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SPECTRA OF POLYCRYSTALLINE PHTHALOCYANINES

synthesize the spectrum in Fig. 6 and the spectrum
below the horizontal line in Fig. 5 relative to Aw*+4-D*.
The energy separations in cm™ are based upon our own
measurements of absolute absorption intensities of
CuPC in 1-chloronaphthalene, f=0.20, M2=12 A2,

Size and shape effects do not alter the quantitative
results significantly nor do they affect the assignments
of the exciton components.

Mixtures

In the mixtures of o and 3 crystals the positions of the
absorption maxima would be expected to shift with
composition according to the expression vg=a-+bmas+
cma? obtained by rearrangement of Salomon’s® Eq.
(5). In this equation m, is the mole fraction of A
molecules randomly distributed in an isomorphous host
crystal of B molecules, and the constants @, b, and ¢
depend upon the separate transition energies in A
and B and the A-A, B-B, A-B interaction energies.

In order to test the quadratic dependence of peak
position upon concentration predicted by this theory, a
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higher precision is required than the +0.5% obtained
in this work, For the most part, the spectral shifts do
not follow a regular pattern. However, in Table I
within experimental error an approximately quadratic
dependence is evident for the near 14 700-cm™ band in
a crystals of CoPC and NiPC mixtures with CuPC
and for the ~16 000-cm™ band of H,PC and CoPC
with CuPC. The @-ZnPc-CuPC mixtures show a
nearly linear dependence. In Table II the B-ZnPC-
CuPC mixtures also show a nearly linear dependence
within the limits of our precision.
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Experiment has shown that the specific heat of stoichiometric a-Agl is abnormally large, C, ranging from
18 cal/mole- °C at 150°C to 26 cal/mole- °C at 400°C. This result is explained as an order—disorder transition
among silver ions and silver ion vacancies on six sublattices in the structure. Because of the complex nature
of the lattice sites, each of which consists of a cluster of seven nonequivalent potential wells, there is also a
major anomalous contribution to the specific heat from the vibrational partition function. In addition there
may be a small contribution from a coupled disordering of iodide ions. The behavior of nonstoichiometric
a-Agl, which has Cy~12 cal/mole- °C, is attributed to essentially complete disordering above the phase
transition at 150°C together with a modification of the vibrational potentials,

In the first paper of this series,! to be referred to as
I, an experimental study was made of the heat capacity
of annealed silver iodide in the temperature range
50°—400°C. Below the phase change from the hexag-
onal 8 form to the cubic « form at about 150°C, the
specific heat was close to normal (C,&15 cal/mole- °C).
For stoichiometric material, however, the heat capacity
of the a form was anomalous, rising from 18 cal/mole- °C
just above the transition to 26 cal/mole- °C at 400°C.
For silver iodide which was nonstoichiometric by as
little as 1 mole?, in either direction, the specific heat
of the & form was normal, having a value of 12 cal/mole-
°C from the transition up to at least 400°C. The
experimental data is summarized in Fig. 1.

(1196CS.)M' Perrott and N. H. Fletcher, J. Chem, Phys. 48, 2143

In the present paper we develop a theoretical model
for the thermal behavior of stoichiometric a-Agl,
based upon the unusual crystal structure of this
material, and show that it is able to account for the
anomalously high observed specific heat. No detailed
treatment of the way in which small deviations from
stoichiometry remove this anomaly has yet proved
possible but a plausible physical mechanism is sug-
gested.

I. PHYSICAL MODEL

The crystal structure of a-Agl has been examined
by Strock,? Hoshino,? and others, using x-ray diffraction
L. W. Strock, Z.{Physik..Chcm. B25, 441 (1934); B31, 132

(1936).
3 S. Hoshino, J. Phys. Soc. Japan 12, 315 (1957).
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F1e. 1. Heat capacity of silver iodide for (a) stoichiometric
material and for material of approximate composition, (b) Agly.g,
and (C) Agl.mI.

powder techniques. It has not yet been possible to
prepare single crystals of the « form, either by heating
crystals of the hexagonal 8 form through the transition
or by growth from the melt, which is chemically un-
stable. The generally accepted structure is one in
which the iodide ions form a body-centered cubic
structure while the silver ions are distributed more or
less statistically over a large number of sites of roughly
equivalent energy.

