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The structural and electronic properties of all-surface KI and CsI crystals encapsulated in
single-walled carbon nanotubes are investigated theoretically with an ionic and atomistic approach
using the GULP program. The short-range interactions, derived from Dirac–Fock wavefunctions,
were augmented with damped dipole-dipole and dipole-quadrupole dispersive attractions. The
uncorrelated interionic interactions computed using the relativistic crystal ion and relativistic
integral programs accounted for anion in-crystal modifications while being exact given the ion
wavefunctions. All the short-range correlation energies and the uncorrelated interactions between
the ions and carbon atoms were computed using the density functional theory of a uniform electron
gas of infinite extent. Unphysical self-interactions were removed by scaling the exchange interaction
with a Rae factor derived from a study of the adsorption of noble gases on graphite. The predictions
for the nonencapsulated crystals agreed well with those previously derived from a global analytic
theory based on the Born model. This provided a good description of the contraction of the
interplane distance 共b兲 relative to the separation 共Re兲 in the rocksalt structured bulk material
although failing to account for the observed dilation of the intraplane ionic separations 共a兲.
Introduction of the interactions with the nanotube wall, including the ion-nanotube dispersive
attractions, increased the predicted a values although these were still significantly smaller than
experiment. The predicted b separations were reduced compared with those for the nonencapsulated
crystals to values significantly less than observed. It is explained why introducing any ion-nanotube
interactions that are sufficiently attractive as to reproduce the experimental a values must
significantly underestimate the b separations. The partial transfer of anion electrons to the nanotube
carbon atoms, not considered hitherto, was described by decomposing the intra-atomic interactions
of both the nanotube - and the iodide 5p-electrons into an effective one-electron term plus the
repulsion between electrons in the same orbital. These energies were derived from electronic
structure computations with the additional interspecies electrostatic repulsions derived from the
GULP program. Structural predictions are presented as a function of the number 共n兲 of electrons
transferred from each anion. For both KI and CsI, the structure predicted by that computation, which
minimized the total energy, in contrast to the other calculations, agreed well with experiment
reproducing both the significant dilation of a and the smaller contraction of b. The respective n
values 共nt兲 predicting the lowest energies are 0.278 and 0.285. These results are supported by
comparing the experimental frequencies of Raman modes attributable to vibrations of nanotubes
encapsulating KI with the corresponding frequencies for systems where independently known
numbers of electrons were transferred to the nanotubes. In both the encapsulated KI and CsI
systems, the charge transfer is driven by the reduction of the electron repulsion on delocalizing some
anion charge over the significantly greater number of nanotube carbon atoms. A simplified analytic
model, which reproduces the charge transfers, explains why nt is slighter larger for CsI and also
predicts that nt will be insensitive to the structure of the nanotube. © 2008 American Institute of
Physics. 关DOI: 10.1063/1.2987703兴
I. INTRODUCTION

Carbon nanotubes have structures that provide excellent
templates for assembling low dimensional crystals having
a兲
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controlled architectures on the atomic level. As carbon nanotubes form well-defined cylindrical cavities within a limited
diameter range, typically between 10 and 20 Å, their internal
van der Waals surfaces regulate the growth behavior of encapsulated crystals, and nanocrystals with precise integral
layer architectures can be formed within them. In most cases,
structural properties of such crystals are related to the struc-
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FIG. 1. 共Color online兲 An all-surface KI crystal containing four ions in cross
section encapsulated within a 共16,0兲 single-walled carbon nanotube: two
potassium ions, K+ 共red兲 and two iodine ions, I− 共yellow兲 form 共2 ⫻ 2兲
diamond arrangements in the 共y , z兲 plane which are repeated along the axis
of nanotube with adjacent diamonds rotated by 90°. The cation-cation separation 2共K+兲y increases and the anion-anion separation 2共I−兲z decreases with
increasing the charge transfer from the anions to the wall.

ture of the bulk material. However, in few instances, crystals
with completely new structures are formed inside the nanotubes. One of the more interesting effects of confining crystals within the ultrathin capillaries of carbon nanotubes is the
production of structures with reduced or modified coordination that also exhibit significant structural distortions when
compared to the bulk materials.
For alkali halides, such confinement can result in the
formation of all-surface crystals with as few as two atomic
layers in cross section and no internal atoms 共Fig. 1兲. The
first such material prepared was an all-surface KI crystal
with 共2 ⫻ 2兲 atoms in cross section confined within a single
walled carbon nanotube 共SWNT兲.1 Its high-resolution transmission electron microscope 共HRTEM兲 image shows, along
the nanotube axis, an array of pairs of identical dark spots
representing alternating columns of I–K and K–I viewed in
projection. It was deduced from these observations that the
encapsulated nanocrystal consists of a succession of planes,
each containing four ions, orientated perpendicular to the
nanotube and so that each ion has closest neighbors of only
the opposite charge. In this nanocrystal, derived from a small
piece of the bulk rocksalt lattice, all ions undergo a reduction
from sixfold to fourfold coordination which causes significant distortions of the structure from the rocksalt bulk material. The experimental measurements1 indicate that the inplane K–I separation 共a兲 across the SWNT is on average
3.98⫾ 0.31 Å representing a 12% expansion from the 3.52 Å
closest cation-anion separation 共Re兲 in the rocksalt structured
bulk material.2 By contrast, the separation 共b兲 between the
K+ and I− ions along the SWNT axis, that is, the, interplane
distance, is slightly reduced from the bulk spacing to the
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average value of 3.46⫾ 0.03 Å. For all of the iodides from
Li to Rb, the predominant structure observed by HRTEM
inside SWNTs has been the rocksalt form. Only CsI forms
significant quantities of bcc-type halide inside the SWNT;
however, the more usual structure for this halide remains
共2 ⫻ 2 ⫻ ⬁兲 rocksalt-type crystal. The rocksalt 共2 ⫻ 2 ⫻ ⬁兲
CsI crystal encapsulated within a SWNT also exhibits structural distortions as manifested by a 7% expansion of the a
distance coupled with 3% contraction in the b separation
when compared with 3.81 Å spacing3 in bulk rocksalt structured CsI. Thus, the separations in the encapsulated CsI were
found to be a = 4.1⫾ 0.2 Å and b = 3.7⫾ 0.2 Å.4
Previously, there have been a few attempts made to explain the factors governing structural lattice distortions of the
encapsulated alkali halide crystals. Molecular dynamics
simulations based on atomistic models5,6 have been used
both to suggest possible mechanisms for the growth of KI
crystals in carbon nanotubes and to interpret the results of
HRTEM experiments.1 These simulations explained how the
nanotubes were filled through immersion in liquid KI. The
a / b ratio calculated for the 共2 ⫻ 2 ⫻ ⬁兲 KI crystal only
agreed with the experimental value if the nanotube in the
simulation was taken to be immersed in molten KI. However,
there was no molten salt surrounding the nanotube during the
HRTEM experiments from which the structure was deduced.
It was further shown experimentally that the structures of the
encapsulated salts remained unchanged on annealing a filled
nanotube.7 The density functional theory 共DFT兲 linear augmented plane wave 共LAPW兲 computations8 for 共2 ⫻ 2 ⫻ ⬁兲
KI using the muffin-tin approximation and assuming the experimentally observed nuclear positions probed just the electronic charge distribution. Another DFT study9 of the structure of this system, although reproducing the experimental
value of the b distance, does not predict the dilation of a,
which was computed to be 3.49 Å compared with the experimental 3.98 Å.
In this paper, the first comparative study of the structures
of two encapsulated nanocrystals, 共2 ⫻ 2 ⫻ ⬁兲 KI and 共2 ⫻ 2
⫻ ⬁兲 CsI, is presented by first giving predictions for nonencapsulated crystals and then introducing three types of ionwall interactions in which the species become increasingly
interconnected. The methodology adopted here is to systematically but separately elucidate each of the interactions and
different physical effects which are then combined in a full
description of the system of nanotube plus encapsulated
nanocrystal. This approach not only provides physical insight
into the factors determining the structures and reveals the
relative importance of each factor but also opens up the possibility of subsequently refining the description of those effects, which have been found to be significant. Here we show
that the structures determined in the HRTEM experiments
can be explained and reproduced only with the inclusion of,
first, the dispersive attractions between both the ions and the
ions and nanotube wall, second, a physically soundly based
description of the short-range repulsion between the ions and
wall, as well as, third, allowing for crystal to wall charge
transfer.
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TABLE I. Ion dependent variables needed to calculate the dispersion attractions 共a.u.兲. Free cation ␣C, 具r2典C and 具r4典C from Refs. 13 and 15. ␣A from Ref. 15
by subtracting ␣C from the experimental molar polarizability from Ref. 43. dC derived 共Refs. 13 and 15兲 from orbital eigenvalues according to theory of Refs.
10 and 28. dA from Ref. 15 derived from spatial decay of the outermost orbitals according to theory of Ref. 11. Anion electronic expectation values from Ref.
15.

