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Energy components in a lattice of ions and dipoles:
Application to the K (THF),C,, compounds(x=1,2)
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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),C,4 (x=1 or 2, THF denotes tetrahydrofunaimtercalation compounds of graphite to obtain infor-
mation on the orientation of the dipolar THF molecules in the lat{i§©163-1827)02923-§

I. INTRODUCTION that the K' ion can be solvated by THF molecules thanks to
the presence of the two electron pairs on the O atom of the
The ternary graphite intercalation compoun@gGIC) organic molecule is undoubtedly mirrored in the ease of co-
K(THF),C,4 (in which THF denotes tetrahydrofuran and intercalation of THF with K. Much work has been doht®
x~1.2 or 2.2 differ from the simpler binary compounds identify the various products present in the resulting solid
such as KG and KC,, in that they contain a dipolar mol- mixture, and botlx andn in the above equations have been
ecule within the crystal lattice. It is generally admitted that infound to have a range of values that depend on the conditions
a binary GIC of the heavy alkali metalk to Cs), the metal of preparation. Pure products were prepared by the action of
atom is ionized to a large extent and is not covalently bonded@HF vapor on pure, solid Kg, as in the reactioh
to the C atoms, and that its valence electron is delocalized
among the C atoms of the two-dimensioriaD) graphitic
planes. Even when the third component of a TGIC is a mol- KC,,+ THF(excesg— K(THF),Coy, (2.3
ecule such as gHg with no intrinsic dipole moment, the
presence of the local anisotropic electrostatic field created by
the cation and the delocalized countercharge must result iwherex~ 2.2. The so-called “rich” phase that is formed
the formation of an induced dipole in the organic molecule can lose part of the intercalated THF when submitted to spe-
so that the TGIC therefore contains two coexisting latticesCific conditions of cryopumping to yield a new “lean”
namely, an ionic lattice due to the charge transfer betweeRhasé*with x~ 1.2. Carefuiin situ weight-loss versus time
the metal atom and the carbéor “graphene”) layers, and a measurements © allow the isolation of solids with compo-
lattice of dipoles residing on the organic molecules. sitions straddling the values=2 orx=1, but the compounds
One can therefore expect the existence of three compavith integral stoichiometries do not show any particular fea-
nents contributing to the energy balance: ion-ion, ion-dipolefures of their physical or chemical properties and, more par-

and dipole-dipole interactions. ticularly, of their x-ray diffraction spectra, as compared to
those with nonintegral values of, and arguments can be
II. THE K (THF),C ,, COMPOUNDS presented indieating thet the excess THF with respect _to the
_ . integral stoichiometry is not adsorbeauh the solid but is
A. The intercalation compounds indeed intercalated between the lay®rs.
The title compounds were first identified by Normiard Both the rich and the lean phase are first-stage com-

Bonnetaifi who prepared them by the action of a solution in POUnds. As seen in the values in Table I, the main difference
liquid tetrahydrofuran of the alkali-metal-naphtalene com-In their structural parameters resides in the distahceepa-

plex on graphite, as shown in the following reaction: rating the graphene layers on either side of the intercalate.
The increase in the value of, from 5.42 A (for the binary
K+ x(THF) + Npt=K * (THF),Npt~, (2.2 KC,,) is of course due to the presence of bulky THF mol-

ecules in the interlayer space, and the difference in the value
K+(THF)XNpt_+an:KJ“(THF)XCn_-f—Npt (2.2) of d, for the two phases has been traded to different

orientations of the THF molecules, which have their dipolar
(in which Npt stands for naphtalene a@g stands for graph- axis roughly parallel to the axis in the rich phase, but
ite). Because the electron affinity of graphite—about equal tgparallel to the graphene layers in the lean phase. Two possi-
its energy of ionizatioA and therefore close to 4.4 eV—is bilities exist for the indexation of the powder diffractogram
much stronger than that of any other polycondensed aromatiaf the latter, one of them requiring that tieeparameter be
hydrocarbon, the reactions are driven to completion. The faafloubled, i.e., that it be characteristic of the height of two
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TABLE I. Structural parameters of the ternary compounds. The TABLE Il. Tetrahydrofuran molecule. Distances are in A and
crystal lattice parameters, b, ¢ are in A, witha andb in the angles in degrees.
graphene layer and perpendicular to it.