The sites available to the silver ions belong to the
space group Im3m and are labelled (b), (d), or (h)
according to their symmetry. There are, in all, 42
positions for the two silver ions in the unit cell: six (b)
sites, 12 (d) sites, and 24 (h) sites (Fig. 2). In the
model proposed by Strock, the (b),.(d), and (h) sites
are taken as having equal occupation probabilities.
Hoshino, on the other hand, showed that a model in
which only (d) sites were occupied gave good agree-
ment with the observed intensity of diffuse scattering.
From this, we see that the assumption of different
occupation probabilities for the different types of
site has very little effect on the predicted diffuse
scattering intensity. Although relative intensities of
Debye lines may also be explained with this model,
the absolute intensities cannot. It is probable that we
could find an intermediate structure between these
rather different models, which is capable of explaining
the x-ray data.

Such an intermediate model would predict a degree
of disorder of the distribution of silver ions over the
possible sites, which becomes larger with increasing
temperature, as indicated by the observed increase
in specific heat. Further evidence in support of an
intermediate model is provided by Hoshino’s obser-
vation that both silver and iodide ions have an anoma-
lously large statistical displacement from their mean
positions. The rms ionic displacement is the same for
both species and increases from approximately 0.2 A
at 160°C to approximately 0.6 A at 500°C, this latter
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value being comparable with the nearest neighbor
separation of silver sites, about 0.9 A. At high tem-
peratures, the ionic displacement is too large to be
attributed to thermal vibration alone and must there-
fore be associated in some way with the disorder of
the structure.

When we consider the magnitude of the lattice
parameter* (5.06 & at 150°C and 5.14 A at 500°C)
in relation to the ionic radii® (2.16 A for I- and 1.26 A
for Agt), we see that the two iodide ions nearest to
an occupied (b) site, for example, must be displaced
from their mean positions. If the disorder of silver
ions increases with temperature, the rms displacement
of the iodide ions will increase in amplitude, as observed.

The model which we propose for the thermal be-
havior of stoichiometric Agl is as follows. In a crystal
containing N silver ions and N iodide ions, there are
3N crystallographically equivalent sites of type (b)
for silver ions. Each (b) site is surrounded by a cluster
of (h) and (d) sites, of which its share is four (h)
and two (d) sites. Each such cluster is then crystal-
lographically equivalent. We are thus faced with the
problem of distributing N silver ions and 2N silver
ion vacancies over a total of 3V equivalent sites, each
site being not a simple potential well but a more com-
plex well representing the cluster. Because of the
relatively tight packing of the structure, this dis-
tribution cannot be made on an independent particle
basis. In fact, before a silver ion can be placed on any
site it is necessary to displace one or both of its neigh-
boring iodide ions from their perfect lattice positions
and this displacement will affect the potentials of all
neighboring sites. The ordering or disordering of the
silver ions and vacancies upon the sites of their lattice
is thus expected to be a cooperative phenomenon. To a
first approximation the treatment of this disordering
process is the same as that for a simple AB; alloy, where
A now represents a silver ion and B a vacancy. The
complicated nature of the clusters which make up
the sites on the lattice is involved only through their

Fic. 2. The crystal
structure of o-Agl.
Large spheres represent
iodide ions and the small
symbols show the clus-
ters of sites available for
silver ions.

e (b)

4K. H. Lieser, Z. Physik. Chem. (Frankfurt) 5, 125 (1955).

6 B. R. Lawn, Acta Cryst. 17, 1341 (1964). .

¢ 1.. Pauling, The Nature of the Chemical Bond (Oxford Univer-
sity Press, London, 1960), 3rd ed., p. 514,

o(d) e (h)
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effect upon the vibrational partition function of each
ion.

