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Solvated polaron in an ionic lattice
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It is shown that an electron in an ionic lattice having unit cells sufficiently large to accommodate water
molecules forms very weakly bound polarons centered around clusters of water molecules. Consequently,
electrons can hop between these clusters, initiating a novel mode of electronic transport.

It Is well knowA th8t the ffccdom of Alotion of an clcc-
tron through an ionic lattice is restricted by the formation of
polarons. ' 5 The deformation of thc lattice by the electric
field traps the electron into 8 potential hole. The force on
thc clcctl'on resulting fI'01Tl this cffcct can bc deduced by thc
following method. ' 5 If the electron is at rest inside the lat-
tice, the energy of its electric field is e /2r alE, where r is the
radius of the polarization cavity and ~gE is the static dielec-
tflc constRnt of thc crystal Gl'lglnatlflg ffolTl lonlc and clcc-
tronic polarizabilitics. If the lattice was not deformed the
field energy would be e /2reE, where sE is the optical
dlclcctI'lc constant dcpcndlng pulcly On electronic polaflza-
bilities. Thus the reduction in energy due to strain in the
lattice ls

The energy given by (1) may be viewed as resulting from a
Coulomb-like force'-'

where %~= concentration of water molcculcs and Xq;, N~
concentrations of the relevant entitics in the lattice of the
Ith type. - Again fof thc solvatcd polalon thc constant e~ 1A

(2) must be replaced by eaE which includes all contributions
to e cxccpt lonlc polallzabllltlcs that caUscs deformation of
the lattice, i.e.,

1+ (Sn/3) (N~y s + X~N~yE;)

1 —(4w/3) (Ng y g + X~N;yE;)

Rnd pg arc gcncfally 81Tlall, conlparcd to p gr', thUs lt 18

evident from (3) and (4) that, because of the high polariza-
bility of water, at sufficiently high concentrations of H20
molecules (i.e., as in liquid water) the difference between
&~I~ and e~E can bc vanishingly small. Therefore, the
binding energy of thc solvated polaron can be negligible.
Since thc contribution from electronic polarizability to ~ is
small, using (3), (4), and the Clausius-Mossotti relation for
the optical dielectric constant ~E of the pure material thc po-
laron binding energy can be put in the form

2(esE-1) eE-158 =—I+
2f {6ps+ 2) 6s+ 2

directed towards the center of deformation. The energy of
the trapped electron can assume quantized values or when
the effective mass is large ' (small polaron), (1) gives the
binding ene~gy. '-'

In this Brief Report it is shown that in the presence of
clusters of absorbed ~ater molecules within 8 solid, elec-
trons can easily hop between these clusters. The screening
of the electron's field by water Qlolecules greatly reduces
thc binding cnclgy of electrons to thc lattlcc AcM 8 clUstcl.

Experinlental data on electrical transport in Prussian blue
(an ionic crystalline material of large lattice constant that ac-
commodates water molecules within the interstices) are
presented as a possible practical situation in which this
phenomenon is realized,

IA thc prcscncc of 8 backgfGUnd of water Alolcculcs, thc
static dlelectrlc constant Gas tn (1) must be replaced by ERIE, '

which is the dielectric constant including total polarizability
yg of H20 moleculcs, ionic polarizability yr of thc lattice,
and the electronic polarlzabilltics q& of the constituents of
the lattice. From thc Clausius-Mossotti relation

1+ (gw/3)(Na yg + X~NI yl;+ X~Ns(yE;)
1 —(4w/3 ) (Ns y g + X;Xg~y g; + X~Ns)ys;)

Also without much error E~s in (5) can be replaced by Eg
thc static dielectric constant of watcI'. Conduction Gccul'8 by
hopping of electrons between the clusters of water
moleculcs. At higher temperatures, i.e., kT —energy of a
hydrogen bond, thc clusters break and the phenomenon
disap pcMs.

%e have used a continuum theory on an atomic scale.
This approximation is reasonably valid when the number of
molecules involved is fairly large.

As GAc posslblc example, wc consider clcctllcal tfMispoft
in Prussian blue. Solid Prussian blue (Fe4[Fe(CN)s13)
whose cfystal stf UctUf c, cxtcnslvcly investigated by Q18Ay

~orkers, is known to consist of a face-centered-cubic lat-
tice9 " (unit cell length =5.1 A) of alternating Fe'+ and
Fe'+ ions, with cyanide ions placed along the edges of the
cubes. The nlatcrial can absorb as much as 2-3 molcculcs
of H20 per unit cell. The static dielectric constant Of thc
anhydrous solid ls —4.7. Thc optical dlclcctl'lc coflstant es-
timated from deternlinations of the Brcwster angles or cal-
cUlatlons based Gn known clcctl'onlc polafizabllltlcs of thc
constltucnts ls = 1.4. Thus tllc binding encl'glcs of po-
larons solvated and unsolvated calculated from (2) and (7)
are —0.7 and 0.06 CV, respectively.

Temperature vMlatlon of thc conductivity of anhydrous
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Prussian blue is indicated in Fig. 1(a). The plot of incr vs
T ' fits into a straight line showing that the relation

e
—E/kT

cT = (Jpe (6)

is satisfied with activation energy E = 0.76 eV. The conduc-
tivity is strongly enhanced in the presence of absorbed inter-
stitial water. Figure 1(b) gives a plot of lno- vs T ' for a
sample containing —8% of H20 by weight (on average 0.9
molecules per unit cell). The activation energy here is very
much smaller —0,08 eV. Another interesting feature is the
sudden increase in the slope of the plot at T = T, —101'C.
Possibly the cluster is more effective in screening the elec-
tric field of the electron, when H20 molecules are hydrogen
bonded to each other as in liquid water. These bonds break
at the transition temperature T, ; kT, = 0.03 eV is of the or-
der of magnitude of a hydrogen bond. The optimum
amount of water that the solid can accommodate is 2-3
molecules per unit cell. Thus, compact clusters can be
formed quite easily and each cluster may involve several
cells. When the concentration of water is decreased from
—8%, E changes continuously, as well as in a stepwise
manner. ' ' Here the mechanism is probably more in-
volved. ""The point we want to stress is that the magni-
tudes of maximum and minimum observed activation ener-
gies are of the same order as the values predicted for the
binding energies of unsolvated and solvated electrons. It is

t n(r

-16
2.1 2, 3 10 /T(V 1) 2 n 7 1

FIG. 1. Plot of incr (0 m ') for Prussian blue (a) anhy-
drous, and {b) containing —8 at. % H20 ( —0.9 molecules per unit
cell).

important to note that with the presence of water at concen-
trations discussed here, the ionic conduction in Prussian
blue is negligible or absent. This can be proved by passing
large currents through thin disks of the pressed material,
when the absence of electrolytic effects rules out ionic con-
duction.
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