KI
CsI

␣C

␣A

PC

PA

具r2典C

具r4典C

具r2典A

具r4典A

dC

dA

5.339
15.28

44.869
46.602

6.106
7.901

7.901
7.901

14.479
29.438

62.230
226.535

46.581
47.135

599.491
613.732

2.423
2.130

1.445
1.507

II. METHODOLOGY
A. Total crystal energy and structure

The system of ions plus nanotube is treated as a collection of mononuclear species interacting mainly through twobody interactions depending only on internuclear separations. Although, for no crystal to wall charge transfer, many
of the methods10–14 and some potentials15 have been reported, a summary is needed. The intraionic interactions derived using an ionic description, supported for alkali halides
by extensive evidence,16,17 provide an excellent description
of the structures and energetics of nonencapsulated bulk
crystals.10–13,18–21 The present atomistic methods also
describe14 the adsorption of noble-gas atoms on graphite as
acceptably as the computations22 in which standard DFT was
augmented with semiempirically determined terms describing the dispersive attractions. In contrast to the present approach, computational limitations restricted the DFT investigation to the lightest noble gases. The atomistic methods
enable the structures of the nanocrystals to be predicted using the GULP program,23 which yields the total energy of a
system of interacting mononuclear species expressed relative
to the sum of their isolated energies. This program both allows ion-induced dipole interactions to be investigated and
enables each carbon atom permanent electric quadrupole
moment,24,25 generated by the -electron charge concentrated around the nanotube, to be modeled as three point
charges.
Cations and anions carrying their formal charges are denoted by C and A with X and Y denoting any ion. Carbon
atoms of the nanotube wall are labeled W with G and H
denoting any species. The geometry of a crystal interacting
with a nanotube is predicted by minimizing the energy U共rX兲
with respect to the ion coordinates denoted by rX. In the
absence of transfer of charge between the crystal and tube,
one has
U共rX兲 = Uel共rX兲 + UIID共rG兲 +

兺

VGH共rGH兲.

共2.1兲

G⬍H

Here Uel共rX兲 is the total electrostatic energy treating each
species as a point carrying its formal charge or, when including carbon quadrupole moments, the interactions of all

charges except those within a single quadrupole. The ioninduced dipole energy UIID共rG兲 is not included in Uel共rX兲 but
is described using the shell model26 where each species is
defined by a nonpolarizable core which binds a shell through
a harmonic potential. Since the shell positions are chosen to
minimize the total energy, ion-induced dipole energies
yielded by the GULP program depend only on the nuclear
coordinates.
Each VGH共rGH兲 in Eq. 共2.1兲 yields the interaction of species G and H separated by a distance rGH after subtracting
any point Coulombic energy equal to the product of the formal charges of G and H divided by rGH. This potential is
0
共r兲 that would arise in the
composed of the contribution VsGH
absence of electron correlation plus two correlation terms
corr
disp
共r兲 and VGH
共r兲, as justified in the review16 and conVsGH
firmed by the investigation27 of the noble-gas dimers which
provide a severe test of any theory. Thus,
0
corr
disp
VGH共r兲 = VsGH
共r兲 + VsGH
共r兲 + VGH
共r兲.

共2.2兲

0
corr
共r兲 and VsGH
共r兲 are of short
The subscript s denotes that VsGH
range, depending explicitly on the overlap of the electron
densities of G and H, and vanish for large r where this overdisp
共r兲 is of long
lap is negligible. The dispersive attraction VGH
range in that it does not vanish for those r at which the
overlap has become negligible but has there a leading term
varying as r−6.

B. Components of the total energy
1. The dispersive attractions
disp
Each VGH
共r兲 was evaluated as the sum of the dipoledipole and dipole-quadrupole terms, damped at short r where
wavefunction overlap is not negligible, by an r dependent
function determined by damping parameters dG and dH
共Tables I and II兲. The damping functions10,11,28 are assembled
elsewhere.27
The C6共GH兲 coefficients were calculated via the Slater–
Kirkwood formula29 from the polarizabilities 共␣G兲 and electron numbers 共PG兲. The C6共XY兲 coefficients were derived15
from the data in Table I using free ion ␣C because there is
extensive evidence10,17,30–34 that the properties of cations
having p6 outermost electronic configurations are essentially

TABLE II. Parameters determining the ion-wall carbon dispersive attractions 共a.u.兲. Electronic expectation values computed from the carbon wavefunction
described in Ref. 14. dW derived from the relation 共5兲 of Ref. 14 provided by the Lassettre theory 共Ref. 85兲 using experimental data for a free carbon atom.

KI
CsI

C6共CW兲

CDQ
8 共CW兲

CQD
8 共CW兲

C6共AW兲

CDQ
8 共AW兲

CQD
8 共AW兲

具r2典W

具r4典W

dW

20.730
53.203

280.954
721.062

133.645
614.121

127.583
131.404

1729.14
1780.92

2462.96
2566.46

3.890
3.890

35.143
35.143

1.437
1.437
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unaffected by their environment in crystal. The derivation of
each PX from data for the isoelectronic noble gas should
ensure that the C6共XY兲 coefficients are correct to within
5%.10,31 The C6共XW兲 coefficients 共Table II兲 were calculated
using the 10.26 a.u. mean carbon polarizability derived14
from the atomic polarizabilities, parallel and perpendicular to
graphene sheets, of 13.46 and 3.85 a.u., deduced from experimental studies of the dielectric properties of graphite and
a semiempirical analysis of its measured compressibility.35,36
The 1.118 value of PW, ensuring14 that the Slater–Kirkwood
formula reproduced the C6共GW兲 derived37 from an analysis
of experimental data for the xenon-graphite interaction, is
consistent with the idea that the polarizability of graphite
originates mainly from the -electrons. Justification is presented elsewhere.14
The dipole-quadrupole dispersion coefficients were
computed from the C6共GH兲 coefficients by using the
Starkschall–Gordon formula.38 The expectation values
共Table II兲 for the outermost electrons were derived, as
justified,10,39 from free cation and free carbon atom wavefunctions but with anion functions computed for the equilibrium geometry of the bulk rocksalt structured crystal taking
account of the in-crystal induced modifications10,11,15 of the
anion properties. The introduction of scaling factors into the
calculation of the purely intracrystal coefficients ensures that
these are correct to within 5%.12
The description of dispersive attractions to a semiconducting nanotube by atomistic methods might appear questionable. However, London commented40 that the behavior
of species in rapidly time varying fields, such as those responsible for dispersion forces, tends to that of a collection
of its individual atoms. Thus it is interesting that accurate ab
initio electronic structure computations41 show that the average polarizability of a free carbon atom is 11.83 a.u., similar
to that of an atom in graphite.
2. Induced dipole and permanent quadrupole
interactions

The shell model description of UIID共rG兲 requires shell
2
/ kG.26
charges qG and spring constants kG yielding ␣G as qG
The natural choice, PG, was made for the magnitude of the
共negative兲 cation and carbon qG, with kC derived from ␣C.
Since dipoles induced on the nanotube would, on average, be
expected to be perpendicular to its axis, the component perpendicular to the graphene sheet of the polarizability of such
a carbon atom was used to derive kW. Since the ␣A are significantly affected by the in-crystal environment, the qA and
kA in KI of −2.515 and 0.12537 a.u. were derived, as for
RbCl,19 by demanding that the experimental values of 5.6 for
static dielectric constant42 and 50.208 a.u. for the high frequency crystal molar polarizability extrapolated to infinite
wavelength43 were reproduced. The qA magnitude, although
smaller than PA, is not dissimilar to either that of 3.4 a.u.,
similarly found19 for RbCl, or that of 3.0 a.u. deduced using
semiempirical potentials for the anion in the alkali iodides.44
Each carbon quadrupole moment was modeled by locating a 1 a.u. charge at the carbon nucleus with two negative
charges of magnitude 0.5 a.u. placed inside and outside the
nanotube at a distance of 1.039 a.u. with the line of three
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charges perpendicular to the nanotube axis. This reproduces
the −1.08 a.u. zz quadrupole component used in the study14
of the adsorption of noble gases on graphite.
3. Short-range correlation and intracrystal interactions

The short range interactions in Eq. 共2.2兲 were computed
from relativistic Dirac–Fock wavefunctions for isolated cations and carbon atoms. The anion functions were computed
using the RIP/RELCRION 共Refs. 19 and 45兲 program with the
optimized hyperbolic secant Madelung–Fermi-smoothed
共OHSMFS兲 model Hamiltonian taking account of their important modifications caused by the in-crystal environment.
The latter computations, performed for the rocksalt
structured bulk crystal over a range of closest cation-anion
0
共rCA兲,
separations, yielded uncorrelated cation-anion VsCA
0
0
anion-anion VsAA共rAA兲, and cation-cation VsCC共rCC兲 potentials15 which are exact given the wavefunctions of the two
species. Use of the OHSMFS model introduces into the total
crystal energy, the rearrangement energy needed to convert a
free anion into its form optimal for the crystal having the
considered geometry. Since the GULP program cannot handle
0
corr
共rCA兲 and VsCA
共rCA兲 were effecrearrangement energies, VsCA
46
tive potentials consisting of the two-body potential computed using the RIP program plus one-sixth of the rearrangement energy.
corr
共r兲 was evaluated as the difference
For all pairs, VsGH
between the correlation energies of the interacting and noninteracting species using the local DFT of a uniform electron
gas with the electron density in the interacting pair taken to
be the sum of those of the noninteracting species, the
Gordon–Kim method.47 The correlation contribution to the
corr
rearrangement energy needed to calculate the VsCA
共rCA兲 was
15
12
derived by scaling the prediction of local uniform
electron-gas DFT introducing the Cowan modification48
which eliminates terms describing the interaction of each
electron with itself.
4. The uncorrelated short-range ion-nanotube
interactions