There is, however, a further complication when the
lattice of iodide ions is taken into account. These have
so far been treated as forming an ideal body-centered
structure but suffering small displacements in order
to accommodate the silver ions. The arrangement of the
iodide ions among the displaced positions may itself
be an order-disorder problem, the coupling from one
site to another being provided by the distribution of
the silver ions.

In the following sections we shall express these
ideas in formal mathematical terms and derive an
expression for the variation of disorder with tem-
perature, from which the heat capacity can be deduced.

II. MATHEMATICAL TREATMENT

An Outline of the Theory of Order-Disorder
Phenomena’ 8

If the lattice vibrations are independent of the con-
figurations of the atoms on the lattice sites, we may
split the partition function into a vibrational factor
and a configurational factor. In this case, the ther-
modynamic functions of the system are given by the
sum of the corresponding functions evaluated separately
for the two factors. By way of introduction, let us
consider an AB, alloy, the disorder of which is capable
of being described in terms of two interpenetrating
sublattices (@ and 8). The configurational factor of
the partition function may be written

Z(T, S) =2 exp(—Wn/kT), (1)

where 7' denotes the absolute temperature, S is a
suitably defined parameter specifying the state of
order of the alloy, and % is the Boltzmann constant.
Wa represents the configurational energy of the state
m, with the summation extending over all states m
corresponding to a given order S.

The main contribution to W, may be assumed to
come from the interaction energy of pairs of nearest
neighbors, « and 8. If the interaction energies of A-A,
A-B, and B-B nearest neighbor pairs are denoted by
—vaa, —UaB, and —ugg, respectively and the number
of such pairs by #aa, #as, and #gp, we may regard the
total interaction energy as the sum of individual
contributions

(2)

The configurational free energy F(s), corresponding

W= —{naavaa+nanvas+#ssv88).

7E. W. Elcock, Order-disorder Phenomena (Methuen and Co.,
Ltd., London, 1956), Chaps. 2, 4.

8T. Muto and Y. Takagi, Solid State Physics, F. Seitz and D.
Turnbull, Eds. (Academic Press Inc., London, 1955), Vol. 1,
pp. 207-220.
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to a given S, is
F(s)=—kT InZ(T,S),

the minimizing of which gives the equilibrium value of
S at a given temperature. The corresponding energy
of the alloy is

E(S)=W(S))
=D Wanexp(—Wn/kT)/ Y exp(—Wa/kT).

(3)
It is convenient to define U(.S) by the relation

2 exp(—Wa/kT) =g(s) exp(—U(S)/kT),

where the quantity g(S)denotes the total number of
possible rearrangements of A and B atoms over each
sublattice, for a given value of S. Whence we have

F(S)=U(S)—kT Ing(s) 4
and, from (3),
] U(S)
ES) =507 (_T_) ' ®

We have set up all the necessary equations for
treating the order-disorder transition, but it still
remains to evaluate the partition function, from which
the equilibrium value of S, the most probable con-
figurational energy, and the corresponding specific
heat may all be obtained. In order to do this, we shall
use the simplest method of approximation—the zeroth-
order, or Bragg-Williams approximation,

In this approximation, the true value of W, for
each configuration of a given S is replaced by the
simple average (W,) for all states belonging to S,

(Way=—{{nas )vasa+ (man )van+ {(nss)vps}, (6)

where (nas), +++ are the corresponding averages of
%aa, * . We shall always find that (W,,), for a given
S, is independent of temperature. Then we have,
from (5),

U(8)=E(S) = (Wn), (M

as far as our approximation is valid. The configurational
specific heat is then

Cyeontie=(3/0T) { (Wo)}. (8)

Cooperative Disorder of Agt in a-Agl

Let us now consider the behavior of the silver ions
in a-Agl. These ions may be regarded as being co-oper-
atively disordered over a lattice determined by the
(b) sites. The (d) and (h) sites clustered about each
(b) site ensure the equivalence of vibrational states
for all configurations of the ions, while being adequately
included in the theory by considering the cluster as a
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Fic. 3. The six equivalent sub-
lattices available to silver ions. Each
symbol represents a cluster of poten-
tial wells.

