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Energy components in a lattice of ions and dipoles:
Application to the K „THF …xC24 compounds„x51,2…
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M.-F. Charlier
Laboratoire de Physique du Solide, Universite´ de Metz, 1 boulevard Arago, 57078 Metz, Cedex 03, France

~Received 3 June 1996; revised manuscript received 13 January 1997!

The ion-ion, ion-dipole, and dipole-dipole interaction energies of a three-component crystal lattice are
explained and calculated by the Ewald-Kornfeld method, and the relationships thus derived are applied to the
K~THF! xC24 (x51 or 2, THF denotes tetrahydrofuran! intercalation compounds of graphite to obtain infor-
mation on the orientation of the dipolar THF molecules in the lattice.@S0163-1829~97!02923-8#
d
s
-
in

de
ze

o

b
lt
le
es
ee

p
le

in
m

l t
s
a
fa

to
e
co-

lid
n
ions
n of

d
pe-
’

-

a-
ar-
to
e
the

m-
nce

ate.

ol-
lue

lar
t
ssi-
m

o

I. INTRODUCTION

The ternary graphite intercalation compounds~TGIC!
K~THF! xC24 ~in which THF denotes tetrahydrofuran an
x'1.2 or 2.2! differ from the simpler binary compound
such as KC8 and KC24 in that they contain a dipolar mol
ecule within the crystal lattice. It is generally admitted that
a binary GIC of the heavy alkali metals~K to Cs!, the metal
atom is ionized to a large extent and is not covalently bon
to the C atoms, and that its valence electron is delocali
among the C atoms of the two-dimensional~2D! graphitic
planes. Even when the third component of a TGIC is a m
ecule such as C6H6 with no intrinsic dipole moment, the
presence of the local anisotropic electrostatic field created
the cation and the delocalized countercharge must resu
the formation of an induced dipole in the organic molecu
so that the TGIC therefore contains two coexisting lattic
namely, an ionic lattice due to the charge transfer betw
the metal atom and the carbon~or ‘‘graphene’’! layers, and a
lattice of dipoles residing on the organic molecules.

One can therefore expect the existence of three com
nents contributing to the energy balance: ion-ion, ion-dipo
and dipole-dipole interactions.

II. THE K „THF … xC24 COMPOUNDS

A. The intercalation compounds

The title compounds were first identified by Nomine´ and
Bonnetain1 who prepared them by the action of a solution
liquid tetrahydrofuran of the alkali-metal–naphtalene co
plex on graphite, as shown in the following reaction:

K1x~THF!1Npt
K1~THF!xNpt
2, ~2.1!

K1~THF!xNpt
21nCg
K1~THF!xCn

21Npt ~2.2!

~in which Npt stands for naphtalene andCg stands for graph-
ite!. Because the electron affinity of graphite—about equa
its energy of ionization2 and therefore close to 4.4 eV—i
much stronger than that of any other polycondensed arom
hydrocarbon, the reactions are driven to completion. The
550163-1829/97/55~23!/15537~7!/$10.00
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that the K1 ion can be solvated by THF molecules thanks
the presence of the twop electron pairs on the O atom of th
organic molecule is undoubtedly mirrored in the ease of
intercalation of THF with K. Much work has been done3 to
identify the various products present in the resulting so
mixture, and bothx andn in the above equations have bee
found to have a range of values that depend on the condit
of preparation. Pure products were prepared by the actio
THF vapor on pure, solid KC24 as in the reaction3

KC241THF~excess!→K~THF!xC24, ~2.3!

wherex' 2.2. The so-called ‘‘rich’’ phase that is forme
can lose part of the intercalated THF when submitted to s
cific conditions of cryopumping to yield a new ‘‘lean’
phase3,4 with x' 1.2. Carefulin situweight-loss versus time
measurements426 allow the isolation of solids with compo
sitions straddling the valuesx52 orx51, but the compounds
with integral stoichiometries do not show any particular fe
tures of their physical or chemical properties and, more p
ticularly, of their x-ray diffraction spectra, as compared
those with nonintegral values ofx, and arguments can b
presented indicating that the excess THF with respect to
integral stoichiometry is not adsorbedon the solid but is
indeed intercalated between the layers.4