The computation of the uncorrelated short-range repul0
共r兲 between the ions and wall carbon atoms merits
sions VsXW
a fuller discussion because its physics will be seen to raise
important issues. The DFT of a uniform electron gas was
taken as the basis for computing these repulsions. In the
approach used here, introduced by Massey and Sida,49 the
electron density of the interacting pair is taken to be the sum
of the Hartree–Fock densities of the individual mononuclear
0
共r兲, composed of three distinct contribuspecies and VsGH
tions, is evaluated as the difference between the energies of
the interacting and noninteracting species. The first contribu0
共r兲, the nonpoint Coulomb term, is the purely
tion to VsGH
electrostatic interaction that would arise in the absence of
interatomic electron exchange. This contribution, calculated
exactly, is that remaining after subtracting the point Coulombic term equal to the product of the net charges of species G
and H divided by their internuclear separation. The two re0
共r兲, those arising from the kimaining contributions to VsGH
netic and exchange energies of the electrons, are calculated
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using the functionals for a uniform electron gas of infinite
extent. However, it has been shown50,51 that this method of
0
calculating VsGH
共r兲 significantly underestimates the repulsion
between two closed shell atoms or ions because the negative
contribution arising from electron exchange, being computed
from the functional derived for an electron gas of infinite
extent, is too large in magnitude. The functional derived under these two assumptions includes the nonexistent exchange
of an electron with itself, a contribution which is only a
negligible fraction of the total exchange for a system of infinite extent. For a system of finite extent, it was shown50,51
that this unwanted self-exchange could be eliminated by
multiplying the exchange energy by a correction factor ␥共N兲
depending on the effective number 共N兲 of electrons contributing to the interatomic interaction. It was further shown52–54
that, for the interaction of two mononuclear species, the effective number N should be taken to be the total number of
outermost electrons on both species, this being 16 for the
interaction of two mononuclear species of s2 p6 outermost
electronic configurations.
In the computation of the exchange interaction between
an isolated carbon atom and an ion of s2 p6 outermost electronic configuration, the appropriate N value would clearly
lie in the range between 9 and 12. However, it has to be
questioned whether an N value in this range would be right
for treating the interaction between an ion and a carbon atom
belonging to a semiconducting or metallic nanotube of infinite extent in one dimension. Insight into this issue has been
provided by an investigation14 of the adsorption of a single
Ar, Kr, or Xe atom onto the surface of a graphene sheet.
Each two-body noble-gas–carbon interaction was calculated
through the relation 共2.2兲 using the same methods as those
used here including both the short-range interactions and the
dispersive attractions. It was found that the binding was seriously underestimated, as manifested by too small cohesive
energies and too large equilibrium noble-gas–graphene distances if N was taken to lie in the 9–12 range. However,
these deficiencies were rectified for all three gas-graphene
systems by using the same larger N of 500 corresponding to
a ␥共500兲 value of 0.79484, compared with ␥共12兲 = 0.35153. It
should be emphasized that the derivation of this result has
not involved invoking any experimental data for the nanotube systems but has been deduced by examining closely
related systems that are not the objective of the present study.
Furthermore, there are good theoretical reasons14 for expecting that the N values for interactions with a spatially extended semiconducting material will be much larger than
those appropriate for the interaction of just two atoms. All
the present results were computed from the wavefunctions
already described using this 500 value for N.
C. Anion-wall charge transfer

The possibility of anion to wall charge transfer, that is,
the partial transfer of anion electrons to the wall carbon atoms, can be investigated by combining the ideas used in Ref.
55 to explain the observed regularities between successive
atomic ionization potentials with some concepts from DFT.56
It is consistent with the latter to introduce a continuous and
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fractional number of electrons 共n兲 transferred from each anion to the wall carbon, each of which acquires a charge
共−nf兲, where there are f −1 carbon per anion. For each anion
and each carbon, the total energy of the outermost electrons
is decomposed into the contributions from the negative effective one-electron energies, denoted IAne and IW for anion
and carbon, respectively, plus the total intra-atomic repulsion
between these outermost electrons. For mononuclear species
G, the effective one-electron energy 共IG兲 is the sum of the
kinetic energy and nuclear attraction of a single electron in
the outermost orbital of species G plus the repulsion of this
electron with all other electrons belonging to G except those
in the same outermost orbital. For an I− ion in a relativistic
description, there are four outermost electrons, namely, the
5p-electrons each having a total angular momentum j = 3 / 2.
Each of these lies some 0.0395 a.u. higher in energy than
each of the 5p-electrons having j = 1 / 2. The additional superscript “ne” 共standing for “no environment”兲 on IAne denotes
that this energy is purely intra-atomic and does not include
the interaction of the anion electron with any other ions in
the crystal. In the absence of charge transfer, each carbon is
considered to have one outermost electron, that in the orbital
which is approximately perpendicular to the nanotube wall.
The intra-atomic repulsions between, respectively, a single
pair of anion 5p-electrons and a single pair of outermost
carbon electrons in the 2pz orbital are denoted FA and FW.
After transfer of n electrons per anion, there are 共1 + nf兲 outermost electrons on each carbon thus leaving each anion with
4 − n outermost electrons. The sum EOC共n兲 per anion of all
these purely one-centered 共OC兲 electronic energies is given
by
EOC共n兲 = 共4 − n兲IAne + 共1/2兲共4 − n兲共3 − n兲FA
+ f −1关共1 + nf兲IW + 共1/2兲共1 + nf兲nfFW兴,

共2.3兲

with the electron repulsion term for each species G having
mG outermost electrons being expressed as 共1 / 2兲mG共mG
− 1兲FG. The difference ⌬EOC共n兲 between Eq. 共2.3兲 and the
one-center energy 关EOC共0兲兴 arising in the case of no electron
transfer 共n = 0兲 is given by
⌬EOC共n兲 = EOC共n兲 − EOC共0兲.

共2.4兲

The energies IW and FW were evaluated for an sp2 pz state
of the carbon atom by combining the results of an ab initio
computation with an analysis of experimental data. This procedure is described in detail in the Appendix. The anion energies IAne and FA were obtained directly from the RIP/
RELCRION computations of the cohesive properties of the
bulk crystals.15 For KI and CsI these were taken from the
computations performed for the respective bulk separations
of 7.0 and 7.375 a.u., these values being close to the average
of the experimentally observed a and b values of 3.98 and
3.46 Å for KI 共Ref. 1兲 and 4.1 and 3.7 Å for CsI.4 For distances close to the experimental separations in either the bulk
materials or those in the nanocrystals, both IAne and FA depend
only weakly on distance, the major distance dependence of
the charge transfer energy at constant n arising from the multicenter interactions described in the next paragraph.
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There are four effects arising from the partial ionization
of all the anions which involve changes in the interactions
between pairs of species and which therefore depend on n.
The first three of these, the attraction to the positively
charged crystal of the electrons transferred to the wall, the
mutual repulsion between these wall electrons on different
atoms, and the reduction of the Madelung energy of the encapsulated crystal, are automatically included when the energy, denoted UGULP共rX ; n兲, of the system of crystal plus
encapsulating nanotube is computed using the GULP program. Such a computation differs from that yielding Eq. 共2.1兲
only in that the magnitude of the anion charge is reduced to
共1 − n兲 with each carbon atom acquiring a net charge of −nf.
The fourth interspecies effect arising from the transfer of n
electrons from each anion is the energy lowering resulting
from the removal of that part of the density of these electrons
from spatial regions of non-negligible cation electron density. This energy is automatically obtained as a by-product of
the computation of the anion wavefunction using the
OHSMFS model Hamiltonian11 for the interaction of an anion electron with the in-crystal environment generated by the
other ions.
The OHSMFS Hamiltonian is the sum of two terms. The
first of these describes the electrostatic potential generated by
all the remaining ions in the crystal while the second, originating ultimately from the Pauli principle, is the repulsion
experienced by an anion electron in those regions of space in
which the electron densities of neighboring ions are not negligible. Although an anion electron transferred to the nanotube wall ceases to experience the first contribution to the
OHSMFS potential, this effect is automatically included in
the energy UGULP共rX ; n兲. For one single anion 5p-electron at
a distance ra from its nucleus, the repulsive energy, denoted
IAov, generated by the overlap of its electron density with that
generated by one cation located at a distance R is given by
the expectation value of the second term in the OHSMFS
environmental potential

IAov = 具5p兩A sech关k共ra − R兲兴兩5p典/6.

