase in HF phase phase in HF phase
- — — 235 (3) 245 sh — vy (AD Sas(Feq—Cl—~F“)

279 (14) 271 (10)

376 (4) - 381 m - — 386 m vy (B,) Sop(an~Cl—F“)
— —_ — 475 (4) 475 (9 — vs (A,) 2(CIF,)
5121 SES (<t1) 510 w 515 (2) 515 (sh 510 sh vy {A)) bh(ch-—Cl——Fax)
346 sh 551 (<) 542 w 334 (5) 537 (1) 535 m v, (B)) o(F, —CI—FL_Q)
381 (93) 577 (80) 57t s 568 (53) 74 (35 - v, (A vS(C‘i—Fﬂx)
786 sh 779 sh 776 sh 795 sh - — vy (B}) v (Cl=F )
796 (21) 788 (19) 795 s 802 (100) 802 (100) 803 v.s v, (A)) vS(Cl—ch)
812 sh 806 sh 816 sh 822 (25) 825 sh 825 5. sh vg (B5) "as(Cl"ch)

Note. The following designations are used (see also the notation to Tables 3 and 9): r are rocking, 8, are out-of-plane deformation,
and ¢ are twisting vibrations; v.s is a very strong band, m is @ medium-intensity band. The frequencies in the Raman spectra are
characterized by the intensities of the corresponding lines in refative 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 mforma-
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—H*Y—Ar, AH;, XFs, erc) and fairly
complex (NH3...NH, R;NPX, (R = Me, Et; X =F. C],
Bn), erc.) molecular systems with one or several types of
LLAM 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
LAM of various forms based on the results of numerical
solution of the Schradinger 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?5157 and coordination
compounds?17:13% 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, 38 giving rise to new long-lived
structurally nonrigid contaminating fractions (complexes
(HHal),...(H;0), (Hal = F, CL, I, x + y > 2), acid-
containing aerosols with enhanced penetrating capacity,
farge clusters, esc.). 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
on the results of studies of spectroscopic and electrooptical
manifestations of the structural nonrigidity effects in
these compounds. However, systematic thcoretical
(mainly quantum-chemical) investigation of these structur-
ally nonrigid objects started only in recent years.3-138—161
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 previously®2; this method allows isolation of
isotopes of almost any element in the periodic table
(including the isotopes of the so-called "dead arca”
elements’) by selection of nonrigid molecules in IR-laser

and nonuniform clectric 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 (u) of
a whole class of nonrigid molecules, displayed as a sharp
dependence of y on the vibration gquantum number (n)
of the LAM. Consequently, the difference between the
dipole moments in the ground u(n=0) and excited
u(n # 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 nouari-
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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