Both the rich and the lean phase are first-stage co
pounds. As seen in the values in Table I, the main differe
in their structural parameters resides in the distanced1 sepa-
rating the graphene layers on either side of the intercal
The increase in the value ofd1 from 5.42 Å ~for the binary
KC24) is of course due to the presence of bulky THF m
ecules in the interlayer space, and the difference in the va
of d1 for the two phases has been traced325 to different
orientations of the THF molecules, which have their dipo
axis roughly parallel to thec axis in the rich phase, bu
parallel to the graphene layers in the lean phase. Two po
bilities exist for the indexation of the powder diffractogra
of the latter, one of them requiring that thec parameter be
doubled, i.e., that it be characteristic of the height of tw
15 537 © 1997 The American Physical Society
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15 538 55A. CHARLIER, R. SETTON, AND M.-F. CHARLIER
graphene-intercalate-graphene sequences. The indexati
the diffractogram of the lean phase suggests that the r
C/K is 48/2 rather than 24/1 and, again, that thec parameter
be doubled.

A major problem arises in the theoretical calculation o
number of characteristics—such as the Madelu
energy—of these and similar compounds that cont
components whose stoichiometry is nonintegral. Thus, in
present case, lodging 2.4 molecules of THF on the
monoclinic C48 lattice of the lean phase~cf. Table I! is
impossible, and attempting to eliminate the problem
changing the formula of the compound@K 2~THF! 2.4C48# 2 to
@K20~THF!24C480#2 is senseless since the indexation requi
that the 2D lattice contain 48 C atoms, not 480. For the ti
being, we shall therefore seek a first approximation to
solution by restricting the problem to the compositio
@K2~THF!2C48#2 for the lean phase and@K~THF! 2C24# 2 or
K~THF! 2C24 for the rich phase.

B. The tetrahydrofuran molecule

Tetrahydrofuran@Figs. 1~a! and 1~b!# is a cyclic ether
C4H8O, with two pairs of lonep electrons on the oxygen
atom. Its geometrical characteristics~Table II! have been de-
termined by electron diffraction6 and microwave
spectroscopy,7 and since the sum of the internal angles
540°, the mean conformation of the molecule must be
plane. Its dipole momentp, equal to 1.63 Debye units, i
equivalent to 0.54310229 C m ~cf. 1.85 and 1.50 Debye
units,8 respectively for H2O and NH3). The center of gravity
G2 of the ‘‘free’’ negative charges resulting from the pre

TABLE I. Structural parameters of the ternary compounds. T
crystal lattice parametersa, b, c are in Å, with a and b in the
graphene layer andc perpendicular to it.

Rich phase Rich phase Lean phase

K(THF)2.2C24 @K(THF)2.2C24#2 @K2(THF)2.4C48#2
orthorhombic monoclinic monoclinic
a57.44 a57.44 a58.53
b58.59 b58.94 b515.39
c58.84 c52(8.91) c52(7.18)

g5106.10° g5106.10°

FIG. 1. Tetrahydrofuran molecule. Left figure presents ato
bonds, and bond angles for THF. The right figure localizes nega
center of chargeG2 and positive center of chargeG1.
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ence of thep electrons can be assumed to lie on the O ato
while G1, that of the corresponding positive counterchar
must be on theC2 symmetry axis, half-way between line
CE andAB. From the values of the distances and angles
Fig. 1~b! and Table II,

G2D51.43 sin@~180°-111°!/2#50.810 Å

and

DG15@1.54 sin@~105.5°!#/250.742 Å,

hence

G2G151.552 Å.

The position of the THF molecules within the crystal la
tice is, of course, subject to the steric requirements due
their bulk. After taking into account the van der Waals rad9

of O (RO51.4 Å! and H (RH51.2 Å!, the center point of
G2G1 is found to be coincident~to 0.1 Å! with the center of
the sphere circumscribing the THF molecule, and the po
tive end of the vector attached to the dipole moment of T
can therefore be placed thereon with sufficient accuracy.

III. THE INTERACTION ENERGY COMPONENTS

A. Madelung energy of the binary compound KC24

A test computation performed using the relationsh
~A3! in Appendix A yielded correct values for th
Madelung10–16 energyEM and the Madelung constant fo
CsCl, namely,EM527.108 eV anda51.7626, respectively,
in agreement with the commonly accepted values.

Although the binary potassium derivative KC24 featured
in Eq. ~2.3! is a second-stage intercalation compound,
ternary derivative that is formed is first stage, so that
reaction described by Eq.~2.3! can, at least formally, be
broken down into two successive steps, namely,

KC24~second stage!
@KC24~first stage!# ~3.1!

followed by

@KC24~first stage!#

1THF~excess!
K~THF!xC24~first stage!