共2.5兲

UT共rX ;n兲 = UGULP共rX ;n兲 − 4nIAov + ⌬EOC共n兲.

共2.6兲

The energy UT共rX ; n兲 is expressed like Eq. 共2.1兲, with respect
to the sum of the energy of the isolated nanotube plus free
ions carrying their formal charges. Thus, in the n = 0 limit,
Eq. 共2.6兲 reduces to the no charge transfer result 共2.1兲. For
fixed n, the optimal structure, which minimizes UT共rX ; n兲, is
given by
关dUT共rX ;n兲/drX兴rX=rX = 0 = 关dUGULP共rX ;n兲/drX兴rX=rX ,
e

e

共2.7兲
with the second result obtained by using the good approximation that ⌬EOC共n兲 and IAov are independent of the rX. The
resulting total minimum energy, 关UT共rX ; n兲兴rX=rX , being no
e
longer a function of rX, can be expressed as
关UT共rX ;n兲兴rX=rX = UTe共n兲.
e

共2.8兲

The result 共2.6兲 is expected to capture the essential physics
of the charge transfer process because it includes the changes
introduced into the dominant interactions, namely, the purely
one-center energies and the Coulomb terms. Since the contributions of the nonpoint Coulombic interactions VXY 共rXY 兲
are only some 10% of the total binding in the bulk crystal,
effects arising from any charge transfer induced changes in
the two-body potentials in Eq.共2.1兲 would be expected to be
small. Hence a detailed investigation of these effects lies
outside the scope of the present study although they are partially included via the −4IAov term in Eq. 共2.6兲. The optimum
structure, which has the lowest energy overall, is that having
the n value, denoted nt, minimizing UTe共n兲 so that
关dUTe共n兲/dn兴n=nt = 0.

共2.9兲

Thus, under assumption that the purely one centered energy
⌬EOC共n兲 is independent of structure, there is an optimal
structure of energy UTe共n兲 for every fixed n, so that Eq. 共2.9兲
expresses the result that the structure having the lowest energy overall must be that of lowest energy amongst those
having energies UTe共n兲.
III. RESULTS AND DISCUSSION

The values of the variationally determined parameters A and
k were computed15 for an anion in the rocksalt structured
bulk material. The factor of 6 arises because one anion electron experiences an energy of 6IAov in the rocksalt structured
bulk crystal. Since each anion in the nanocrystal has four
cation neighbors, the loss of this overlap repulsion on the
transfer of n anion electrons introduces a contribution −4nIAov
to the total energy. For each salt, the expectation value in Eq.
共2.5兲 was computed for the structure having the internuclear
separation R specified in the last paragraph.
The total energy UT共rX ; n兲 of the entire system of nanocrystal plus encapsulating nanotube, expressed on the same
scale as that used in Eq. 共2.1兲, is therefore given by the sum
of the interspecies interaction energy UGULP共rX ; n兲 plus the
purely one centered energy ⌬EOC共n兲 arising from charge
transfer augmented with the reduction of 4nIAov in the overlap
repulsion. The result is

A. Nonencapsulated crystals

For nonencapsulated nanocrystalline ionic solids, a recently presented analytic theory57 based on the Born model
was shown to be capable of explaining both their structures
and energetics on a global and unified basis. This approach is
based on the assumption that the crystals are fully ionic and
focuses only on the largest and most important terms,
namely, the Coulombic interactions between the ions treated
as point charges and the short-range repulsive interactions
between immediately neighboring ions. It exposes the relationship between the nanocrystals and the bulk rocksalt
phases and shows how structural properties of the nanocrystals evolve toward those of the bulk as the number of atoms
in the planes is increased. In particular, for the low dimensional crystals, this model predicts contractions of the b distance relative to the bulk separations Re and ratios b / Re in
good agreement with the experimental results for the encap-
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TABLE III. Interionic separations 共in Å兲 across 共a兲 and along 共b兲 the crystal chain in bare KI 共2 ⫻ 2兲 and CsI
共2 ⫻ 2兲 nanocrystals as well as encapsulated within a 共16,0兲 SWNT. For encapsulated crystals, the calculated
results are shown without a charge transfer from the anions onto the wall of nanotube 共nt = 0兲 and with the
optimal charge transfer predicted by minimizing the total energy including charge transfer, as described in the
text.
KI

Bare crystal/Born
modela
Bare crystal/

CsI

nt

a

b

nt

a

b

¯

3.46

3.38

¯

3.74

3.67

¯

3.43

3.37

¯

3.73

3.71

0

3.66

3.31

0

3.92

3.50

0.278

3.97

3.54

0.285

4.04

3.73

¯

3.98b

3.46b

¯

4.10d

3.70d

¯

3.52c

3.52c

¯

3.81e

3.81e

GULP

Crystal @ 共16,0兲 SWNT
共no charge transfer兲
Crystal @ 共16,0兲 SWNT
共charge transfer兲
Crystal @ 共16,0兲 SWNT,
共experiment兲
Rocksalt bulk experiment
a

Reference 57.
Reference 1.
c
Reference 2.
d
Reference 4.
e
Reference 3.
b

sulated crystals.1,4 This contrasts with the result that the a / Re
ratios are found to be less than unity. It also predicts that the
a / b ratios are greater than unity. This approach yields predictions, presented in the first line of Table III, for the absolute values of a and b if the experimental values for Re are
combined with these two ratios.
The validity of the above results derived from the analytic model is confirmed here by using more sophisticated
nonempirical interionic potentials13,15 from which the structures of the bare nonencapsulated 共2 ⫻ 2 ⫻ ⬁兲 KI and CsI
nanocrystals were first computed as described in Secs. II A
and II B. The interionic separations a and b predicted from
this approach for the 共2 ⫻ 2 ⫻ ⬁兲 nanocrystals 共see “bare
crystal/GULP” results presented in Table III兲 are in a good
agreement with the analytical model57 共“bare crystal/Born
model” results in Table III兲. Introduction of the shell model
to describe ion-induced dipole effects, as described in Sec.
II B 2, yielded for KI a = 3.44 Å and b = 3.38 Å. The similarity between these predictions and those presented in Table III
shows that intracrystal ion-induced dipole effects are so
small that they will not be further considered.

B. Encapsulated crystals without charge transfer
1. The purely two-body description

The structural distortions, shown by the results presented
in the first two numerical rows of Table III, arise solely from
the low dimensionality of the nanocrystal and are not caused
by interaction with the wall of encapsulating nanotube. Although the predicted a / b ratios for bare nanocrystals are
greater than unity, their values are significantly less than
those derived from experiment. This result coupled with the
prediction of a / Re ratios less than 1, not consistent with experiment, shows that interactions with the nanotube wall are
important.

The diameter of a SWNT encapsulating the 共2 ⫻ 2 ⫻ ⬁兲
KI nanocrystal was reported to be about 14 Å.1 However,
this value was found to be inconsistent with other measurements presented in Fig. 1共a兲 of Ref. 1. This diameter was
later remeasured as 12.8 Å. Since the chirality of the encapsulating nanotube is not available from experiment, we considered the crystal to be encapsulated in a zigzag 共16,0兲
nanotube, because zigzag nanotubes have the smallest repeat
distances while the 12.5 Å diameter of a 共16,0兲 nanotube is
close to the experimental value. The diameter of the nanotube encapsulating the 共2 ⫻ 2 ⫻ ⬁兲 CsI nanocrystal was the
same as that in the 共2 ⫻ 2 ⫻ ⬁兲 KI system.
The first of the three types of ion-wall interaction consists of the totality of all the ion-carbon pair potentials
VXW共r兲 共2.2兲. For both of the encapsulated crystals, the results, calculated after introducing these terms and taking N to
be 500 in the computation of the uncorrelated short-range
0
repulsions VsXW
共r兲, are presented in the third numerical row
of Table III. Comparison of these results with those of bare
nanocrystal shows that introducing the interactions with the
wall predicts the a separations to be greater than in the bulk,
in agreement with experiment. However, the predictions for
a values remain appreciably smaller than the experimental
values in the nanocrystal, while the b separations are now
significantly underestimated compared with both the experiments and the calculations for the bare nanocrystals. It is of
interest to note that use of the more repulsive ion-wall interactions generated by taking N to be 12, although rectifying
the underestimation of the b spacing, still fails to predict the
dilation of the a spacing. Thus the results of a = 3.48 Å, b
= 3.35 Å for KI obtained when N is taken to be 12 are not
very different from those predicted for the bare nanocrystals.
The appreciable change in the predictions produced by taking N to be 12, rather than the 500 value deduced from the
study14 of the adsorption of noble gases on graphite, shows
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how significantly the semiconducting property of the nanotube influences the structures of the encapsulated nanocrystals. These variations in the predictions for a and b caused by
changing the strength of the ion-carbon short-range repul0
共r兲 can be understood by the following arguments
sions VsXW
based on the previous analytic model.57
The equilibrium distance b in a nonencapsulated one dimensional single chain is less than that in the rocksalt structured bulk crystal because, on passing from the latter to the
former, the attractive Madelung energy is only reduced in
magnitude from 1.74756/ R to 2 ln 2 / R at constant R
共1.74756 is the bulk Madelung constant兲, while the number
of closest short-range cation-anion repulsions is reduced by a
factor of 3. On passing from the one dimensional single
chain to the nonencapsulated 共2 ⫻ 2 ⫻ ⬁兲 nanocrystal, the
number of closest short-range repulsions is doubled, while
the additional binding resulting from the electrostatic interactions between two adjacent chains is only −0.116741/ R
with the interaction between the two chains separated by the
distance a冑2 generating57 a repulsion of 0.02857/ R. This
explains why the equilibrium values of both a and b are
larger than those in the one dimensional chain. It then follows that any increase in a from its equilibrium value in the
nonencapsulated nanocrystal produces a structure in which
reduction of b will cause an enhancement of the electrostatic
attraction which is greater than the increase of the purely
intracrystal short-range repulsion. This shows that enhancement of a induced by attraction to the nanotube wall will
cause the chains to contract along their lengths with the resulting b values tending, in the limit of very large a, toward
the b value of the one dimensional single chain. This explains why any calculation based on Eq. 共2.1兲, thus not considering charge transfer, which uses a value for N sufficiently
large as to reproduce the experimental a value will inevitably
underestimate the b separations.
2. The potential role of higher order multipole
moments on wall atoms