— Qi

o
Sublattices: Ly @, L, ®
L,® L0

1@ Lge

rather complicated potential well centered on the (b)
site. This implies that the (b) sites have lowest energy,
an assumption which seems reasonable. We shall first
consider the configurational factor of the partition
function.

The “alloy,” AB; in this case, comprises silver ions
(designated A) and silver ion vacancies (designated B)
distributed over the lattice shown in Fig. 3. This
lattice may be divided into six interpenetrating simple
cubic sublattices L; (i=1,2-++, 6), each having the
lattice constant @g. The convention for numbering
these sublattices is also shown in Fig. 3.

For this system, we must determine the total average
configurational energy as a sum of energies like that
in (6), but referring as well to all possible pairs of
sublattices L; and L;. If we denote the averages cor-
responding to (#aa),-* by #as®, -+ and the inter-
action energies by —uas%, --+, we may rewrite Eq.
(6) in the form

(W)= Z (Win)¥

€51

=- Z> {naa"vaa+-nas*va+-npatoest}. (9)
1,51

We shall specify the state of order of the sublattice
L; by the parameter s;, the probability that a site on
the ith sublattice will be occupied by an atom of type
A. Considering a crystal containing 9t sites of each
sublattice, we see that the average numbers of A and
B atoms on the sublattice L; are 9s; and 9M(1—s;),
respectively. Each site on L; is surrounded by 3z
nearest neighbor sites of L; (15£4), of which the average
fractional occupations by A and B atoms are s; and

(1—s;), respectively. It follows that

nant =Izs;s;, (10a)
¥ =9z (1—s;) (1—3;), (10b)
nap =Nz s,(1—s;) +s5;(1—s:) }. (10c)

Following Shockley,” we shall overcome the con-
siderable mathematical complexity experienced after

? W. Shockley, J. Chem. Phys. 6, 130 (1938).
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substituting from Eq. (10) into Eq. (9) by changing
the zero point of configurational energy in order to
write

(11)

(12)
is the “ordering energy” between lattices L; and L;.
Note that at least some of the 9/ must be positive
quantities if there is to be any ordered state at low
temperatures.?

Equation (11) may be obtained from Eq. (9) by
changing the zero of the configurational energy (W,)
by an amount

§(Wn)= Z {3 9aa¥(2npn ¥+ nap™)

>4

(W Y= —viiny ¥,
where
v i=v,p"—3 (244 "+ v88")

+1’BBH(2nBBﬁ+nABﬁ) ]}
{%Zij[vAA‘jNAij(Si, Sj) +WBBijNBij(si: SJ') :] } ’

(13)

where Na%(si, 85) = (2/39) naa®+ (1/2) npap* is the
number of A atoms distributed over L; and L;, under
the orderings s; and s;.

For our particular lattice,

G =g =g g g3 36 )

>

>

while the energies s, -+ are those corresponding
to interaction over the separation, ao/2, of the nearest
neighbors. Similarly,

PRUJEIPSE ST - SV JpS. Jpy | |

with nearest neighbor separation a¢v2/2, and
Zl6— g3 —§

with separation of nearest neighbors being agv3/2.

Apparently insuperable algebraic complexity is
encountered unless it can be assumed that the quantities
ziypp%i, +++ are independent of the particular sub-
lattices ¢ and j involved. This will be the case for the
present structure if the interaction potentials vary as
—1, —1, —1 for the three distances ao/2, aV2/2,
aV3/2. Such a variation, having a fall-off rather sharper
than a shielded Coulombic potential, is not physically
unreasonable and since interactions with more distant
neighbors have been neglected above, we shall make
this assumption in the spirit of our zeroth-order approx-
imation.