~3.2!

in which the square brackets denote the hypothetical for
tion of a first-stage compound. One should also remem
that the local density of occupation of the alkali-metal io
changes in the course of reactions~3.1! and ~3.2!, with K/C
being 1/12 for the second stage and 1/24 for the first sta
Combined with the change in distance between the graph
layers on either side of the intercalated layer, this results

e TABLE II. Tetrahydrofuran molecule. Distances are in Å an
angles in degrees.

Angles ~deg! Distances~Å!

COĈ5111°
CCĈ5105.5° dC-C51.54

CCĤ5127.3° dC-H51.10

HCĤ5109.5° dC-O51.43

CCÔ5109°
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55 15 539ENERGY COMPONENTS IN A LATTICE OF IONS AND . . .
TABLE III. Ion-ion interaction~Madelung energy! in eV of some hypothetical K-graphite intercalatio
compounds. All distances are in Å. The Madelung energy values refer to compounds with crystal
parameters equal to those given at the head of the column, except for the value ofd1 ~the distance between
the graphene layers on either side of the intercalated ion! given at the beginning of the line. In all cases, t
positive metal ion is exactly halfway between the adjacent layers. Values ini talics correspond to hypotheti-
cal binary derivatives with the same crystal lattice as the ternary K-THF-graphite compounds. All
values are normalized with respect to a single K atom.

Structural characteristics
KC24 KC24 @KC24#2 @K2C48#2

Hexagonal Orthorhombic Monoclinic Monoclinic

a58.53 a57.44 a57.44 a58.53
b58.53 b58.59 b58.94 b515.39
c55.42 c58.84 c52(8.91) c52(7.18)

g5106.10 g5106.10
Madelung~ion-ion! energy
d155.42 22.207 22.161 22.166 22.053
d157.18 21.657 21.620 21.625 21.558
d158.84 21.078 21.045 21.049 21.001
d158.91 21.053 21.020 21.024 20.977
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an important modification of the Madelung energy, as s
in the values given in Table III for some real and hypothe
cal KC24 compounds, the latter corresponding to structu
with crystal lattices whose characteristics are those of
ternary compounds. The evaluations were performed ass
ing that the charge transfer from the K atom to the graph
layers is complete,17 with the ion halfway between the adja
cent graphene layers. The values in Table III show that
parameter with the greatest influence on the energy isd1 ~the
distance between the graphene layers on either side o
intercalated species!, rather than the characteristics of the 2
lattice in which the average distance between first-neigh
K 1 ions is nearly the same. Similarly, the influence of t
C/K ratio on EM can be gauged by comparison with th
corresponding values ofEM for the ‘‘saturated’’ ~i.e., rich-
est! first-stage compound~KC8) n for which the stacking
Aa, corresponding ton51, givesEM522.416 eV,while
the stackingAaAbAgAd, which corresponds ton54,
yields EM522.424 eV, both structures18,19 having d1
55.42 Å.

B. Ion↔dipole and dipole interactions
in the ternary compounds

The heat of sublimation20 S of the hydrogen chloride
HCL molecule is 4.5 kcal. It is connected to reticular ener
of a system of dipoles of equal momentp51.08 Debye. By
using the model of Born given by Kornfeld in Ref. 20~a
cube of sided/2 obtained with the help of two regular con
gruent tetrahedrons!, the dipoles are located on the four d
agonals of the cube. In a volumed3 one counts 8 dipoles
Energy Edip-dip computed by our formula~B9! gives the
value 2443310218 kcal/mole. Kornfeld’s formula
S521.56531028NEdip-dip, whereN is Avogadro’s num-
ber, provides a good value for the energy of sublimat
S54.174 kcal/mole and validates our formula~B9!.

It is convenient to use the system of spherical coordina
The projection of the dipole on thea,b plane of the crystal
lattice forms an angleu ~the longitude! with a, while the
angle between the dipole andc is w ~the colatitude!. With
this notation, the dipoles parallel to the graphene axis in
n
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lean phase all havew5p/2 whereasw50 for those whose
dipolar axis is parallel to thec axis.

