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Manifestation of electron-nuclear dynamics
in 3°Co NQR spectra of a series of cobaltocenium derivatives
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A coupling equation relating the quadrupole coupling constant (equzz) to the asymmetry
parameter (1) of the electric field gradient for a series of cobaltocenium derivatives (*?Co NQR)
is derived. The estimates of the correlation times of "slow" modulations of electron motions by
tunneling processes lie in the range from 10~12to 10~14s. This corresponds to the interval of the

characteristic times of nuclear motions.
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tunneling.

The formation of a chemical bond between a metal
atom and cyclopentadienyl rings in metallocene com-
pounds has not been studied in detail so far. It is note-
worthy that conventional methods of investigation in-
cluding structural ones give no answer to the question
about the role of dynamic effects in such systems. At
the same time if there are two or more orbitally degener-
ate electronic levels having the same energy, the nuclear
configuration can undergo a spontancous distortion
accompanied by considerable reduction of symmetry
(Jahn—Teller effect!). The distortion can be either static
or dynamic.2 Phenomena similar to the Jahn—Teller ef-
fect may also occur in electronically quasi-degenerate
systems where one nuclear core configuration corresponds
to a number of very closely spaced (but not merged!)
electron energy levels (Opic—Pryce effect3), which can
lead to the dipole instability that is impossible in the case
of true Jahn—Teller effect.! The Opic—Pryce effect? cor-
responds to all intermediate situations from electronically
degenerate systems to nondegenerate ones provided that
the electron spin states remain unchanged. Thus, more
than one configurational electron density distribution can
exist in a molecular electron-nuclear system. Electron-
tunneling assisted dynamic transitions between these con-
figurational states give rise to additional splitting of elec-
tron energy levels (so-called tunneling or inversion split-
ting) and to subsequent onset of additional time depen-
dences of the electron distribution configurations. De-
pending on the ratio of the lifetimes of particular configu-
rational states and on the ratio of the times of complete
electron tunneling and the characteristic times of nuclear
motions, these differences either may or may not mani-
fest themselves as changes in the configuration of the

mutual arrangement of atomic nuclei in the molecular
system.

Basic to the model presented in this work is analysis of
the changes in the ratio of the characteristic times of
nuclear motions and tunneling-assisted "slow" modula-
tion of electron motions.

Usually, the characteristic times of electron motions
are assumed to be 5—10 orders of magnitude shorter than
those of nuclear motions. This is the case of the well-
known Born—Oppenheimer approximation,* which ig-
nores the quantum coupling between electrons and atomic
nuclei owing to large differences between the characteris-
tic times of corresponding motions (adiabatic approxi-
mation).

However, typical electron tunneling probabilities
(transparency coefficients) are of the order of
10—5—10-105 which causes a significant increase in the
correlation time of complete electron transfer from
one potential energy minimum to another. The only
exception is resonant tunneling provided that the shapes
of these energy minima and the positions of the energy
levels involved in electron exchange exactly match one
another.5 Similar numerical values of the estimates men-
tioned above suggest that the times of complete electron
tunneling can be similar or equal to the characteristic
times of nuclear motions. It follows that in this case the
Born—Oppenheimer approximation is not valid and
hybrid electron-nuclear states may appear® (nonadiabatic
approximation).

Theoretical studies of this phenomenon face severe
computational problems because the adiabatic approxi-
mation conventionally used in quantum chemistry is no
longer valid.
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In this connection is it important to find relevant ex-
perimental methods of investigation. The main difficulty
consists in that the corresponding line broadening in the
vibronic spectrum (photoelectron spectroscopy) is of the
same order of magnitude or even falls within the limits of
experimental error. Structural methods are inappropriate
at all due to long exposure times. EPR spectroscopy is
also of limited use, because it can be used only when the
Jahn—Teller effect did occur and the spin state of corre-
sponding electrons did change and thus gave rise to para-
magnetism. Thus, this method can not be used in studies
of the Opic—Pryce effect characterized by retention of
the electron spin state and diamagnetic properties of the
entire systems.

Because of this we carried out our experiments using
nuclear quadrupole resonance (NQR) spectroscopy,’:8
which employs the phenomenon of resonant absorption
or emission of a radiofrequency electromagnetic field
energy (characteristic times are in the range 10-0—10-9).
This phenomenon is due to the dependence of the energy
of electron-nuclear coupling on the mutual orientation of
the asymmetrically distributed charges of atomic nuclei,
atomic-shell electrons, and the charges beyond the atomic
radius. Thus, all changes in the quadrupole coupling con-
stants and NQR frequencies are electrical in nature.