Writing 20,4%, +++ as waa, *++ and noting that
Naii(s;, s;) is the sum of the numbers of A atoms on
each sublattice separately, [Na%(s:))+Nai(s;)], Eq.
(13) becomes

(W) =3wan Z (Nat+Ny9)+dwss Z (Np*+Nz’)

i,7>4 >

= % {wAANAtotal_'_wBBNBbota.l} .
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For an alloy of fixed fractional composition 7a, #s
(where na+np=1) the shift of the energy zero is then
constant. For our purposes, therefore, the changed
energy scale will not necessitate corrections to the
configurational specific heat.

Substituting from Eq. (10) into Eq. (11), we obtain

(Wan)=—9 X {s:(1—s;)+s;(1—5:)}

$,5>4
=—9w 2, {s:(1—s)}, (14)
i,
where
w= 2"y =constant. (13)

Clearly, the number of configurations with a given
set of values of the s, is

g(s) =H{3’6 1/ (ats:) [on(1—s:) 1.

Applying Stirling’s approximation in the form In¥V I~
NIn¥, and using Eqgs. (14), (7), (8), and (4), we find
that

F(ss) =3lkTZ{Si Ins;+ (1—s;) In(1—s;) }

—Nw 2#: {si(1=s)} (16)
and

Coonfig(T) = —9w(3/0T) 2 {si(1—s)}. (17)
i
The equilibrium values of s; are found by minimizing
the free energy F(s;) subject to the condition

(18)

Z 5;=0n, = constant,
i

which expresses the requirement that the composition
should remain fixed. This is conveniently accomplished
by using the method of Lagrange multipliers when,
introducing the undetermined multiplier 8, we maxi-

mize
nZ(s:)+8 22 s,

treating the s; as independent variables. Performing
the partial differentiations and using (18), we obtain

Fic. 4. Three possible
solutions of the equation
f(s) =A for the particular
temperature 7=0.7 (after
Shockley?). The form of the
curve does not change
radically with temperature.
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Fic. 5. Ordering pa- |
rameters ¢ and § as sl L,
functions of reduced )
temperature r. The solu- 3
tion having the larger 41
value of ¢ at a given = .
represents the equilib- 2
rium state. o 5

the simultaneous equations

fls:)=—dsi+7 In[s:/(1—s5;,) =), (19)
where 7 is the “reduced temperature”,
r=2kT/w (20)

and A=2(5—12n,)+78/% may be regarded as an
undetermined parameter.

Figure 4 shows the behavior of the left-hand side
of Eq. (19) as a function of s; for a particular temper-
ature (r=0.7).2 For —24u>A>—2—u, where u is
defined in the figure, there are three roots of Eq. (19).
These roots are to be assigned to the six order param-
eters s; in some way, each way of assigning the roots
corresponding to a given kind of ordering. For a general
alloy, there is no simple way of telling which values
should be assigned to which parameters, it being nec-
essary to use Eq. (16) to determine which set of values
has the lowest free energy for a given temperature and
composition. For A outside this range there is only one
real value of s; and it is not generally possible to find
a physically acceptable solution.

In the case of a-Agl, however, the appropriate
kind of ordering is determined primarily by the iodide
ions and not solely by the kinetics of the AB; “alloy”
describing the distribution of silver ions. We have
already seen that ordering of the silver ions will neces-
sarily cause some distortion of the body-centered
lattice of iodide ions. It seems reasonable to assume
that the most probable ordered structure corresponds
to a body-centered tetragonal lattice of iodide ions
wherein the lattice spacing has been increased in one
direction only. The corresponding ordered structure
of silver ions is obtained by assigning the occupation
probability unity to two of the sublattices and zero
to the other four, the two occupied sublattices being
either L; and Ly, Lp and Ls, or Lz and Ly We shall
therefore assume, for reasons of symmetry and con-
tinuity, that the silver ions disorder in such a way that
four of the parameters s; have the same value, S, and
the other two have the value ¢. From Eq. (18) with
na=%, we see that there is now only one independent
order parameter since

25+a=1 (21)
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C. M.