Figure 2 shows possible configurations for the dipoles a
the metal ions in a single intercalate layer of the lean ph
and the rich phases, i.e., for the K2~THF! 2 and K~THF! 2
moieties, respectively. Since the structural parameterc re-
quires thatd1 be doubled for the lean phase, the four layou
A–D in Fig. 2 give the six possible combinations of no
identical successive layers shown in Table IV, in whichu1
andu2 are the longitudes of the dipoles in one of the inte
calate layers andu3 andu4 are the orientations of the dipole
in the other layer. As regards the monoclinic rich phase
which two nonidentical layers of the intercalate must also
superposed along thec axis, the dipoles in the layoutE can
give rise to the four different combinations given in the se
ond part of Table IV, whereas there are only two possibilit
of configuring the two dipoles inF, which corresponds to the
intercalate of the orthorhombic rich phase.

For each of the three sections in Table IV, the configu
tion placed at the head of the list stands out as being ap
ently much more favorable than the others since it cor
sponds to the lowest value of the sumEion↔dip1Edip-dip
namely,20.8514 eV~lean phase, monoclinic!, 20.4722 eV

FIG. 2. Possible configurations for the dipoles and metal io
Different positions of the THF dipoles and the K ions in a sing
intercalate layer for the lean and rich phases are shown.
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15 540 55A. CHARLIER, R. SETTON, AND M.-F. CHARLIER
~rich phase, orthorhombic!, and 20.5462 eV ~rich phase,
monoclinic!. When added to the appropriate values
Eion-ion from Table III, the total interaction energies are fou
to be

lean phase,@K2~THF!2C48#2, monoclinic, Einteraction

522.409 eV,

rich phase, K~THF!2C24, orthorhombic,Einteraction

521.517 eV,

rich phase,@K~THF!2C24#2, monoclinic, Einteraction

521.570 eV

and the most likely configurations for the dipoles areu15 0,
u25 0, u35 g, u45 g1p for the monoclinic lean phase
w150, w250, w3 50, w45p for the monoclinic rich phase
andw150, w250 for the orthorhombic rich phase.

We assumed in our calculations rigid dipoles in an un
laxed lattice but our method is adapted to optimum geom
determination. Orientations are calculated for THF m
ecules in three specified lattices, under the assumption
the internal geometry and dipole moment of the THF m
ecules are independent of the local environment. A minim
ization of the total energy, taking into account a possi
variation of the dipole moment value, has been perform
for p near to 1.63 Debye. For the different dipole and i
configurations studied here, the numerical value ofp is
slightly lower than 1.63 but the difference never exceeds 3
The authors believe that it is possible to determine the o

TABLE IV. Ion↔dipole and dipole-dipole components~in eV!
of the total interaction energy. Various possible configurations
the dipoles in the rich and lean phases are given; for each phas
composition indicated is that used in the calculation~see text!.

Lean phase,@K2(THF)2C48#2, monoclinic,2Eion-ion51.558 eV
u1 u2 u3 u4 2Eion↔dip 2Edip-dip 2sum

0 0 g g1p 0.8160 0.0354 0.8514
0 p g g1p 0.6732 0.0026 0.6758
0 0 g1p g1p 0.3822 0.0845 0.4667
0 p g1p g1p 0.2415 0.0455 0.2870
g g1p g1p g1p 0.1852 0.0382 0.2234
0 0 0 p 0.1321 0.0426 0.1747

Rich phase, structure K(THF)2C24, orthorhombic, 2Eion-ion

51.045 eV
w1 w2 2Eion↔dip 2Edip-dip 2sum

0 0 0.4046 0.0676 0.4722
0 p 0.1649 0.0401 0.2050

Rich phase, structure@K(THF)2C24#2, monoclinic, 2Eion-ion

51.024 eV
w1 w2 w3 w4 2Eion↔dip 2Edip-dip 2sum

0 0 0 p 0.5137 0.0325 0.5462
0 0 p 0 0.4547 0.0325 0.4872
0 p p 0 0.4210 0.0306 0.4516
0 0 p p 0.1864 0.0367 0.2231
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mum geometry for other lattices of ions and dipoles th
K~THF! xC24 compounds with this method. Unfortunately
our case the number of parameters for the minimalization
energy is too high: stoichiometry and lattice parameters,
sitions and orientations of the dipoles, dipole moment val
charge transfer, etc.

IV. CONCLUSIONS

The Kornfeld extension20 of the Madelung-Ewald method
to dipole-containing ionic solids can provide useful inform
tion concerning the configuration of the dipoles within t
lattice, in spite of the fact that the present lack of adequ
experimental thermodynamic data on ternary intercalat
compounds of graphite unfortunately prevents any comp
son of the results with known numerical values. A full e
ploitation of the method would, however, require taking in
account the nonintegral values of the tetrahydrofur
potassium ratio, a problem for which no adequate solut
has yet been found.