Angles (deg DistancesA)
Rich phase Rich phase Lean phase —

COC=111°
K(THF),,Cy4 [K(THF) L4l [K2(THF);.4Casl, CCC=105.5° dc.c=1.54
orthorhombic monoclinic monoclinic CCH=127.3° dcx=1.10
a=7.44 a=7.44 a=8.53 ACH=109.5° dc.o=1.43
b=8.59 b=8.94 b=15.39 ~CO— °
c=8.84 c=2(8.91) c=2(7.18) cco=109

y=106.10° y=106.10°

ence of thep electrons can be assumed to lie on the O atom,
while G™, that of the corresponding positive countercharge,
graphene-intercalate-graphene sequences. The indexationrofist be on theC, symmetry axis, half-way between lines
the diffractogram of the lean phase suggests that the rati6 E and AB. From the values of the distances and angles in
C/K is 48/2 rather than 24/1 and, again, that thearameter  Fig. 1(b) and Table II,
be doubled. _ . R

A major problem arises in the theoretical calculation of a G D=1.43 sifi(180°-1119/2]=0.810 A
number of characteristics—such as the Madelungand
energy—of these and similar compounds that contain DG*=[1.54sii(105.59]/2=0.742 A,
components whose stoichiometry is nonintegral. Thus, in th
present case, lodging 2.4 molecules of THF on the 2 € -
monaoclinic C,g lattice of the lean phasécf. Table ) is G G"=1552 A.

impossible, and attempting to eliminate the problem by The position of the THF molecules within the crystal lat-
changing the formula of the compoufid»(THF) , .C4gl2 10 fice is, of course, subject to the steric requirements due to
[K2o(THF)24Casal2 is senseless since the indexation requiresheir bulk. After taking into account the van der Waals radii
that the 2D lattice contain 48 C atoms, not 480. For the timeyf O (Ro=1.4 A) and H Ry=1.2 A), the center point of
being, we shall therefore seek a first approximation to thas~G™ is found to be coincider(to 0.1 A) with the center of
solution by restricting the problem to the compositionsthe sphere circumscribing the THF molecule, and the posi-
[Ko(THF),Cygl, for the lean phase andK(THF),Co4], or  tive end of the vector attached to the dipole moment of THF
K(THF),C,, for the rich phase. can therefore be placed thereon with sufficient accuracy.

nce

Ill. THE INTERACTION ENERGY COMPONENTS

B. The tetrahydrofuran molecule A. Madelung energy of the binary compound KC,,

Tetrahydrofuran[Figs. Xa and Xb)] is a cyclic ether A test computation performed using the relationships
C,HgO, with two pairs of lonep electrons on the oxygen (A3) in Appendix A vyielded correct values for the
atom. Its geometrical characteristidable 1) have been de- Madelund®*® energy Ey, and the Madelung constant for
termined by electron diffractich and microwave CsCl, namelyEy=—7.108 eV anda=1.7626, respectively,
spectroscopy,and since the sum of the internal angles isin agreement with the commonly accepted values.
540°, the mean conformation of the molecule must be a Although the binary potassium derivative K¢ featured
plane. Its dipole momenp, equal to 1.63 Debye units, is in Eq. (2.3).is a seconq-stage intgrcglation compound, the
equivalent to 0.541072° Cm (cf. 1.85 and 1.50 Debye ternary derivative that is formed is first stage, so that the

units® respectively for HO and NH). The center of gravity Leaﬁtlonddesc_n?e(i by Eq2.3) 'can,t at least folrmally, be
G~ of the “free” negative charges resulting from the pres- roken down Into tWo successive steps, namely,

KC,4(second stage=[ KC,(first stage] (3.9

O followed by
y [KC,(first stage]
H
e < + THF(excess= K (THF), C,(first stage
H SH
(3.2