F1c. 6. Configurational spe-
4 cific heatof silverions asa func-
tion of reduced temperature 7.

and the undetermined multiplier in Eq. (19) may be
eliminated, giving

o 144
1'—2(30'—'1)/ ln(l—_;i:)

from which 7 is readily found as a function of o. We
see from Fig. 5 that Eq. (22) predicts two values of
o at any given temperature. This occurs because we
have actually found the values of ¢ for which the free
energy is stationary. In this case, the larger value of
o represents the equilibrium value at a given temper-
ature. As the temperature is increased from zero, where
the stable state is given by ¢=1 and S=0, the differ-
ence between the two values of ¢ decreases until a
temperature T, is reached at which they are equal.
The temperature 7, represents the critical temper-
ature for the “alloy” which is completely disordered
at all temperatures greater than T,.

Using Eq. (18), we may write the differential in
Eq. (17) as
@/0T)[ 2 si(1=s)]

1§, 541

= (0D Z 52 (1-5) = 5 (159}

=(3/dT) {constant— 3 s:(1—s:)}

(22)

J

and use Eq. (20) to obtain
C,ontie( T) =291k (8/87) { 2 si(1—s5) }.

i
Now #n4=1, so we need 23 silver ions to occupy the
69 lattice sites of the alloy. Putting 201 =N, Avogadro’s
number, we see that the molar configurational specific
heat is

Cyoontig(T) = R(8/9r) Z si(1—sy)

=R(9/or){(1—0a) (14+30)}. (23)

Performing the necessary calculations with the
results of Fig. 5, we obtain the configurational specific
heat shown as a function of reduced temperature in

PERROTT AND N. H.

FLETCHER

Fig. 6. As a check of this result, we see that the values
of Fig. 6 are roughly the same as those obtained for
alloys with the Bragg-Williams approximation, real-
izing that a factor of three is introduced because one
mole of silver ions includes a total of three moles of
“atoms” in our particular AB; system.

Before it is possible to compare this theory with
experiment, we need to know the critical temperature
T.,.. We have seen' that the results of Lieser' between
180° and 320°C are in agreement with those of the
present work, which show a steady increase in the
specific heat ¢, from 18 cal/mole: °C just above the
B-Agl to a-Agl transition temperature 150°C, to 27
cal/mole-°C at 360° the highest temperature inves-
tigated. Lieser also measured ¢, at 420°C, obtaining
a value of 30.4 cal/mole- °C which suggests that there
is a rapid rise in specific heat near 400°C. It would seem,
therefore, that the critical temperature lies between
400° and 555°C, the melting temperature. For the
purpose of comparison, we will set the critical tem-
perature equal to the melting temperature, noting that
if T is lower than this the predicted heat capacity
will be increased in the range of measurement. A
calorimeter is being constructed with a view to making
a careful investigation of the temperature range 400°-
600°C.

Vibrational Specific Heat of Silver Ions in a-Agl

Our next task is to determine the specific heat
contributed by the vibrational factor of the partition
function. We have already made the assumption that
the (b) sites have lower potential energy than the (d)
and (h) sites clustered about them. The average number
of sites in each cluster is four (h) sites and two (d)
sites, because each of the four (d) sites around a given
(b) site is effectively shared between two (b) sites.
Considering a given cluster then, we see that the
potential V(x, ¥, 2) may be roughly separated into
two parts, V{(z, y) and V(z), where the (x, y) plane
is taken as the plane of the cluster. The part V(z) is
to a first approximation a harmonic potential, while
V(x, y) must include the complicated nature of the
cluster. The potential required for ¥ (x, ¥) must include
a deep central well [the (b) site] with six subsidiary
wells of higher potential positioned about it. Four of
these wells must be at the same potential, representing
the (h) sites, and the other two should be at some
other height representing the (d) sites.