APPENDIX A: ION-ION INTERACTION „OR MADELUNG …

ENERGY

The Ewald method of computation of the ion-ion intera
tion is well known.21–24 Consider a crystalline solid suffi
ciently extensive that anisotropy effects due to the proxim
of the surface can be neglected, and letO be the origin to
which the three crystal axes of the elementary cell paral
epiped are referred. The position of an ionI in thecth cell of
the solid can be fully described by the vectorOI , viz.,
OI5OO81O8I5c1 i5I , in which c is a vector localizing
the elementary cell with respect to the origin andi is a vector
giving the position ofI within the cell. The position vector
r5OM attached to any pointM within the whole lattice
characterizes the position ofM with respect to the origin
O. Hence, the electrostatic potential atM due to all the ions
in the crystal lattice is

Vion~M !5(
i

(
c

qi
4pe0ir2c2 ii

, ~A1!

i.e.,

Vion~M !5
1

2p3/2e0
(
I
qIE

0

H

e2ir2I i2l2dl

1
1

4pe0
(
I
qI

1

ir2I i
erfc~ ir2I iH !, ~A2!

where erfc is thecomplementary error function.The total
ion-ion or Madelung energy of the crystal lattice, noted he
Eion-ion, is therefore

Eion-ion5
1

2te0
(
I

(
I8

(
hÞ0

qI 8qIe
ih–„I82I )

e2h2/4H2

h2

1
1

8pe0
(
I ,IÞI8

(
I8

qIqI 8
i I 82I i erfc~

i I 82I iH !

2
H

4p3/2e0
(
i
qi
2 . ~A3!

f
the
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h is a reciprocal vector.25,26 Although the parameterH can
be chosen quite arbitrarily because it should normally n
affect the final result, experience shows that the necess
truncation of the series in~A3! introduces errors since too
small ~or too large! a value ofH will favor the rapid con-
vergence of one~or the other! series. Procedures exist27 to
determine the best value ofH, i.e., that value that will give
the same order of magnitude for the two residues—which a
of opposite sign—of the series.

APPENDIX B: DIPOLE-DIPOLE INTERACTION ENERGY

The procedure yielding the energy contribution of a lattic
of dipoles with given orientation and intensity characteristic
is similar to that used by Kornfeld,20,28,29 de Wette and
Schacher,30 and Nijboer.31

In Fig. 3, the charges2q and1q respectively atO1 and
O2 constitute a dipoleD whose momentpD5ql involves the
vector l characteristic of the relative orientation and dis
tance betweenO1 andO2 . The position of the midpoint ofl
with respect to the origin is given by the vectorD such that
D5c1d in which d is the vector describing the position and
orientation of the dipole with respect to the origin of the
lattice within whichD is placed, andc localizes the lattice
itself with respect to the originO.

At a pointM , the dipole creates a potentialv(M ), which
is

v~M !5
pD•r

4pe0r
3 . ~B1!

In order to be able to retain the formalism developped
Appendix A for pointlike charges, it is convenient to define
an operatord/dp as

d

dp
52

p–r

r

d

dr
~B2!

from which it follows that

v~M !5
d

dpS 1

4pe0r
D ~B3!

FIG. 3. Dipole. We define position and orientation of the THF
dipole relative to the origin of the lattice.
t
ry

re

s

n

and, since the vector betweenD andM is DM 5 r2D,
then the potential atM due to all the dipoles in the lattice i

Vdip~M !5(
D

d

dpD
S 1

4pe0ir2Di D . ~B4!

Using now

1

4pe0ir2Di 5
1

2p3/2e0
E
0

H

e2ir2Di2l2dl

1
1

4pe0ir2Dierfc~
ir2DiH ! ~B5!

the expression~B4! can be modified to

Vdip~M !52
i

e0t
(
D

(
hÞ0

~pD•h!
e2h2/4H2

h2
eih•~r2D!

1
1

4pe0
(
D

pD•~r2D!

ir2Di3 erfc~ ir2DiH !

1
H

2p3/2e0
(
D

pD•~r2D!

ir2Di2 e2ir2Di2H2
. ~B6!

The potentialVdip
8 (M ) atM due to all the dipoles except

dipoleD8 is therefore

Vdip8 ~M !52
i

e0t
(
DÞD8

(
hÞ0

~pD•h!
e2h2/4H2

h2
eih•~r2D!