The second type of ion-wall interaction consists of those
originating from dipole and high order moments, either permanent or induced. These terms were computed using the
methods described in Sec. II B 2.
The electric field generated at the nanotube wall as the
sum of those originating from the ions of the nanocrystal
can, in principle, induce an electric dipole moment on each
wall carbon thus contributing to the attraction designated
UIID共rG兲 in Eq. 共2.1兲. The resulting predictions of a
= 3.66 Å and b = 3.31 Å for KI are unchanged from those
derived neglecting the ion-wall induced dipole terms.
The -electron charge in graphite concentrated above
and below the graphene sheets causes each carbon atom to
possess a permanent electric quadrupole moment of negative
sign. Not only is the interaction of these moments a significant factor determining the stacking of graphene sheets in
graphite but they also make an important contribution to the
adsorption of both water and nitrogen by graphite.24 Furthermore, ionic species are bound above the rings of aromatic
hydrocarbons through the interaction of ion charges with the
carbon quadrupoles, the widespread occurrence of such

cation- interactions being reviewed elsewhere.25 The importance of the carbon quadrupole moments in these three
ways shows the need to investigate their potential significance for the nanocrystals encapsulated in carbon nanotubes.
However, the introduction of these wall quadrupole moments
left the a and b values predicted for the encapsulated KI
unchanged at a = 3.66 Å and b = 3.31 Å.
The calculations just described show that both the ioninduced carbon dipole terms and the charge permanent quadrupole interactions are unimportant for the encapsulated
nanocrystals. This is consistent with the well-established
result58 that the electric field generated by a bulk crystal has
become negligible at distances from the crystal surface,
which are greater than the lattice spacing. Hence neither of
these interactions needs to be further considered.
C. Charge transfer from anions to nanotube wall
atoms
1. Multianion description

The third type of crystal-wall interaction, which exhibits
the greatest degree of mutual entanglement, is the partial
transfer of anion electrons to the nanotube. The possible significance of this process was investigated by predicting the
optimal structures and their energies UTe共n兲 as a function of
the number n of electrons transferred per anion by using the
relations 共2.6兲–共2.9兲. The actual charge transfers nt, predicted
as the n value yielding the lowest UTe共n兲, were found to be
0.278 and 0.285 for KI and CsI, respectively.
The DFT LAPW computation for KI,8 performed at one
nuclear geometry, is in qualitative agreement with our
present results that charge is transferred from the anions to
the wall, although more detailed analysis shows much transfer to the intersphere regions present in this DFT method. By
contrast, the predictions of another DFT computation9
yielded a charge transfer that was not only small but also in
the opposite direction, from the wall to the crystal. The inability of standard DFT to reproduce dispersive attractions
coupled with the minimal predicted charge transfer explains
why this approach underestimated9 the a separation by
0.5 Å.
The relation 共2.3兲 shows that the total repulsion between
all the outermost electrons on each ion contains a contribution varying quadratically with the numbers of electrons
while the total effective one-electron energy is a purely linear
function of the number of electrons. For KI and CsI, the
respective IAne values of −1.08399 and −1.08651 a.u. are both
more negative than the effective one-electron energy 共IW兲 of
−0.44109 a.u. for a nanotube -electron. However, the delocalization over the wall of any charge transferred from each
anion causes the intraionic electron repulsion to be lowered
to a much greater extent than the repulsion experienced by
these transferred electrons when their density is spread over
f −1 nanotube carbon atoms 关f −1 being 28 for a 共16,0兲
SWNT兴. These observations show that any energy lowering
resulting from charge transfer must arise because the reduction of the total electron-electron repulsion through this delocalization must be greater than the increase in the total
one-electron energy. This mechanism driving the charge
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TABLE IV. Structural changes 共in Å兲 in the KI 共2 ⫻ 2兲 and CsI 共2 ⫻ 2兲 nanocrystals as a function of charge
transfer from the anions onto the wall of the 共16,0兲 SWNT.
KI

CsI

nt

a

b

共K+兲y

共I−兲z

a

b

共Cs+兲y

共I−兲z

0.00
0.02
0.08
0.20
nt共opt兲a

3.66
3.69
3.78
3.92
3.97

3.31
3.32
3.36
3.45
3.54

2.568
2.602
2.735
2.948
3.042

2.613
2.610
2.609
2.580
2.551

3.92
3.93
3.93
3.98
4.04

3.50
3.54
3.59
3.71
3.73

2.804
2.817
2.841
2.943
3.041

2.746
2.742
2.713
2.684
2.657

nt共opt兲 = 0.278 for KI and nt共opt兲 = 0.285 for CsI.

a

transfer is different from that of partial covalent binding between the ions and nanotube carbon because in the latter
some of the electrons occupy molecular orbitals containing
contributions from both ion and carbon atomic orbitals. By
contrast, the mechanism described by the relations
共2.6兲–共2.8兲 involves no mixing between ion and wall orbitals
but is characterized by the transfer of electrons from orbitals
located entirely on the crystal to ones located entirely on the
nanotube. The very small values of 0.00053 and 0.00087 a.u.
for IAov in KI and CsI, respectively, show that any electron
transfer induced reduction of this energy is not the cause or
even a significant contributor to the electron transfer process.
This provides further evidence justifying the neglect of the
distance dependence of IAov needed to generate the second of
the relations 共2.7兲 from the first.
For each of the encapsulated KI and CsI crystals, the
separations a and b predicted for that value of the charge
transfer minimizing the energy 共2.8兲, and presented in the
fourth numerical row of Table III, are in excellent agreement
with experiment. The first three columns of results for KI
and CsI in Table IV show how the structural predictions
change with increasing charge transfer. For zero charge
transfer, both the a and b values are significantly underestimated even though a is predicted to be larger than the bulk
Re. The electrostatic interaction between the nanotube and
crystal, that is, zero in the absence of charge transfer, necessarily becomes increasingly attractive as n is made larger
thereby enhancing the magnitude of the opposite charges on
the crystal and wall. The larger a values predicted on augmenting n are thus seen to originate from the increased
crystal-wall electrostatic attractions. Furthermore, the results
in Table IV show that the predicted b values also increase as
n is made larger. These increases do not invalidate the arguments presented in Sec. III B 1 where it was explained why
the prediction of increased a values resulting from reducing
the ion-wall short-range repulsions necessarily yielded
smaller values for b. The new factor in descending the columns in Table IV is that the removal of anion negative
charge, corresponding to increasing n, reduces the large
cation-anion electrostatic attractions which reduction must
tend to increase b. It should not be regarded as surprising
that the reduction in the magnitude of the largest energy
term, namely, the point charge Madelung binding of the crystal, outweighs the more subtle effects described in Sec.
III B 1. The two results for each crystal that, first, there is
only one value of n which simultaneously reproduces both

the experimental a and b values and, second, that this value
is indeed the one yielding the lowest total energy globally
provide extremely strong evidence that the present calculations have revealed the essential features determining the
structures of the nanocrystals.
2. Spectroscopic probe of charge transfer