The calculations are simplified considerably if we
assume a potential V(x, v, 2) which is completely
separable in Cartesian coordinates. In this case, the
total specific heat is the sum of the specific heats
corresponding to the three one-dimensional potentials.
An appropriate vibrational potential for the cluster is

V(x,3,2)=V(£)+V(y)+V(2),
10 K, H. Lieser, Z. Physik. Chem. (Frankfurt) 2, 238 (1954).
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where

V(s) =EgY/B,

V(%) =&+ (E./a?) (a+2a)?,  forx<—a
= (E;+-€e)3%/a?%, for —a<x<a
=&+ (Eofa?) (x—2a)?,  for x>a,

and V (y) is of the same form as V(x), but with param-
eters ¢, and E,. The potentials V(x) and V(y) have
the form of a central well, flanked by two shallower
wells as shown in Fig. 7. The total potential has a
well with base level zero at the point (0, 0, 0) repre-
senting the (b) site, two wells at (24, 0, 0) with
base e representing (d) sites, and two wells at
(0, ==2g, 0) with base ¢, representing (h) sites. In the
calculation each of these last two wells is given a
statistical weight of 2 in order to allow for the total
of four (h) sites in the cluster. The total potential also
has supernumery wells at (=24, &2, 0) which do not
occur in the physical situation but their contribution
to the specific heat is very small because of their high
base level e,+¢,. Calculations with a variety of modifi-
cations of this model show that the specific heat is
not sensitive to details of positioning and boundary
conditions for individual wells, as follows indeed from
the nature of the classical partition function, so that
this potential should give a reasonable approximation
to the physical situation.

At the temperature of the experiment, the ions may
be regarded as being classical particles and their
partition function and vibrational specific heat may
be calculated with comparative ease. The results of
these calculations for a one-dimensional potential of
the form V(x), but with side wells having degeneracy
n, is shown in Fig. 7 for various relationships between
¢ and E, and also for the two cases =1 and n=2
which represent the potentials V(«x) and ¥ (y), respec-
tively. The vibrational specific heat of a mole of silver
ions is obtained by adding the appropriate ordinates of
the two sets of curves in Fig. 7 and the contribution, R,
from V(z).

fc,
L2.5R
F1c. 7. Vibrational

specific heat for a silver
ion in a one-dimensional

potential well V(x) of }-2R
the form shown, where
each side well is given a
statistical weighting #.
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In order to get the best possible agreement with
experiment we need to attribute as much specific
heat as possible to these vibrational modes over the
temperature range 150°-555°C. There is little experi-
mental information about the base levels of the indi-
vidual wells in the potential and our choice is con-
strained only by the necessity not to conflict with
x-ray structure data and ionic conductivity measure-
ments. We have chosen to take the potentials of sites
(d) and (h) to be equal and 3.6 kcal/mole above that
of the (b) sites.

Specific Heat of the Iodide Ions in a-Agl

In the ordered state, as we have seen, the iodide
ions may be assumed to occupy a body-centered tetra-
gonal lattice, while two of the six sublattices for silver
ions are occupied. Disorder of the silver ions occurs
by the movement of the ions off these two lattices,
to become distributed over the other four sublattices.
When a given silver ion moves in this way, two iodide
ions must move apart to accommodate it, while the
two iodide ions nearest the vacancy created by this shift
of the silver ion will move closer together. For a mole of
a-Agl in a state of disorder characterized by the param-
eter S of Eq. (21), there are 2N.S silver ions which
have moved in this way. The corresponding positions
of the iodide ions are only uniquely determined if all
distortions of their lattice are symmetrical, that is if
a given pair involved in the movement instigated by a
silver ion move apart or together in such a way that
each is displaced by the same distance. In this case,
there is no uncertainty in the positions of the iodide
ions and no configurational specific heat.

It is possible, however, that one ion of a pair may
be displaced more than the other. The entropy asso-
ciated with the uncertainty as to which ion is displaced
gives rise to a configurational specific heat for the
iodide ions. In order to estimate the magnitude of this
specific heat contribution arising from disorder among
the iodide ions, we observe that if there are 2V.S silver
ions displaced from their ordered positions then, neglect-
ing interactions between them, this leads to 48
possible iodide ion configurations and a configurational
entropy contribution of 2N%S In4. The corresponding
contribution to the specific heat is negligible below
250°C, 1.4 cal/mole-°C at 350°C and 2.8 cal/mole-°C
at 450°C. A more careful calculation would give a
smaller value, particularly above 450°C where this
simple calculation overestimates the number of con-
figurations and the predicted specific heat contribution
rises steeply to greater than 6 cal/mole-°C at 540°C.