Since the observed NQR frequencies are much lower
than the frequencies of nuclear motions, the experimen-
tal patterns should correspond to the averaging of NQR
frequencies by the mutual electron and nuclear motions.

The key NQR spectral parameters include the qua-
drupole coupling constant (equzz), where e is the charge
of electron or proton, eQ is the electric quadrupole mo-
ment of atomic nucleus (nuclear constant), eq,, is the
maximum diagonal component of the tensor of the elec-
tric field gradient (EFG) at the nucleus (eq,, is the second
derivative of the electrostatic potential with respect to
coordinates; the major contribution to eq,, comes from
the valence electrons at the atomic nucleus), and the
EFG asymmetry parameter (1) given by

N = (G — 4y)/a)- (1)

Here ¢g,,, ¢,,, and ¢, are the diagonal components of the
EFG tensor. At the nucleus, the Laplace equation holds

Gex T ayy T4, =0, 2
and the following relation is valid

|92 < 1yl < ll- (3)

Temperature-induced variations of eq,, and 1 are due
to periodic, rather fast changes in the mutual orientation
of the EFG tensor and the nuclear quadrupole moment
tensor in the course of molecular librations (the limiting
case includes hindered reorientations) and to thermal-
induced translational motions of neighboring molecules.
Finally, the averaging of the EFG by the "slow" mutual

intramolecular electron-nuclear motions, which was not
considered earlier, also contributes to this mechanism.

In this work we attempted to allow for the EFG
changes due to the configurational instability resulting
from interconfigurational electron tunneling at a constant
temperature (77 K) taking a series of cobaltocenium de-
rivatives of the general formula [(z-CsH;_,R,),Co] "+ M~
as examples. These compounds were chosen because one
could expect manifestation of the removal of the orbital
degeneration in the NQR spectra of symmetrical com-
pounds (R = H) and thus determine the role of electron
dynamics for asymmetrical compounds. >>Co NQR spec-
troscopy was employed; the NQR-active cobalt atom is
located at the center of the positively charged ion. We
assumed that the electronic configuration instability
should affect this atom to the greatest extent.

Experimental

9Co NQR frequencies of compounds
[(r-CsHs_,R,),C0)]*+ M~ (1—17) at 77 K were measured on an
ISSh-2-13 pulsed NQR spectrometer-relaxometer designed and
manufactured at the Special Design Bureau, Institute of Radio-
engineering and Electronics, USSR Academy of Sciences. They
are listed in Table 1.

The Co nuclear spin 7 equals to 7/2 and therefore three
frequencies of transitions between corresponding quadrupole
energy levels should be observed. The experimental $Co NQR
frequencies (v[j) at 77 K are shown in Table 1. Once measured
the frequencies vy, it is possible to determine the equZZ and
7 values. In our case one has

Vi = (equzz/28) “AE;(m), @

where AE,»j =FE - Ej is the difference between the corresponding
roots of the secular equation for /= 7/2:

E— 143 +n)E2— 64(1 — P E +
+(35/3)(3 +n)2=0. (5)

Exact solution of this equation gives for the following ex-
pressions AE,»j:

AE\ 5 5= 2(1+0?/3) (=b, + by) = AEy, (6)

AE3/275/2 =2y + T'12/3) (b - b3) = AE,, 69

AEs)y 7= 2J(1+1%/3) (by + by) = AE;, (6”)
where

by =7 + 2421 cos(9/3) (7)

by =7 + 2421 cos(e/3 + 21/3) , 7

by =7 + 221 cos(o/3 - 21/3). i)
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Table 1. 3°Co NQR spectral parameters of compounds [(r-CsHs_,R,),Co)]" M~ at 77 K determined in this work and