H in which the square brackets denote the hypothetical forma-

¢ c/ H tion of a first-stage compound. One should also remember

H/ Ny that the local density of occupation of the alkali-metal ions

changes in the course of reactiof®sl) and(3.2), with K/C
FIG. 1. Tetrahydrofuran molecule. Left figure presents atomspeing 1/12 for the second stage and 1/24 for the first stage.
bonds, and bond angles for THF. The right figure localizes negativ€ombined with the change in distance between the graphene
center of charg&s~ and positive center of chargg™. layers on either side of the intercalated layer, this results in
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TABLE Ill. lon-ion interaction(Madelung energyin eV of some hypothetical K-graphite intercalation
compounds. All distances are in A. The Madelung energy values refer to compounds with crystal lattice
parameters equal to those given at the head of the column, except for the valuétod distance between
the graphene layers on either side of the intercalatedgiven at the beginning of the line. In all cases, the
positive metal ion is exactly halfway between the adjacent layers. Valuéalics correspond to hypotheti-
cal binary derivatives with the same crystal lattice as the ternary K-THF-graphite compounds. All the
values are normalized with respect to a single K atom.

Structural characteristics

KC24 KC24 [KCal2 [K2Cagl2
Hexagonal Orthorhombic Monoclinic Monoclinic
a=8.53 a=7.44 a=7.44 a=8.53
b=8.53 b=8.59 b=8.94 b=15.39
c=5.42 c=8.84 c=2(8.91) c=2(7.18)
vy=106.10 v=106.10
Madelung(ion-ion) energy
d;=5.42 —-2.207 —-2.161 —2.166 —2.053
d;=7.18 —1.657 —-1.620 -1.625 —1.558
d;=8.84 -1.078 —1.045 —1.049 —1.001
d;=8.91 —1.053 —1.020 —-1.024 -0.977

an important modification of the Madelung energy, as seetean phase all have= /2 whereasp=0 for those whose

in the values given in Table Il for some real and hypotheti-dipolar axis is parallel to the axis.

cal KC,, compounds, the latter corresponding to structures Figure 2 shows possible configurations for the dipoles and
with crystal lattices whose characteristics are those of théhe metal ions in a single intercalate layer of the lean phase
ternary compounds. The evaluations were performed assurand the rich phases, i.e., for the,@HF), and KTHF),

ing that the charge transfer from the K atom to the graphenenoieties, respectively. Since the structural parametee-
layers is completé’ with the ion halfway between the adja- quires thatd; be doubled for the lean phase, the four layouts
cent graphene layers. The values in Table Il show that thé&—D in Fig. 2 give the six possible combinations of non-
parameter with the greatest influence on the energdy i¢he  identical successive layers shown in Table 1V, in whigh
distance between the graphene layers on either side of thahd 6, are the longitudes of the dipoles in one of the inter-
intercalated specigsrather than the characteristics of the 2D calate layers anél; and 6, are the orientations of the dipoles
lattice in which the average distance between first-neighboin the other layer. As regards the monoclinic rich phase in
K™ ions is nearly the same. Similarly, the influence of thewhich two nonidentical layers of the intercalate must also be
C/K ratio on E can be gauged by comparison with the superposed along theaxis, the dipoles in the layol can
corresponding values d&,, for the “saturated”(i.e., rich-  give rise to the four different combinations given in the sec-
esy first-stage compoundKCyg), for which the stacking ond part of Table 1V, whereas there are only two possibilities
Ae, corresponding tm=1, givesEy=—2.416 eV,while  of configuring the two dipoles i, which corresponds to the

the stacking AaABAvyAS, which corresponds tn=4, intercalate of the orthorhombic rich phase.
yields Eyy=—2.424 eV, both structure$'® having d, For each of the three sections in Table 1V, the configura-
=5.42 A. tion placed at the head of the list stands out as being appar-
ently much more favorable than the others since it corre-
B. lon«dipole and dipole interactions sponds to the lowest value of the SuBl.qip+ Edip-dip
in the ternary compounds namely,—0.8514 eV(lean phase, monoclinic—0.4722 eV