1
1

4pe0
(
DÞD8

pD•~r2D!

ir2Di3

2
1

4pe0
(
DÞD8

(
pD•~r2D!

ir2Di3 erf~ ir2DiH !

1
H

2p3/2e0
(
DÞD8

pD•~r2D!

ir2Di2 e2ir2Di2H2
, ~B7!

which yields, for the dipole-dipole interaction energy

Edip-dip5
1

2 (
D8

pD8•“Vdip8 ~D8!, ~B8!

or, explicitly,
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Edip-dip5
1

2e0t
(
D

(
D8ÞD

(
hÞ0

~pD • h!~pD8•h!
e2h2/4H2

h2
eih–~D82D!2

1

4pe0
(
D

(
D8ÞD

pD•~D82D!pD8•~D82D!

iD82Di5

3erfc~ iD82DiH !2
H

2p3/2e0
(
D

(
D8ÞD

pD • ~D82D!pD8•~D82D!

iD82Di4 e2iD82Di2H2

2
H3

2p3/2e0
(
D

(
D8ÞD

pD•~D82D!pD8•~D82D!

iD82Di2 e2iD82Di2H2
. ~B9!
on

ac
he
cr
th
th

e
io
um

n

of
n-
he
Note that the relationships in Eq.~B9! are symmetrical in
D andD8, and that the sum(DpD•he

ih–D plays the same role
as the structure factorF ion(h)5( iqie

2 ih–i in Eq. ~A3!.
Again, the interaction energyEdip-dip is, at least in principle,
independent ofH and only dependent on the relative positi
vectorD2D8 and on the momentspD andpD8.

APPENDIX C: MUTUAL ION-DIPOLE INTERACTION
ENERGY

There are, in fact, two components of the mutual inter
tion energyEion↔dip between ions and dipoles, namely, t
energy due to the presence of ions in the potential field
ated by the lattice of dipoles, and the energy due to
presence of the dipoles in the potential field created by
ions. The relationship

Eion-dip5(
D

p
D
•“Vion~D ! ~C1!

yields the ion-dipole interaction energy

Eion-dip5
i

e0 t (
hÞ0

(
c

(
D

F ion~h!eih–~D2c!
e2h2/4H2

h2
pD•h

2
1

4pe0
(
I

(
D

qI
p
D
•~D2I !

iD2I i3
erfc~ iD2I iH !

2
H

2p3/2e0
(
I

(
D

qI
pD•~D2I !

iD2I i2
e2iD2I i2H2

.

~C2!

Eion-dip is a complex number, as witnessed by the presenc
i before the treble sum. As will be seen below, the addit
of Edip-ion, the dipole-ion interaction energy, renders the s
of these two interaction energies real.

The potential atM due to the dipole lattice is, as given i
Appendix B,

Vdip~M !52
i

e0t
(
D

(
hÞ0

~pD•h!
e2h2/4H2

h2
eih–~r2D!

1
1

4pe0
(
D

pD•~r2D!

ir2Di3 erfc~ ir2DiH !

1
H

2p3/2e0
(
D

pD•~r2D!

ir2Di2 e2ir2Di2H2
~C3!

and since
-

e-
e
e

of
n

Edip-ion5(
I
qIVdip~ I ! ~C4!

then

Edip-ion52
i

e0t
(
D

(
hÞ0

(
I
qI~pD•h!

e2h2/4H2

h2
eih–~ I2D!

1
1

4pe0
(
D

(
I
qI
pD•~ I2D!

i I2Di3 erfc~ i I2DiH !

1
H

2p3/2e0
(
D

(
I
qI
pD•~ I2D!

i I2Di2 e2i I2Di2H2
.

~C5!

The sum of~C2! and~C5! is the total or mutual ion-dipole
interaction energy

Eion↔dip5Eion-dip1Edip-ion

52
2

e0t
(
hÞ0

(
I

(
D

qIsin@h–~D2I !#
e2h2/4H2

h2
pD•h

2
1

2pe0
(
I

(
D

qI
p
D
•~D2I !

iD2I i3
erfc~ iD2I iH !

2
H

p3/2e0
(
I

(
D

qI
p
D
•~D2I !

iD2I i2
e2iD2I i2H2

~C6!

in which the sine term arises from the difference in sign
the (I2D) factor in the exponent. The total interaction e
ergy for the lattice of ions and dipoles is the sum of t
expressions in~A3!, ~B9!, and~C6!, namely,

E5Eion-ion1Edip-dip1Eion↔dip . ~C7!
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