It has been established experimentally59 that the frequency of one of the vibrational modes of a carbon nanotube
is shifted by encapsulation of KI. Empty nanotubes to which
known and independently determined quantities of charge
were transferred also exhibit shifts in the frequency of the
same vibrational mode.60–67 These observations, coupled
with the shift,59 provide independent information concerning
any exchange of charge when a nanotube encapsulates a
crystal. The relevant nanotube vibration measured by Raman
spectroscopy is the G or high energy mode 共HEM兲 occurring
at a frequency 共兲 1593 cm−1 in an empty nanotube. Encapsulation of KI has been observed59 to induce a shift 共⌬兲 in
this mode of +2 cm−1.
Direct information concerning the shift produced by the
addition of electrons to nanotubes is provided by experimental measurements62–64 of ⌬ as a function of the measured
weight of potassium metal added to nanotube bundles. Although the potassium nuclei do not enter individual nanotubes but become intercalated between the different tubes,
these measurements yield directly ⌬ as a function of added
numbers of electrons per carbon because it is known61,67–69
that each K atom donates its 4s electron to a nanotube. Thus
the potassium/carbon ratio shown both in Fig. 2 of Ref. 62
and Fig. 1 of Ref. 63 is precisely the quantity designated here
as nf. As nf initially increases from zero,  decreases to
produce a ⌬ value of −1.2 cm−1 for nf = 0.004. Further increase of nf causes  to increase so that ⌬ has become
positive at 2 – 3 cm−1 for nf in the range 0.007–0.013. Further increase of nf causes  to decrease monotonically until
⌬ has become −8 cm−1 for the largest 共0.04兲 value of nf
accessible in the experiments.62,63 Entirely independent
experiments64 yielded a precisely similar nonmonotonic dependence of ⌬ on nf. Although ⌬ varies nonmonotonically with nf, it has been established62 by conduction electron spin resonance that nf does increase monotonically with
the potassium doping level. Two other studies61,65 reported
negative ⌬ for larger charge transfers but did not present a
detailed examination for the smaller nf values showing non-
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monotonically varying and sometimes positive ⌬.62–64 The
experimental data in both Fig. 2 of Ref. 62 and Fig. 1 of Ref.
63 show that a measured ⌬ of 2 cm−1 for the nanotubes
encapsulating KI corresponds to an nf value in the range
from 0.009 to 0.013. Since there are 28 共f −1兲 carbon atoms
per iodine nucleus, the prediction from our structural calculations that 0.278 electrons are transferred from each anion
corresponds to an nf value of 0.0099. This result lies within
the range consistent with the observed ⌬, thus providing
additional evidence for the reliability of the present predictions for the charge transfer.
The experimental measurements62–64 on the potassiumnanotube intercalates show that the Raman frequency shift
⌬ of 2 cm−1 measured59 for nanotubes encapsulating KI is
consistent with a transfer of between 0.009 and 0.013 electrons to each wall carbon atom. However, ⌬ values have
also been measured65–67 as a function of the number of electrons electrochemically transferred from known weights of
nonintercalated bundles of empty nanotubes. Increasing
nanotube ionization caused ⌬ to increase linearly by
250 cm−1 per electron withdrawn from each carbon atom.65
Thus, the 2 cm−1 ⌬ measured for the encapsulated KI system is also consistent with the ionization of 0.008 electrons
from each carbon as well as with the transfer of 0.009–0.013
electrons to each such atom. However, the previous
conclusion59 that 0.007 electrons are transferred from the
nanotube to the encapsulated KI was not derived by comparing the 2 cm−1 ⌬ with the values directly measured in the
experiments60–67 where the nanotube charges were independently determined. It was instead inferred indirectly from a
theoretical equation66,67 linking ⌬ /  to the nanotube strain
in which the latter was related to the charge transfer. This
equation states that ⌬ /  equals −2␥zz. Here, ␥ is a Gruneisen parameter and zz is the strain that is the deviation of
the carbon-carbon bond length from its equilibrium value in
an electrically neutral nanotube. It was assumed59 that ␥ was
very close to unity in accordance with similar suggestions67
made for related graphite intercalates. There is extensive experimental evidence68–72 that ionization of electrons from
graphite induces a negative zz and that electron transfer to
graphite causes zz to increase. It was concluded,59 by invoking the equality between ⌬ /  and −2␥zz, that observation
of a positive ⌬ implied a negative strain and hence that
electrons had been transferred from the nanotube to the encapsulated KI. However, the experimental demonstrations62–64 that positive ⌬ can arise, not only from nanotube ionization but also from small amounts of electron
transfer to the nanotube, show that the two stage argument59
used to deduce nanotube ionization is not conclusive.
The above discussion shows that the two-step
argument59 used to infer nanotube ionization is invalidated
by the experimental observation62–64 that small quantities of
electron transfer to nanotubes can also generate a positive
⌬ value of 2 cm−1. Currently there is probably insufficient
evidence to locate the precise point at which the argument of
Ref. 59 fails. Although a detailed discussion lies outside the
scope of the present paper, a brief preliminary examination is
of interest. It is our opinion that there is little reason to doubt
the experimental evidence68–70 that transfer of electrons to
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nanotubes lengthens the C–C bonds, corresponding to positive zz. This can be understood because antibonding bands
become partially filled with, furthermore, the additional electrons causing the magnitude of the negative resonance integral 共␤兲 to decrease.73 The experimental evidence70–72 that
nanotube ionization contracts the C–C bonds would also
seem to be incontrovertible. Here, the suggested theoretical
explanation73 is more subtle in that the bond length increase,
which might be expected on withdrawing electrons from
bonding bands, is more than offset by the positive charges
thereby acquired by each carbon atom enhancing the magnitude of the resonance integral. It is well known that a longer
bond normally implies a weaker bond with a smaller force
constant and hence reduced vibration frequency as is necessary implied by equating ⌬ /  to −2␥zz with positive ␥
close to unity. However, in the following model example, a
small modification to a bond, causing it to expand and
weaken, actually increases the force constant as opposed to
reducing it as predicted by the above equality. Consider either a diatomic molecule or a bond in a polyatomic molecule
whose energy V共y兲 is given by 共1 / 2兲ky 2 for small displacements y共=r − re兲 of the internuclear separation r from its
equilibrium 共re兲, the force constant thus being k. The addition of a small charge q to both atoms changes V共y兲 to
共1 / 2兲ky 2 + q2 / 共y + re兲 so that the new equilibrium separation
共y ne兲 is given by ky ne − q2 / 共y ne + re兲2 = 0. This predicts a
longer bond 共y ne ⬎ 0兲. Even though the energy at the new
equilibrium separation 共re + y ne兲 is predicted to be greater
than zero, thus generating a longer bond with a smaller binding energy, the new force constant, 关d2V共y兲 / dy 2兴y=yne = k
+ 2q2 / 共y ne + re兲3, is greater than the old value of k. Although
we recognize that binding between adjacent carbon atoms in
partially charged nanotubes will involve factors not described by this simple example, the demonstrated existence
of a physically reasonable model in which bond lengthening
is accompanied by an increased, rather than by a lowered,
force constant shows that ⌬ /  does not necessarily equal
−2␥zz with positive ␥ close to unity.
The only reliable method of inferring the degree of
charge transfer from the observed encapsulation induced
+2 cm−1 shift59 in the G band is by comparison with the
results of those experiments62–67 in which ⌬ was measured
as a function of known charge transfer. Thus, in the absence
of any further independent arguments or experiments, it can
only be concluded either that 0.008 electrons are ionized
from each carbon atom or that each such atom gains between
0.009 and 0.013 electrons. However, without considering the
results of the structural predictions presented in the present
paper, the idea that 0.008 electrons are transferred away from
each nanotube carbon to the encapsulated crystal can be rejected. Such a transfer would imply that each stoichiometric
KI unit acquired 0.22 electrons. The charge could hardly be
transferred to the iodide ion because, apart from already carrying a negative charge, this has a closed shell electronic
structure having no vacant orbitals of low energy suitable for
accommodating any further electrons. Furthermore two independent arguments show that this charge could not be accommodated on the K+ ions. First, there is abundant
evidence61,68–70 that, even for potassium to carbon ratios up
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to as high as 1 / 8, such as that occurring in potassiumgraphite intercalates, each metal atom donates entirely its 4s
electron to the graphite. This makes it very hard to believe
that each potassium-based species retains as much a 0.22 of
an electron in the encapsulated nanotubes where potassium/
carbon ratios are much smaller. Second, any electron located
in the 4s orbital of a K+ ion in a KI ionic crystal would be
unbound because, although a free cation can bind an extra
electron with an energy74 of 4.34 eV, in the nanocrystal any
such electron would experience an additional destabilizing
potential of 关M T共a / b兲兴 / b originating from the electrostatic
field generated by the other ions as described in full detail in
the next section. Since M T共a / b兲 is 1.5113 for KI, a potassium 4s electron would experience a destabilization of
6.22 eV thus causing it to be unbound by 1.88 eV. Though
such a destabilization would not arise for the graphite intercalates, even in these materials the potassium atoms are fully
ionized. Since one cannot reject the arguments that 0.008
electrons are not transferred from each nanotube carbon
atom, the only conclusion that can be drawn from the observed encapsulation induced 2 cm−1 shift59 in the frequency
of the G mode is that each carbon atom gains between 0.009
and 0.013 electrons from the encapsulated KI.
3. Single anion description