The heat of sublimatiof? S of the hydrogen chloride
HCL molecule is 4.5 kcal. It is connected to reticular energy
of a system of dipoles of equal momgmt 1.08 Debye. By
using the model of Born given by Kornfeld in Ref. 28
cube of sided/2 obtained with the help of two regular con-
gruent tetrahedronsthe dipoles are located on the four di-
agonals of the cube. In a volum# one counts 8 dipoles.
Energy Egip-gip cOmputed by our formulgB9) gives the
value —443<10 ' kcal/mole. Kornfeld's formula
S=—1.565< 10 ®NEgj.4ip, WhereN is Avogadro’s num-
ber, provides a good value for the energy of sublimation
S=4.174 kcal/mole and validates our formyB9).

It is convenient to use the system of spherical coordinates.
The projection of the dipole on the, b plane of the crystal
lattice forms an angle (the longitud¢ with a, while the FIG. 2. Possible configurations for the dipoles and metal ions.
angle between the dipole amdis ¢ (the colatitudg With  Different positions of the THF dipoles and the K ions in a single
this notation, the dipoles parallel to the graphene axis in théntercalate layer for the lean and rich phases are shown.

Potassium
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TABLE IV. lon«dipole and dipole-dipole componer(is V)  mum geometry for other lattices of ions and dipoles than
of the total interaction energy. Various possible configurations ofK (THF),C,, compounds with this method. Unfortunately in
the dipoles in the rich and lean phases are given; for each phase, thgir case the number of parameters for the minimalization of

composition indicated is that used in the calculatisee text energy is too high: stoichiometry and lattice parameters, po-
— sitions and orientations of the dipoles, dipole moment value,

Lean phase],K,(THF),Cygl,, monoclinic, — Ejop.ion=1.558 eV charge transfer, etc.

01 0, 03 04 - Eioanip Edlp-d|p —sum

0 0 b% v+ 0.8160 0.0354 0.8514 IV. CONCLUSIONS

0 T b% y+ar 0.6732 0.0026 0.6758

0 0 y+m  yt+w 0.3822 0.0845 0.4667 The Kornfeld extensioff of the Madelung-Ewald method

0 T y+@ y+w 0.2415 0.0455 0.2870 to dipole-containing ionic solids can provide useful informa-

Y ytm y+m y+m 01852 0.0382  0.2234  tion concerning the configuration of the dipoles within the

0 0 0 m 0.1321 0.0426  0.1747 |attice, in spite of the fact that the present lack of adequate

experimental thermodynamic data on ternary intercalation

Rich phase, structure K(THEE,4, orthorhombic, —Einio, ~ COMPOUNds oOf graph_ite unfortunately prevents any compari-
=1.045 eV son of the results with known numerical values. A full ex-

@ @5 —Eionedp —Edgpgp —SUM ploitation of the method would, however, require taking into
account the nonintegral values of the tetrahydrofuran/
8 2 g'fgjg 0063,%716 OO;E)Z;%Z potassium ratio, a problem for which no adequate solution

has yet been found.

Rich phase, structurd K(THF),Cpql,, monociinic, —Egniey ~ APPENDIX A: ION-ION INTERACTION  (OR MADELUNG )

=1.024 eV ENERGY

1 ¥ 3 ®a ~Eiondp  ~Edipgp TSUM The Ewald method of computation of the ion-ion interac-
tion is well known?'=* Consider a crystalline solid suffi-

8 8 7? g 8'%% 882%2 8'2@% ciently extensive that anisotropy effects due to the proximity

0 . - 0 0.4210 00306 04516 Of the surface can be neglected, and@ebe the origin to