reported earlierd—11

Compo- R, M- Spectral v;/MHz e?0q, M (%) 5 T-101
und position 1)2—3/2 3/2—5/2 5/2—7)2 /MHz /s
1¢ H Bry 1 12.031 24.062 36.093 168.434 0 — —
20 H ClO4 2 12.04 24.08 36.12 168.56 0 — —
3¢ H PFg 3 12.324 24.599 36.907 172.24 2.15 + 89
4 12.252 24.451 36.686 171.21 2.27 + 53
5 12.166 24.259 36.400 169.88 2.70 + 24
4 Me PFg 6 12.365 24.340 36.575 170.75 6.20 — —
5 Me, PFq 7 11.906 23.805 35.708 166.64 0.90 — —
6 Me, 1 8 12.337 24.138 36.296 169.47 7.30 - —
7 Me, Br 9 12.391 24.406 36.671 171.19 6.07 — —
8¢ Mes PF¢ 10 11.950 23.890 35.837 167.24 (—)1.00 - —
9c¢ Mey PFg 11 12.086 24.018 36.052 168.27 3.90 + 1
12 12.159 23.922 35.949 167.83 (—)6.30 — —
10 Mes PFq 13 12.113 23.935 35.951 167.82 (—)5.40 — —
11 Pri PF, 14 12.266 24.247 36.417 169.99 5.30 — 27
15 12.104 24.088 36.152 168.73 3.45 + 8
12 Bu! PF¢ 16 12.430 24.522 36.838 171.97 5.75 — 78
13 Bu! 1 17 12.190 24.142 36.252 169.22 4.85 — 15
14 Bu! Br 18 12.442 24.521 36.841 171.99 5.96 — —
15 But, PFq 19 12.134 24.175 36.279 169.32 3.04 + 16
16 But, Br 20 12.063 23.950 35.954 167.82 4.20 + 4
17 COOH PFq 21 11.904 23.460 35.247 164.54 5.96 + —
@ See Ref. 9.
b See Ref. 10.
¢ See Ref. 11.
Here Then, equa can be calculated with ease:
0/3 = arctg[\3/(1 + 2a)], (8) e’0q,, = 28xv,/(TAE). (12)
where Results and Discussion
a=vy(vi t vyt v3)/(vva). 9

In relation (9), Vi = V12372, V2 = V3/2-5/2> and V3 = Vs5/2-7,2-
The asymmetry parameter can be determined from the cou-
pling equation M(v)
(1 —mH)Z/(3 +n?2)3 = (1225/12288) -
[(=by + by — b3)~L + (=by — by + by)~' +
+(by—by—by)T + (b + by + by)TIP=FL (10

The solution with respect to 1 has the form

n=+[1_9F2 _2V1-24F7

3F? 3F?

1/2
1 36F2 — (216 F* +1)
. cos{ 3 arccos|:—(1 YT )3/2 . (11)

The change in sign in expression (11) is due to permulation
of g, and g, in Eq. (3).

It was established earlier!? that the changes in the
quadrupole coupling constants equzz of antimony atoms
in the antimony pentachloride complexes with oxygen-
containing ligands and the vertical ionization poten-
tials (/) of the ligand oxygen atoms are related by a dis-
persion equation. However, any changes in the energies
of the orbitals involved in the coupling are accompanied
by the change in the shape of the electron density distri-
bution for these orbitals. For the NQR-active atoms this
means changes in both equu and n.

It is possible to derive the coupling equation relating
the equZz values to n for relatively narrow series of related
compounds.!3—21 For instance, if the total differential is
given by

o

d d
dn = =1 dg,, +=-1-dg,, + %

dq.,, (13)
0q .y 94y, ®

Z

then substituting the partial derivatives obtained by dif-
ferentiation of Eq. (1) into expression (13) and introduc-
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ing an arbitrary origin along the ¢,, axis followed by per-
forming simple transformations leads to a simple differ-
ential equation with separated variables

(M —n)~'dn = (g, — g, )" 'dg, (14)

where ng = d(q, — ¢,,)/dq,, = const” and g ,, = const” for
the given series of compounds. The solution of Eq. (14)
obtained after trivial transformations and multiplication
of both parts by ¢2Q is as follows:

e’0q,, = €?0q,, + B5/(ng — ). (15)

Here 8 = 1 and B = const™ for the given series of
compounds.

Indeed, the coupling equation (15) correctly describes
the dependence of equZz on 1 in the region distant from
the origin (e20g_, ng).'>

Large deviations from the trajectory described by
Eq. (15) in the vicinity of the origin can be explained by
possible coincidence of the times of "slow" modulations
of electron motions and the characteristic times of nuclear
motions. In this case one can expect manifestation of the
dynamics of these interactions in the NQR spectra.

