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Molecular quantum-dot cellular automata (QCA) paradigm is a promising approach to molecular elec-
tronics. QCA cells can be implemented using mixed-valence compounds. However, the existence of coun-
terions can perturb the local electric field and thus is detrimental to information encoding and
processing. Here we examine the feasibility of using charge neutral, zwitterionic mixed-valence complex

as QCA cells in which the positive and negative charges are found at different yet fixed locations within
the molecule and therefore counterion effects are more predictable and controllable. A double-dot model
molecule based on the derivative of the 1-carba-closo-decaborate monoanion [closo-1-CBgH;o]™ is inves-
tigated using computational chemistry techniques. The model molecule demonstrates bistability and

switchability.

© 2013 Elsevier B.V. All rights reserved.

There has long been great interest in mixed-valence complexes
as potential candidates for promising molecular electronic devices
[1-3]. One of these potential applications is the quantum-dot cel-
lular automata approach [4]. In the QCA scheme, binary informa-
tion is represented by the charge configuration of QCA cells, and
information transfer is enabled via Coulomb interaction among
cells. The principle of QCA has been discussed extensively in the lit-
erature [5-9]. Figure 1 schematically shows how binary informa-
tion can be stored and transferred in the QCA paradigm. At the
molecular scale, each QCA cell can be realized using a mixed-va-
lence molecule, by which the quantum dots are provided by redox
centers, and binary information is represented by the bistable
charge configuration of mixed-valence complexes [10,11]. Several
QCA candidate molecules have been synthesized and characterized
in the previous studies [12-16], and more candidate molecules are
proposed based on theoretical studies [17,18].

One major challenge of using mixed-valence complexes as QCA
cells or any other molecular electronic devices is to control the
counterion effects. Most mixed-valence complexes are positively
charged cations or negatively charged anions, and thus require cor-
responding counterions to maintain the charge neutrality. These
neighboring counterions inevitably disturb the local electric field
hence are detrimental to information storage and transport [12].
A natural solution is to use zwitterionic mixed-valence complexes,
in which the counterions are covalently built into molecules and
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positive charge and negative charge are physically separated. The
mobile charges that bear binary information are generated via a
‘self-doping’ mechanism as shown in Figure 2. The advantage of
using this type of charge neutral, zwitterionic mixed-valence com-
plexes is that counterions cannot move randomly and therefore
their effects are more predictable and controllable.

In our previous report, we investigated the self-doping mecha-
nism using closo-hexaborate cluster as the build-in counterion
[19]. A dianionic moiety, the closo-hexaborate cluster is able to
generate two-mobile holes in each QCA cell and thus suitable to
be used in four-dot QCA cells. As a proof-of-concept model, our
previous study has demonstrated the possibility of charge neutral
mixed valence QCA cell. But from a synthetic point of view, to
tether four redox centers to four equatorial boron atoms of a clos-
o-hexaborate cluster remains challenging, due to the fact that the
regioselectivity of this type of compounds has not been thoroughly
investigated. Practically, it is relatively more attainable to synthe-
size a two-dot QCA molecule as shown in Figure 2b. To this end, a
monoanionic, instead of a dianionic counterion is needed to build
into the molecule. It is well known closo-monocarbaborate clusters
are monoanionic because a carbon atom has one more valence
electron compared to a boron atom [20]. One of the advantages
of using closo-borate and carbaborate as building blocks is their pe-
culiar solubility and stability. It is known that essentially all salts of
the deltahedral polyborate monoacids readily dissolve in electron-
donating organic solvent, and the water-soluble salts can be easily
extracted into the organic phase [21]. [BioHio]*~, [CBoHi0]
[B12H12]?~, and [CBy;H;2]~ are thermally stable and resistant
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Figure 1. (a) Schematic of a QCA cell. Binary information is encoded in the charge
configuration. (b) A QCA wire.
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Figure 2. Self-doping mechanism of molecular QCA. (a) A four-dot molecule with a
dianionic built-in counterion. (b) A two-dot molecule with a monoanionic built-in
counterion.

toward degradation by acids, bases, and mild oxidizing agents [22-
24]. In addition, these anions react readily with a variety of re-
agents to give substitution derivatives [25-28], which opens the
door for using them as building blocks in synthetic chemistry.
Among various closo-monocarbaborate cages, we are especially
interested in the 1-carba-closo-decaborate monoanion [closo-1-
CBgHqo] ™. It is a good candidate as built-in counterion because its
regioselectivity has been explored and pure 1,10-difunctionalized
derivatives can be obtained [29,30].