An essentially single anion model for probing the charge
transfer at fixed nuclear geometry, as defined solely by the a
and b distances, yields further insights into the electron
transfer process, three facets being very clearly and directly
revealed. In this model, the only interspecies effect considered is that of the charge partially transferred to the wall
ceasing to feel the environmental potential experienced by an
anion electron in the crystal.
The in-crystal environmental potential experienced by an
anion electron consists, in addition to the small overlap dependent term, contributing energies proportional to IAov in the
OHSMFS model11 as described in Sec. II C, the much larger
electrostatic energy. If the electrostatic potential generated by
all other ions in the crystal treated as point charges is expanded in a series in which spherical harmonics are used to
describe its angular variation, it is a purely mathematical
result that only the spherically symmetric term affects the
energy and electron density of a closed shell ion if it is assumed that this density remains spherically symmetric.10
This potential, the first term in the OHSMFS Hamiltonian, is
a constant attraction for distances ra of an anion electron
from its nucleus up to the closest cation-anion separation R
after which it becomes less negative while undergoing
smaller oscillations associated with anion-ion separations
greater than the closest distances.10,11,16 Thus for the rocksalt
structured bulk crystal, this first contribution to the OHSMFS
potential is, for ra 艋 R, a constant stabilizing Madelung term
−M / R with M the Madelung constant.
For a nanocrystal in which each of the 共2 ⫻ 2兲 planes is
square, not inconsistent with the experimental data, the electrostatic potential energy experienced by an anion electron at
distances ra less than the closest cation-anion separation is
constant having the value −M T共x兲 / b equal to the Madelung

potential determining the electrostatic contribution to the
crystal cohesive energy. Here x = a / b with M T共x兲 being given
by57
M T共x兲 = 2 ln 2 + M b共x兲.

共3.1兲

In this equation, the first contribution arises from electrostatic potential energy of −2 ln 2 / b generated by all the other
ions in the same chain while the contribution to M T共x兲 from
all other chains of ions is given by −M b共x兲 / b with the Madelung function M b共x兲 being defined by Eq. 共11兲 of Ref. 57.
Since the large majority of each anion electron density arises
at distances ra smaller than the distance to the closest cations, the expectation value of the first 共electrostatic兲 term in
the OHSMFS potential will be given by −M T共x兲 / b. This
shows that, for an anion electron in 共2 ⫻ 2兲 nanocrystal having four cation neighbors, its effective one-electron energy IA
including the interaction with the environment generated by
the other ions in the nanocrystal is given by
IA = IAne − M T共x兲/b + 4IAov .

共3.2兲

Considering only the last two terms of Eq. 共3.2兲 in addition
to the purely one-center terms 共2.3兲, which already include
IAne, shows that the total energy of a system in which n electrons are transferred from just one anion to f −1 wall carbon to
be given by
ET共n兲 = 共4 − n兲IA + 共1/2兲共4 − n兲共3 − n兲FA
+ f −1关共1 + nf兲IW + 共1/2兲共1 + nf兲nfFW兴,

共3.3兲

which differs from Eq. 共2.3兲 only in that IAne has been replaced by IA.
The result 共3.3兲 will only provide a useful description of
the system in which n electrons are transferred from every
nanocrystal anion if the sum of three effects arising from the
partial ionization of neighboring ions is significantly smaller
than the sum of the last two terms in Eq. 共3.2兲. These effects
are the attraction to the positively charged crystal of the electrons transferred to the wall, the mutual repulsion between
these wall electrons on different atoms, and the more negative value of the effective one-electron energy 共IA兲 for an
anion close to another partially ionized anion even when IAne
remains unchanged. The first two of these effects are identical to the first of the four interspecies interactions introduced
in Sec. II C and automatically included in Eq. 共2.6兲 through
the computation of UGULP共rX ; n兲. The third of the factors
listed in Sec. II C as automatically included in the computation of UGULP共rX ; n兲, the reduction in the Madelung binding
of the partially ionized nanocrystal, encompasses both the
term −nM T共x兲 / b introduced into Eq. 共3.3兲 through Eq. 共3.2兲
and the effect omitted from Eq. 共3.3兲, that of the more negative IA value for anions close to partially ionized anions. The
GULP
共n兲 defined as a function of n by
quantity ⌬Eint
GULP
⌬Eint
共n兲 = UGULP共rXe ;n兲 − UGULP共rXe ;0兲

共3.4兲

is the difference between the GULP energies predicted for
nonzero and zero n with both terms evaluated for the same
ion positions rXe that are optimal for the crystal with charge
transfer specified by n. For all n values encompassing the
range from zero to nt for both KI and CsI, the computed
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GULP
differences ⌬Eint
共n兲 were found to be essentially identical
with those calculated as nM T共x兲 / b from which they usually
differed by less than 1% and certainly by no more than a few
percent provided that the latter were evaluated for the values
of x and b corresponding to the equilibrium geometry as
defined by the rXe in Eq. 共3.4兲. This shows that loss of the
Madelung binding of the ionized charge is the dominant multicenter interaction governing the charge transfer and that the
sum of the three other interspecies terms presented after and
not included in Eq. 共3.3兲 is much smaller. This result validates using the approximate relation Eq. 共3.3兲 to investigate
the charge transfer at fixed nuclear geometry. It should be
noted, however, that the energy 共3.3兲 is not totally independent of this geometry because the value of IA depends on b
and x. Thus the quantity nM T共x兲 / b differs more significantly
GULP
共n兲 values if the former is evalufrom the computed ⌬Eint
ated from a geometry differing from that used in Eq. 共3.4兲.
However, it can be seen that Eq. 共3.3兲 does not include any
energy differences between nanocrystals having square or
diamond shaped 共2 ⫻ 2兲 planes provided the nanocrystals
have the same values of b and x. The energies nM T共x兲 / b
were calculated assuming square 共2 ⫻ 2兲 planes while the
GULP
共n兲 values were derived from the fully optimized
⌬Eint
computations yielding diamond shaped planes, as discussed
in the next section. The similarity of these two values for
each n shows that the energy differences arising from the
distortions of the planes from square to diamond are small
provided a is kept constant.
The energy ET共n兲 共3.3兲 is not referred to the same zero of
energy as that in Eq. 共2.6兲 because, in the former, the energy
ET共0兲 is not subtracted. However, since the latter is a constant, the number nt of electrons actually transferred from
each anion is that minimizing ET共n兲, being given by

nt = 关IA + 共7/2兲FA − IW − FW/2兴/关FA + fFW兴.

共3.5兲

This result yields three predictions concerning nt which do
not depend on the values of the carbon energies IW and FW.
First, there will be no charge transfer if the anion electrons
are so strongly bound that the numerator of Eq. 共3.5兲 is negative, this arising for large negative values of IA. Second, the
charge transfer in CsI is predicted to be greater than that in
KI, because IAne and FA in CsI are so similar to those in KI
that the difference between the IA values of these two materials is dominated by the difference in the in-crystal electrostatic energies as expressed by the M T共x兲 / b term. Since the
respective M T共x兲 values of 1.51131 and 1.52521 in KI and
CsI evaluated from the experimental a and b distances are so
close, the electrostatic binding energy of an anion electron
will be lower in CsI than in KI because b is greater in the
former. This causes the magnitude of the negative IA in CsI
to be smaller than that in KI, thus leading through Eq. 共3.5兲
to a greater charge transfer in CsI crystal. The third deduction from Eq. 共3.5兲 is that the charge transfer will be insensitive to the detailed structure and even dimensions of the
encapsulating nanotube. This follows because the only nanotube parameter entering Eq. 共3.5兲, the fraction f of the number of anions per carbon, is small thus causing the denominator to depend only weakly on f.
For KI and CsI, the RIP/RELCRION computations yielded

values for FA of 0.32889 and 0.33287 a.u. while the analysis
presented in the Appendix yielded a value for FW of
0.41254 a.u. Substitution of these values together with those
already presented for IAne, IW, and M T共x兲 predicts that the
charge transfers in KI and CsI are, respectively, 0.22 and
0.27 electrons per anion. The similarity between these values
and those of 0.278 and 0.285 predicted from the more sophisticated approach based on Eq. 共2.6兲 confirms that theory
yielding Eq. 共3.3兲 does indeed capture the essential physics
of the charge transfer process. This ensures the validity of the
insights into the charge transfer gleaned from Eq. 共3.5兲 described above. The charge transfer predicted for CsI is not
very dissimilar to that obtained for KI. The relation 共3.5兲
shows that this similarity arises because here the environmental dependence enters entirely from the term M T共x兲 / b
which has only a relatively weak dependence on b with the
variation of M T共x兲 being even weaker. This shows that the
charge transfer depends only weakly on structure but that the
structural predictions are much more sensitive to the charge
transferred, as shown by the results presented in Table IV.