If the number of interconfigurational tunneling tran-
sitions is large, it is appropriate to use the theory of sto-
chastic dynamics of nonlinear oscillation systems.2 Ac-
cording to this theory, generation of a large number of
vibrational degrees of freedom causes the appearance of a
spectrum of low-frequency fluctuations characterized by
nearly rectangular probability density function.?? Since
the fluctuation frequencies are higher than the experi-
mental NQR frequencies, the observed quadrupole cou-
pling constant equzz is averaged. Assuming a rectangular
probability density function of width 2An for the n fluc-
tuations, one can derive a simple integral averaging of
expression (15):

1 mEan B&
0q, = —— [ |04, + dn=
% 2an n,IAn © me-m
=62Qq + Ba In ﬂ—(n0+Aﬂ) . (16)
% 2An |n-(ng - An)

Having substituted the equu and n values (see Table 1,
spectral positions 3—271) into expression (16), one gets the
following parameters of this equation (number of points is
N =19): equzzo = 168.169 MHz, B = 3.8697 MHz- %,
Mo = 3.96345%, An = 1.88765%, AequZz = 10.056 MHz,
and r = 0.9997 (r is the coefficient of correlation between
the experimental equa values and those calculated
from Eq. (16)).

Unsubstituted compounds [(n-CsHs),Co)]" - M~
(M~ = Br;~ and ClO47) do not obey Eq. (16), although
the differences between their equZz values are noticeable.
Probably, this is a result of the Renner effect?3 (loss of a

symmetry element by linear electron-nuclear molecular
systems). Since here one has n = 0, the cobalt atom is
located exactly on the symmetry axis.

Equation (16) with the parameters listed above de-
scribes the interrelation between the experimental equzz
and m values (see Table 1) with rather high statistical
characteristics.

Figure 1 presents the graphical solution of Eq. (16)
with the parameters given above.

Analysis of the plot in Fig. 1 and Eq. (16) shows that
the equzz(n) curve is symmetrical with respect to the
axes parallel to the axes of coordinates and intersecting
at the point (¢?Qq_,, ng). At 1 < 1y — An, one has
¢?Qq., > €?0q_y, which corresponds to § = +1 in Eq. (16),
whereas the case equzz < equzzo corresponds to 6 = —1
in Eq. (16). Thus, the induced EFG and the primary EFG
equzzo have the same sign at § = +1 and different signs
at § = —1. At m > ny + An, the reverse occurs. Both
regions, 1 < Mg — An and > ng + An, formally corre-
spond to the static Opic—Pryce effect.

The interval ng — An <m <1y + An is more interesting.
It corresponds to the averaging of the EFG by the "slow"
electron-nuclear motions (range of the dynamic
Opic—Pryce effect). This interval is characterized by a
smooth decrease in the EFG (equa) at 6 = +1 and a
corresponding smooth increase in the EFG (equzz) at
8 = —1. At the point (equzzo, M), both the induced and
primary EFG change their signs.

Note that the points in Fig. 1, which correspond
to crystallographically inequivalent cobalt atoms (see
Table 1, spectral positions 1/, 12 and 14, 15), remain on
the trajectory described by Eq. (16). It follows that not
only intramolecular, but also intermolecular interactions
contribute to the formation of the potential energy surface.

Having determined the parameters of Eq. (16), it is
possible to estimate the mean correlation time of com-

ezsz/MHz
170 + 8
———""—"—”/ZG
—?2-(33“_\0\
165 |
-5 0 5 n (%)

Fig. 1. Quadrupole coupling constants equzz plotted vs. n for
spectral positions /—21. Solid lines are drawn using Eq. (16);
points denote experimental data.
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plete electron tunneling in the region of dispersion of
electron-nuclear motions (nygtAmn), i.e., in the region
where the EFG is averaged by intramolecular motions.
Since for polyatomic molecules the number of the normal
modes active in the pseudo-Jahn—Teller effect (so-called
Opic—Pryce effect3) can be rather large? and almost infi-
nite in the case of a crystal, a multimode situation ap-
pears, where a number of modes of the same or similar
symmetry coexist. The problem of estimating the mean
correlation time of complete electron tunneling can be
essentially simplified using a distinctive feature of such
systems. Namely, if there exists a mode that dominates all
other modes, thus "combining”" them, it makes the deci-
sive contribution and the problem is reduced to consider-

5. E. O. Kane, Tunneling Phenomena in Solids, Plenum Press,
New York, 1969, p. 19.

6.B. S. Tsukerblat and M. 1. Belinskii, Magnetokhimiya i
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Nauka, Moscow, 1973, p. 9 (in Russian).
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