0 0 a o 0.1864 0.0367 0.2231 Which the three crystal axes of the elementary cell parallel-

epiped are referred. The position of an lom the cth cell of

the solid can be fully described by the vectdd, viz.,

(rich phase, orthorhombicand —0.5462 eV (rich phase, OI=00'+0Q’I=c+i=1I, in whichc is a vector localizing
monoclinig. When added to the appropriate values ofthe elementary cell with respect to the origin arisla vector
Eion-ion from Table 111, the total interaction energies are found giving the position ofi within the cell. The position vector
to be r=0M attached to any poinM within the whole lattice
characterizes the position &fl with respect to the origin
O. Hence, the electrostatic potentialMtdue to all the ions

lean phase[Ky(THF),Cugl,, monoclinic, Eipieraction

=—2.409 eV, in the crystal lattice is
rich phase, KTHF),C,4, orthorhombic, Ejeraction
Vi M)=2 > 47760”r_ =i (A1)
=-1.517 eV,
rich phase,[K(THF),Cy,],, monoclinic, Eyeraction €
—— Vo (M)= =S g, [ e lr-1122g
=—-1.570 eV |on( ) WZ_ ai € A
T €y | 0
and the most likely configurations for the dipoles @se= 0,
0,= 0, 6;= v, 6,= y+ for the monoclinic lean phase, erf r—1lIH A2
¢1=0, ¢,=0, ¢35 =0, ¢,=m for the monoclinic rich phase, E q ||r o(lr=1lH), (A2)

and ¢,=0, ¢,=0 for the orthorhombic rich phase. ' .
We assumed in our calculations rigid dipoles in an unreWhere erfc is thecomplementary error functioriThe total
laxed lattice but our method is adapted to optimum geometrjon-ion or Madelung energy of the crystal lattice, noted here

determination. Orientations are calculated for THFE mol-Eion-ion. iS therefore

ecules in three specified lattices, under the assumption that o h2/an?2

the mternal_ geometry and dipole moment of the THE mol- Eionion= 5 2 2 2 q,,q,e'h‘("") ——
ecules are independent of the local environment. A minimal- T€p 1 7 h#0

ization of the total energy, taking into account a possible

variation of the dipole moment value, has been performed 2 erfc(|||'_|||H)

for p near to 1.63 Debye. For the different dipole and ion 87760 N

configurations studied here, the numerical value pofis Y

slightly lower than 1.63 but the difference never exceeds 3%. _ ﬂz_z qiz_ (A3)

The authors believe that it is possible to determine the opti-
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M and, since the vector betweéh andM is DM = r-D,
then the potential at1 due to all the dipoles in the lattice is

d / 1
. e = [T
:
Using now
-q 8 *q
O1 @) 02 1 1 fHe_“,_DHZAzd)\
0

dmeg[r—D| 272,
FIG. 3. Dipole. We define position and orientation of the THF
dipole relative to the origin of the lattice.

+———erfq|[r—D|H) (B5)
h is a reciprocal vecto??® Although the parametef can 4meofr—Dl|
be chosen quite arbitrarily because it should normally not
affect the final result, experience shows that the necessatjie expressioriB4) can be modified to
truncation of the series ifA3) introduces errors since too

small (or too large a value ofH will favor the rapid con-

vergence of ondor the other series. Procedures existo i —h?/aH?
determine the best value #f, i.e., that value that will give V(M) =——2>, (Po-h) —2 elh- (=)
the same order of magnitude for the two residues—which are €07 D h#0
of opposite sign—of the series.
1 Po-(r—>D)

+ er -

APPENDIX B: DIPOLE-DIPOLE INTERACTION ENERGY 47760% [r—D|]? fo([|r —DIIH)
The procedure yielding the energy contribution of a lattice

of dipoles with given orientation and intensity characteristics H pp-(r—D) _|r—D|2H?
is similar to that used by Kornfeft):?®*%° de Wette and + 2773/260% I —DJ2 e . (B6)

Schachef? and Nijboer!
In Fig. 3, the charges-q and +q respectively aD, and
O, constitute a dipol® whose momenp,, =gl involves the The potentiaV;,(M) atM due to all the dipoles except a
vector | characteristic of the relative orientation and dis- dipole D’ is therefore
tance betwee®,; andO,. The position of the midpoint df
with respect to the origin is given by the vec®rsuch that

