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We discuss the general conditions under which a Jahn-Teller effect can be meaningfully associated
with the solvation shell of an ion in solution. Unlike the Jahn-Teller effect in solids, no distortion of the
solvation shell exists on the longest time scales. On intermediate time scales, the solvation shell exhibits
cubic (Oy) symmetry and on the shortest scales it shows the Jahn-Teller distortion (D4s). A molecular-
dynamics simulation of a model in which the frame of reference for the Jahn-Teller potential rotates in
time exhibits these features and shows how the time scales involved vary with parameters in the poten-

tial.

PACS numbers: 82.30.Qt, 61.20.Ja, 61.20.Lc

The Jahn-Teller effect is well known in solids [1]. It is
also known that there is an analogous effect when, for ex-
ample, strongly solvated transition metal cations are dis-
solved in polar liquids. In the case of cupric ion in water,
neutron scattering evidence [2] was reported of the ex-
pected E, type of distortion of the six octahedrally coor-
dinated water molecules which solvate the ion. Earlier
extended x-ray-absorption fine structure and x-ray exper-
iments [3-5] also showed evidence of the effect. On the
theoretical side, there are some electronic structure calcu-
lations of the expected distortion for a fixed orientation of
the six water molecules surrounding the cation [6]. A full
understanding of the meaning of the Jahn-Teller effect in
liquids poses some conceptual problems however.

We discuss the cupric ion in water, on which we have
made the calculation reported below; but it should be
clear that the considerations have greater generality.
Many divalent ions attract six water molecules to near-
est-neighbor positions around the ion in an approximately
octahedral configuration (Fig. 1). For ions such as
Cu™** which exhibit the Jahn-Teller effect in solids one
expects that the octahedron (symmetry Op) will distort to
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FIG. 1. The octahedral configuration of ligands (here oxygen
atoms) around an ion with definitions of coordinate labels.
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a configuration with D4, symmetry at the ion site. [We
ignore the hydrogens on the water molecules in this dis-
cussion. Usually they will undergo librations on a time
scale faster than all the time scales (except i) which
we discuss here, so that they will not modify the argu-
ments made below.] On the other hand, in a liquid, over
the longest times of interest here (z.o= 107' sec), the
distorted octahedron will rotate, so that the average posi-
tions of the oxygen atoms around the copper will have a
rotationally invariant distribution (as observed, for exam-
ple, in the copper-oxygen pair distribution function). The
breaking of this rotational symmetry is seen only if we
consider average positions over time scales much less than
the average rotation time 7. of the solvation shell. This
condition is sufficient to assure observation of breaking of
rotational symmetry, but not necessarily of the cubic
(On) symmetry unless a further condition is met: There
are three equivalent Dy, distortions (Fig. 2) and, in a
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FIG. 2. Three equivalent D4, distortions of the octahedral
configuration of Fig. 1.
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liquid, transitions can occur between them, say, at a rate
1/thop- If the coordinate positions of the oxygen atoms
are averaged over times less than 7., but much larger
than 7y, then a shell of Op, not D4y, symmetry will be
seen.

In summary, let the time over which the coordinate po-
sitions of the oxygen atoms of the solvation shell is aver-
aged be T',,. The averaged positions of the solvation shell
will exhibit the following point group symmetries with
respect to the position of the cupric ion under various
averaging conditions: T4, 7.y, full rotation group
[0(3)] symmetry; ThopKTay K Tror, Op Symmetry; Tyip
K Tay <K Thop, D4y symmetry, where in the last set of in-
equalities we define a time scale 7., characterizing the
period of the harmonic vibrations of the solvation shell.
Thus, the Jahn-Teller effect in liquids should be under-
stood as a kind of dynamical symmetry breaking which is
only manifested on short time scales and is progressively
“washed out” on longer time scales.