We construct the model molecule closo-1-(C=CC3H,4)-CBgHg-10-
(C=CC3H,4)to explore the feasibility of this type of double-dot deriv-
ative of the [closo-1-CBgH1o] ™ cluster as QCA cells. Here [closo-1-CBg.
Hip]~ monoanion functions as the build-in counterion which
balances the information-bearing mobile charge. Quantum dots
are modeled by two allyl (-C3H4) groups, which are bound to vertex
1 and 10 of the monocarbaborate cluster via ethynylene (-C=C-)
groups. Allyl is one of the smallest & systems, which has been stud-
ied in detail as the quantum dot of QCA molecules [11,31]. The
advantage of picking a small redox center like allyl is that the QCA
cell so constructed is amenable to high level ab initio computation.
The constructed model cell closo-1-(C=CC3H,4)-CBgHg-10-(C=CCs.
H,) is shown in Figure 3, hereafter denoted as molecule 1. Our goal
is to demonstrate the bistability and switchability of this charge

neutral, two-dot mixed valence zwitterionic molecule, using the
first principle computational chemistry techniques.

The geometry of the charge neutral, zwitterionic mixed-valence
complex closo-1-(C=CC3H4)-CBgHg-10-(C=CC3H,) is optimized,
and harmonic vibrational analysis is conducted to identify the local
minima on the PES, for which all frequencies possess only real val-
ues. We also confirm the bistability and switchability, two basic
requirements for QCA molecules. Computations are implemented
using restricted open-shell Hartree-Fock (ROHF) and restricted
open-shell Mpgller-Plesset second-order perturbation (ROMP2)
methods to avoid spin contamination. For a comparison, computa-
tions were also conducted using the constrained density functional
theory (CDFT) [32] with the B3LYP exchange correlation potential.
Like conventional density functional theory (DFT) methods, CDFT
can treat large molecules with reasonable accuracy without suffer-
ing significant spin contamination. It also has the unique advan-
tage of being able to force electrons to localize hence avoid the
erroneous electron delocalization caused by the self-interaction er-
ror which plagues conventional DFT methods [33]. We have suc-
cessfully applied the CDFT method to compute STM images of
mixed-valence complexes [34-36] as well as the electronic struc-
ture of zwitterionic compounds containing closo-hexaborate clus-
ter [19]. In this report, the 6-31G* basis set is used for all atoms.
ROHF and ROMP2 computations have been done with the MOLPRO
program [37], and CDFT computations have been conducted using
the NWCHEM program [38].

Molecule 1 has two stable charge configurations, as demon-
strated in Figure 4, which shows the electrostatic isopotential sur-
face. The Mulliken charge distribution analysis shows that the
charge density is about —1 for the monocarbaborate cluster, +1
for one allyl group, and O for other allyl group. The mobile  elec-
tron can localize on either allyl group resulting in bistable config-
urations which can be used to represent binary information ‘0’ and
‘1". The optimized geometries of both ‘0’ and ‘1’ states are given in
Table 1. The geometrical parameters optimized at ROHF, ROMP2,
and CDFT levels are all in good agreement. The most conspicuous
difference between the ‘0’ and ‘1’ state is the C-C-C bond angle
of allyl groups. The charge neutral allyl radical group has a C-C-
C bond angle about 122° while that of the cationic allyl group is
about 113°, which are consistent with the allyl bond angles re-
ported in the literature [1,11].