D=c+d in whichd is the vector describing the position and i —h2/4n2
orientation of the dipole with respect to the origin of the v/ (M)=—— > > (py-h) gih (r-D)
lattice within whichD is placed, and: localizes the lattice ap €07 pxp’ h#0 ° h?
itself with respect to the origi®.
At a pointM, the dipole creates a potentia{M), which 1 Pp- (r—D)
is
4meq 5o Ir—DJ
T€o Amey popy [r—D|*
In order to be able to retain the formalism developped in
Appendix A for pointlike charges, it is convenient to define H Pp-(r—D) —|r-D|2H?
+ 5 3p —~z € , (B7)

an operatod/dp as 2m%0 5op  |Ir—D|

d p-r d which yields, for the dipole-dipole interaction energy

dp- T ar (B2)

from which it follows that 1 , /
Edip-dip=75 2 Por- VVg(D), (B8)
D!

d 1
v(M)=—( ) (B3)

dp\ 4meqr or, explicitly,
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—h2/4H2 ' ’
e ih.(D — 1 Pp-(D'=D)pp/-(D'—D)
Edipdp=5, > (Po - h)(pp:-h) e D— o DI
o7 D D' +D h#0 TE€Y D D’ +D ||D D”
H -(D'=D)pp/-(D'—D ,
><erfo(||D’—D||H 2 E Pp ( ,)pD 4( )e_“D _DHZHZ
2 €0 D p'xp ||D _D”
H3 Pp-(D'=D)pp/-(D'—D) 2,2
—[D" =D[*H<. (B9)
e % o 0 -OP
|
Note that the relationships in E¢B9) are symmetrical in
D andD’, and that the sur ppp - he'™P plays the same role Edip-ion= EI q Vaip(1) (C4)
as the structure factoF,,(h)=3;g;e """ in Eq. (A3).
Again, the interaction enerdy,.qip iS, at least in principle,
independent oH and only dependent on the relative position hen
vectorD—D’ and on the momenisy andpp:.
APPENDIX C: MUTUAL ION-DIPOLE INTERACTION i h2/4H2
ENERGY Edpion= 7 2 2 2 i(Po: ) y—elh-D)
) ) P €07 D h=#0
There are, in fact, two components of the mutual interac-
tion energyE;q,..qip between ions and dipoles, namely, the 1
energy due to the presence of ions in the potential field cre- S g Pp- (11— Po "2 rfc(||| D|[H)
ated by the lattice of dipoles, and the energy due to the Amey D T - D||
presence of the dipoles in the potential field created by the
ions. The relationship H po-(1-D) -
+ — e~ I1=Dl*H*,
Eion—dip:% pD’VVion(D) (Cy 23 260% 2 ”I D||2
yields the ion-dipole interaction energy (C5)
i _ —h?/aH2
Eion—dip:: E 2 2 Fion(h)elh.(Dic) Pp-h ) ) .
07h#0 ¢ D The sum 0f(C2) and(C5) is the total or mutual ion-dipole
1 sy p,-(D—1) interaction energy
- erfo(|D—1||H
477'60 | a ||D_|||3 C(” ” )
Eione dio= Eion-dgio+ Edip-i
3 H E 2 a Pp-(D—1) 1D 1[2H2 ion—dip— Eion-dip ip-ion
2w €0 | ”D || —h2/4H2
(€2 2y 2 asinth-(D—H]}——pp-h
507' h#0 |
Eion-dip IS @ complex number, as witnessed by the presence of
i before the treble sum. As will be seen below, the addition 1 p_-(D—1)
of Egip-ion. the dipole-ion interaction energy, renders the sum ~ e 2| % q |[|)D_—|”3erfc(||D— I[H)

of these two interaction energies real.
The potential aM due to the dipole lattice is, as given in
Appendix B,

_h2 2
eh/4H

E (Po-h) e
D

h+#0

m|_

lep M)

p
_W%E %: mw

™ |

H 5 (D=1

e ID-1?H?

(C6)

in which the sine term arises from the difference in sign of

expressions ifA3), (B9), and(C6), namely,

1 pp-(r—D)
47750% [r—D[F erfa(|r—D|[H)
H pp-(r—D) 2,2
~|r-DJ*H
"%, % Ir-OF © ©

and since

E = Eion-ion™ Edip-dipT Eionedip -

the (I —D) factor in the exponent. The total interaction en-
ergy for the lattice of ions and dipoles is the sum of the

(C7)
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