For the case of the hydrated cupric ion, a characteriza-
tion of the solid state Jahn-Teller effect is given [7] by

Ho+Hyr, 1)

in which the distortion is produced by the second term
which takes the form, for an octahedrally coordinated
ion,

Hyr=A4,(Qe0z —Qcox)+A:1(08 — 02 oz +2060.] .
2)

Here the atomic coordinates Qe and Q. are defined as

me‘ 1/2
Qo= an [2(23_2(,)—()61_x4)_(}’2_y5)]’
3)
1/2
. ah 7 Lx;—x4 Yy2—ys)h.

wg, is the harmonic frequency of the E, mode of the sol-
vation shell in the undistorted state and m is the mass of
the ligand (here oxygen). The Pauli matrices operate on
spinors which describe the electronic state of the cupric
ion. The spinor ({) is the state in which the hole in the d
shell lies on one of the two degenerate e, orbitals while
the spinor ({) is the state in which the hole in the d shell
lies in the other e, orbital.

The coordinate system in (3) and (4) is defined with
respect to six octahedrally coordinated oxygen atoms (in
water molecules) surrounding the copper ion as shown in
Fig. 1. The reference frame for this coordinate system is
obviously the crystal axes in the solid state Jahn-Teller
effect. In the liquid state, it is less obvious what reference
frame should be used. If a fixed coordinate system were
used, then the coordinates Qg and Q. would become very
large as the time became comparable to a rotational
diffusion time 7., because the oxygen atoms would not be
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near the axes of the fixed coordinate system. Then the
expansion implicit in (2) would become invalid. On the
other hand, if we define a coordinate reference frame
with respect to the instantaneous positions of the solvat-
ing atoms, then the coordinate system itself will have dy-
namics on the same time scale as the dynamics generated
by the Hamiltonian (2). A reference frame where (2) is
meaningful and valid is one which is determined by the
average positions of the solvating entities (here oxygen
atoms), where the average is made over a time T, large
compared to characteristic vibrational time scale 7;,, but
small compared to characteristic rotational diffusion
times 7.o. If such a time scale does not exist, then the
Jahn-Teller effect in liquids is not a well-defined concept.
Assuming that T,, exists we define a reference frame as
follows. Let the instantaneous positions of the solvation
shell oxygen nuclei be {r;(s,)}, i=1,...,6 at time 1,.
Designate time at a discrete set of time “steps” of dura-
tion Az. Let N, =T,,/At and define average solvent shell
atom positions {r;(z,)} by

Nay

Y rit,—n'At). (s)

avn' =1

1

ri(t,) =

Then define unit vectors

F](tn)
(ty) =——, (6)
EATYPRY
s(t,) = n(t,) xr,(2,) )

Ty (1) x T2 (1) |
l12(l,,)=U3(t,,)Xul(t,,). (8)

These define directions of the axes of a coordinate system
where Qo and Q. can be obtained from (3) and (4).
(Other similar definitions will work as well. Differences
between this and other natural choices are very small if
the averaging time is as indicated.) This coordinate sys-
tem rotates diffusively as the solvation shell rotates in
the solution. This time-dependent rotation of the frame
of reference for (2) in our simulations distinguishes the
phenomenon discussed here from the solid state Jahn-
Teller effect. As a result of the rotation, our calcula-
tions show the dynamical Jahn-Teller symmetry break -
ing discussed qualitatively above.

To obtain an explicit molecular-dynamics model, we
suppose that Eq. (2) can be treated adiabatically, diago-
nalize (2) with respect to the electronic degrees of free-
dom, and suppose that the system moves only on the
lower-energy surface given by

Had=H0_ {[A1Q9+A2(Q6_Q52)]2
+(A4,0.—24:000)8 2. )

This gives a classical model [8] which may be simulated
by standard molecular-dynamics techniques. The only
peculiar feature is that we must calculate the running
average orientation of the coordinate system [Egs. (5)
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and (6)-(8)] during the molecular-dynamics run in order
to define the coordinates Qg and Q. and hence to calcu-
late the forces which lead to the distortion of the solva-
tion shell using the last equation.