In addition to the specific heat contributed by their
disorder, the N iodide ions have a vibrational specific
heat 3R obtained by assuming that each ion vibrates
in a harmonic potential well whose position in space
is determined by the distribution of silver ions.
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Fi16. 8. Comparison of calculated heat capacity for a-Agl with
experiment. The full curve includes the calculated disorder con-
tribution from iodide ions while the broken curve omits this term.

III. CONCLUSIONS

Stoichiometric Silver Iodide

The molar heat capacity of a-Agl is obtained by
adding the corresponding values of the configurational
and vibrational heat capacities of both silver and
iodide ions. The result shown in Fig. 8 relies on the
assumption that the critical temperature for the
cooperative disordering of silver ions is actually the
melting point of a-Agl, 555°C. Two theoretical curves
are shown in Fig. 8; the lower curve corresponds to a
crystal wherein there is no configurational specific
heat contributed by the iodide ions, while the other
curve includes the contribution estimated immediately
above. The true molar heat capacity predicted by our
model lies somewhere between the two and is seen to
be in quite good agreement with the experimental
curve.

Since the model involves a number of assumptions
for which there is no direct experimental evidence,
experiments are at present being planned to test some
of these assumptions. The most important of these
will involve the use of x-ray diffraction techniques to
investigate ordering in large-grain polycrystalline
samples of a-Agl.

Nonstoichiometric Silver Iodide

We have seen! that samples of silver iodide which
deviate from stoichiometry by as little as 1 mole%
have a heat capacity which is markedly different from
that of stoichiometric samples (Fig. 1). This behavior
may be partially explained if we assume that the lack
of stoichiometry induces essentially complete disorder
at any temperature above the 150°C phase transition.
The parameter ¢ would then be independent of tem-
perature and there would be no configurational specific
heat for either ionic species. Attributing a vibrational
specific heat 3R to the iodide ions, we must assume also,
in order to explain the observed specific heat values,
that some effect enters to reduce the vibrational
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specific heat of the silver ions to the same value. This
would occur if the difference in base energy between
(b) sites and either (d) or (h) sites for silver ions in
disordered positions became close to k7, instead of
about 3%T as assumed for partially ordered material.
If this level shift were to occur it would not cause a
great change in the calculated heat capacity curves
for stoichiometric material, except quite close to the
melting point, and would lead to a specific heat for
nonstoichiometric material actually decreasing with
rising temperature, as is in fact observed.

The electrical conductivity data of Tubandt and
Lorenz! lend some support to this interpretation. This
data was obtained with reversible silver electrodes
and is consequently applicable to silver iodide in
equilibrium with metallic silver. The ionic conductivity
was observed to increase slowly with temperature,
reaching a value at the melting point higher than the
conductivity of the melt. This behavior was attributed
to a structure in which the silver ions are essentially
liquid and in which the activation energy for their
migration is very small—exactly the model proposed
here for the nonstoichiometric material.

We propose to perform controlled measurements
of ionic conductivity using inert electrodes which
should give important information about the proposed
models for stoichiometric and nonstoichiometric alpha
silver iodide, because these models predict very different
temperature dependence of the ionic conductivity.
For our model of stoichiometric a-Agl, we may show
that a silver ion moving from its ordered position
to a neighboring disordered position causes an increase
in configurational energy which is proportional to
(e—.§). Although the barrier to silver-ion migration
depends on the microscopic detail of the interaction
potentials, it should also be proportional to (¢—.5),
therefore decreasing with increasing temperature, and
causing a sharply rising ionic conductivity.

In Paper III of this series, we will report calorimetric
investigations with quenched and slowly cooled samples
of both stoichiometric and nonstoichiometric silver
iodide. It will be seen that the experimental evidence
therein gives support to the proposed models and
indicates the existence of a critical temperature for
disordering of stoichiometric Agl at approximately
430°C.
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