4. Charge transfer generated structural
evolution

The main focus of this paper has been elucidating and
explaining the factors determining the a and b separations
because these are the quantities which have so far been measured. Nevertheless it is of interest to examine the detailed
shapes of the 共2 ⫻ 2兲 planes because there are no symmetry
reasons requiring these to be exactly square. Since the interaction energy of two cations is not exactly the same as that of
two iodide ions, it should be expected that each plane will be
slightly distorted from a square shape even in the absence of
charge transfer 共n = 0兲. The results presented in Table IV do
indeed show that each plane is diamond shaped even for n
= 0.
The transfer of negative charge to the wall will introduce
an electrostatic attraction between the cations and the wall
explaining why 共Table IV兲 the cation-cation distance 2共K+兲y
increases with increasing n. Enhancing charge transfer generates an increasing electrostatic repulsion between the wall
and the iodide ions which progressively reduces the separation 2共I−兲z between the two iodide ions. These effects are
revealed by the computations based on the more exact theory
provided by Eq. 共2.6兲 even though they are not captured by
the more approximate single anion theory presented in the
Sec. III C 3, this latter being introduced to gain physical insight into the charge transfer but not to make structural predictions. For both KI and CsI at their experimental equilibrium geometries, as predicted for the case of optimal charge
transfer 共n = nt兲, the magnitudes of these two electrostatic
ion-wall interactions are sufficiently large that the separation
between the two cations in any plane is greater than that of a
pair of anions. However, the relative smallness of the deviation from square explains why there is currently no experimental information about the geometry beyond the a and b
values.
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IV. CONCLUSIONS

The structures and electronic charge distributions of
nanocrystalline KI and CsI containing four ions in cross section when encapsulated in a SWNT have been investigated
theoretically. Not only do our predictions for the structures of
the nanocrystals agree with experiment but we have also
shown that such encapsulation causes a significant transfer,
of slightly more than 1 / 4 of an electron per anion, to the wall
carbon atoms. Such transfers correspond to a gain of about
0.01 electrons by each such atom. This prediction is supported by independent evidence from Raman spectroscopy
showing that encapsulation of KI increases the frequency of
a nanotube vibrational mode by 2 cm−1. Comparison of this
result, with the corresponding frequency increases for nanotubes to which independently known numbers of electrons
were transferred, shows that a 2 cm−1 shift corresponds to a
gain in the range from 0.009 to 0.013 electrons per carbon
atom encompassing our prediction. These transfers of charge
from the encapsulated crystals to the nanotube wall suggest
that the electrical properties of the nanotube could be significantly modified.
In the computation of the short-range repulsion between
an ion and the wall carbons using a local DFT approach, the
semiconducting or metallic nature of the tube is the source of
the large value for the effective number of electrons entering
the calculation of the exchange interaction. It has been
shown that both this effect and the charge transfer play a
crucial role in determining the structures of the encapsulated
ionic crystals. This contrasts the minimal role played by multipoles on the wall carbon.
The conclusions that both the electronic properties of the
empty nanotubes and the charge transfer in the encapsulated
materials, here elucidated for KI and CsI, play an important
role in determining their structures and electrical properties
is likely to apply to the majority, if not all, such guest-host
systems. Both these effects will therefore need to be considered in order to understand the full details of the experimentally observed structures of both encapsulated 共2 ⫻ 2兲 RbI
共Ref. 75兲 and of KI and CsI 共3 ⫻ 3兲 nanocrystals75,76 encapsulated in larger carbon nanotubes. It is most unlikely that
these effects, especially charge transfer, will prove to be any
less significant for a variety, much more extensive than the
alkali halides, of already prepared77 encapsulated nanocrystalline metal salts. Structural predictions also have been
derived,78,79 using semiempirically determined short-range
repulsions, for a wide variety of crystals, treated on a fully
ionic basis, encapsulated in numerous nanotubes, a level of
treatment comparable with the Born model description57 of
the alkali halide nanocrystals. The resulting predictions are
valuable in suggesting the existence of a very rich variety of
different structures, thereby motivating the experimental
search for such materials, the vast majority of which have
not so far been observed. Since these predictions did not
consider the possibility of charge transfer, the present results
for encapsulated KI and CsI suggest that this would need to
be considered in any detailed comparison with experimental
data, which may subsequently become available.
Good agreement between the predicted and experimental
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structures can only be achieved both by introducing a realistic description of the anion to wall charge transfer and by
recognition of the large value of the effective number of
electrons influencing the exchange interaction in the DFT
description of the short-range ion-wall interactions. It should
be emphasized that, for each nanocrystal, the only value for
the charge transfer predicting the experimentally observed
structure is that minimizing the total energy. Furthermore,
the generated structures changed in rather different yet physically understandable ways on changing both the charge
transfer and ion-wall interactions with correct predictions obtained only with the right charge transfer and description of
the ion-wall interactions shown to be physically correct by
the investigation14 of the adsorption of noble gases by graphite.
Although the charge transfer predicted by minimizing
the energy depends only weakly on the assumed nuclear geometry, the predicted structures are sensitive to the charge
transfer. This charge transfer is predicted to cause the separations between the two cations in each 共2 ⫻ 2兲 plane to be
greater than those between the two anions causing each plane
to be diamond shaped. Although the accuracy of the present
experimental data1,4 does not allow the case of entirely
square planes to be distinguished from those exhibiting the
small diamond like distortions predicted here, it is to be
hoped that future more accurate experiments might discriminate between these two possibilities.
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APPENDIX

In the standard notation the repulsion, denoted FW in the
main text, between two carbon electrons in occupying the
same p-共pz兲 atomic orbital equals the integral
−1
兩pz共1兲pz共2兲典. This integral is expressed in
具pz共1兲pz共2兲兩r12
terms of the Slater integrals F共0兲 and F共2兲 by80
FW = F共0兲 + 共4/25兲F共2兲 .

共A1兲

The one-electron energy IW, consisting of the electron kinetic
energy, attraction to the nucleus and repulsion with two 1s
electrons, one 2s electron, and one electron in each of the
2px and 2py orbitals was calculated from the optimal level
wavefunction81 computed for the 1S state of the ground configuration of the carbon atom using the Oxford Dirac–Fock
program.82 After introducing the Cowan DFT estimate of the
contribution from electron correlation, F共0兲 was predicted to
be 0.41789 a.u. Since it was not possible to perform a similar
calculation of the correlation contribution to F共2兲, this entire
quantity was evaluated by analyzing experimental data.
The valence 共2p electron兲 energies of the following
states of the ground configurations of the cationic, neutral,
and anionic states of carbon are given by80
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E共C+兲 = I2p ,
E共C 1S兲 = 2I2p + F共0兲 + 共2/5兲F共2兲 ,
E共C 1D兲 = 2I2p + F共0兲 + 共1/25兲F共2兲 ,

共A2兲

E共C 3 P兲 = 2I2p + F共0兲 − 共1/5兲F共2兲 ,
E共C− 2D兲 = 3I2p + 3F共0兲 − 共6/25兲F共2兲 ,
E共C−4S兲 = 3I2p + 3F共0兲 − 共3/5兲F共2兲 ,
where I2p ⫽ IW is, for a single electron in the 2p orbital the
sum of its kinetic energy, attraction to the nucleus and repulsion with the four s electrons. Choosing pairs of states belonging to the same state of ionization but with the smallest
spin multiplicity difference, two values for F共2兲 can be derived by equating the two differences E共C− 2D兲 − E共C− 4S兲
and E共C 1S兲 − E共C 1D兲 to the experimental differences of
0.045165 a.u. 共Ref. 83兲 and 0.05219 a.u.84 This yields F共2兲
values of 0.12546 and 0.14498 a.u., respectively. Equating
the experimental ionization potential for C共 3 P兲 of
0.41379 a.u.74 to the result for E共C+兲 − E共C 3 P兲 while also
equating the experimental electron affinity of 0.04641 a.u.
to83 E共C− 2D兲 − E共C 3 P兲 and solving the two resulting simultaneous equations yields F共0兲 values of 0.39247 and
0.39637 a.u. when F共2兲 is taken to be 0.12546 and
0.14498 a.u., respectively. The first value, used for all the
results reported in the main text, yields predictions of 0.22
and 0.27 for nt for KI and CsI in Sec. III C 3.
Invoking the second F共2兲 result of 0.14498 a.u. yields a
value of 0.41957 a.u. for FW with it then being predicted
using Eq. 共3.5兲 that nt are 0.21 and 0.26 for KI and CsI,
respectively. These results are essentially unchanged from
those reported in the main text. Combination of the first F共2兲
result with the ab initio F共0兲 yields an FW of 0.43796 a.u.
thus predicting through Eq. 共3.5兲 the slightly smaller charge
transfers of 0.18 and 0.24 for KI and CsI, respectively.
All three sets of predictions for nt are sufficiently similar
that it can be concluded that both the more exact theory
leading to Eqs. 共2.6兲–共2.8兲 and the “single anion” result 共3.5兲
do indeed capture the essential physics of the anion to wall
charge transfer.
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