We used a molecular-dynamics model of 216 molecules
of water and one “‘copper” ion. The water model is the
Toukan-Rahman model [9]. The simulations are done at
fixed volume in a microcanonical ensemble with an aver-
age kinetic energy corresponding to a temperature of 300
K. The cubic box has periodic boundary conditions and
Coulomb interactions are treated by standard Ewald
techniques. The model gives a good account of many of
the experimental properties of water. The cupric ion was
assigned a charge of +2. The short-range part of the
two-body “‘copper”-oxygen potential was [10]

cC_D F

r12 ’

(10)

where A-F are parameters obtained from an ab initio
molecular orbital calculation of the cupric-ion-water po-
tential. The potential is qualitatively reasonable and
leads to a coordination number of 6 in the first solvation
shell in the simulation. (Many-body effects [11-13]
which we do not include here may be important for a
complete description.) The values of 4-F used in our
simulations are 4=79.63 hartree=150.48 e¢?%/A, B
=1.919 bohr ~'=3.6260 A ™! C=27.49 hartreebohr*
=4.0734 ¢?A3, D=—104.25 hartreebohr®=—4.3277
e2A5, and F =1441 hartreebohr'>=1.3130 e2A"". (The
resulting potential well for a water-copper-ion pair has a
depth of about 4.32 eV which occurs at 1.90 A.) With a
time step of Ar=0.4x10"'% sec, the value N, =600
fulfilled the stated conditions for the averaging process in
Eq. (5). We report results using several values of the pa-
rameters A; and A4,.
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FIG. 3. Constant potential contours of the parts of the po-
tential in Ha.¢ which depend only on interactions between
the seven atoms comprising the ion and its nearest-neighbor
solvation shell. Here Xe=(2h/mws,)'/2Q9 and Y.=(4h/
me‘)'/zQe.

Figure 3 shows potential contours of the part of the po-
tential in the Hamiltonian which depends on the coordi-
nates Q. and Q. The three minima marked M|, M, M
correspond respectively to the three distortions shown in
Fig. 2. They are separated by saddle points S|, S, and
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FIG. 4. System point contours for three choices of the pa-
rameters 4, and A4 in the Jahn-Teller potential function. (a)
Strong Jahn-Teller potential; 4;=3560 cm ~', 4,=108 cm .
(b) Intermediate Jahn-Teller potential; 4; =904 cm ~!, 4,=83
cm~!. (c) Weak Jahn-Teller potential; 4,=822 cm ™', A
=275cm "
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S3. The process of passing from one of the minima to
another by passage over (or near) the saddle point is the
process characterized by the time 70, At the origin in
this plane the potential surface touches the second,
higher-energy potential surface generated by diagonaliz-
ing the Hamiltonian (2) with respect to electronic coordi-
nates. We find that the adiabatic approximation is well
satisfied because the separation of the two surfaces is
much larger than kg7 at all points on the lower surface
visited by the system point.

Figure 4 shows system trajectories projected onto the
Q¢-0ep plane for three different choices of the parameters
A, and A; as given in the figure caption. All these pa-
rametrizations give distortions of the octahedral shell
which are in order-of-magnitude agreement with (widely
scattered) experimental reports. The parameters are
chosen 50 that Tnep™> Tyib, Thop > Tvib, and Thop == Tyib, Te-
spectively. In the first case, the solvation shell falls into
one of the three possible distortions and stays there
(though the shell is rotating). In the second case one sees
occasional transitions from one distortion to another. In
the third case, the solvation shell spends almost as much
time passing between distortions as it does in any one of
them. Our estimates of the parameters 4; and 4, from
crystal data and ab initio calculations suggest that the
behavior of the real cupric ion most closely resembles the
last case, in which the solvation shell spends much of its
time between distortions.

In conclusion, we have clarified the sense in which the
Jahn-Teller effect can be meaningfully discussed in a
liquid, where the attendant symmetry breaking can only
be a dynamical effect and we have realized the resulting
picture in a molecular-dynamics simulation of the cupric
ion in water. This formulation opens the way to study
many interesting effects associated with Jahn-Teller dis-
tortions of solvation shells of ions in polar liquids. These
include the study of the rates of the isomeric transitions
from one distortion to another, the consequences for Ra-
man, infrared, and other vibrational spectroscopies, the
expected signatures of the distortions in various experi-
mental probes which explore the solvation shell on
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different time scales, and the implications of the Jahn-
Teller effects on electron transfer rates.
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