Molecular orbital analysis shows that one unpaired allyl 7 elec-
tron is indeed ‘doped’ into the monocarbaborate cluster. Figure 5
shows the frontier orbitals of ‘0’ and ‘1’ states of molecule 1, to-
gether with those of the isolated [closo-1-CBgH;o]~ monoanion.
For the ‘O’ state, the highest occupied molecular orbital (HOMO)
localizes on the allyl group bound to the C(1) side of the monocar-
baborate cluster. The lowest unoccupied molecular orbital (LUMO)
localizes on the other allyl group bound to the B(10) side of the
monocarbaborate cluster. The LUMO orbital becomes empty be-
cause its electron transfers to the monocarbaborate moiety. For
the ‘1’ state, the opposite situation is observed: the HOMO orbital
localizes on the B(10) side and the LUMO localizes on the C(1) side.

Figure 3. The structure of the model molecule 1, closo-1-(C==CC3H,4)-CBgHg-10-(C=CC3H,4). A closo-1-CBy monoanion is used as the built-in counterion, and two allyl groups

model two active quantum dots. closo-1-CBg cluster is labeled from 1 to 10.
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Figure 4. Bistable charge configuration of molecule 1, closo-1-(C=CC3H,4)-CBgHg-
10-(C=CCsH,).The bistability is shown by the electrostatic isopotential surface. The
blue surface shows negative charge, and the red surface shows the positive charge.
The monocarbaborate cluster, covalently bound inside the molecule, is the
negatively charged counterion. Either allyl group can be positively charged. The
different charge configurations are used to represent ‘0’ and ‘1’ state. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Molecular orbital analysis is consistent with the electrostatic iso-
potential surface shown in Figure 4, from which one can see the
allyl group where the LUMO localizes exhibits higher electrostatic
potential. For both ‘0’ and ‘1’ state, the HOMO-1 orbitals which lar-
gely localize on the monocarbaborate cluster are equivalent to the
HOMO orbital of the isolated [closo-1-CBgH19]” monoanion. The
orbital analysis further confirms the self-doping mechanism: the
monocarbaborate cluster accepts one electron from an allyl group
to obtain a 2n + 2 (n is the number of vertex of the cluster) electron
configuration and satisfies the Wade’s rule [39]. The electron donor
could be either allyl group therefore resulting in the bistable
configuration to encode binary information as discussed above.

Another key requirement of QCA molecules is the switch be-
tween the ‘0’ and ‘1’ states driven by the Coulomb perturbation
from its neighboring molecules. This switchability is characterized
by the cell-cell response function, which is defined as one mole-
cule’s polarization as a function of its neighboring molecule’s
polarization. For a double-dot molecule like 1, the QCA polarization
of the molecule is proportional to its electric dipole moment. The
cell-cell response function describes the switching behavior of
one QCA cell under the Coulomb interaction of its neighboring cell.
To compute the cell-cell response function of 1, we employ a dri-
ver which consists of two positive point charges and one negative
point charge, mimicking the presence of a driver molecule, as
shown in Figure 6a. The distance between the geometrical center
of the point charge driver and that of molecule 1 is fixed at 12 A,
same as the distance between two allyl groups in 1. The magnitude
of the positive driver charge on the both ends is varied smoothly to
adjust the dipole moment of the driver Dgyjver. The QCA response
function of 1 under the Coulomb interaction of a neighboring mol-
ecule, shown in Figure 6b, is the induced molecular dipole moment
as a function of the driver dipole moment. The molecular dipole
moment is computed for the case of frozen nuclear positions, for
which the nuclear coordinates are intermediate between ‘0’ state
and ‘1’ state. The intermediate structure is employed such that
the computed result can be explained by the electronic structure

Table 1
The optimized structural parameters (in A) of closo-1-(C=CC3H,)-CBgHg-10-(C=CC3H,) at ROHF, ROMP2, and constrained DFT/B3LYP levels. Atoms are numbered as shown in
Figure 3.
CI_BZ BIO_BQ CI_Clcx BIO_CIB CZOt_CBOt CZB_C3ﬁ C‘CBm‘C C_C3B_C
‘0 ROHF 1.608 1.692 1.438 1.548 1.450 1418 122.0° 113.9°
State ROMP2 1.615 1.692 1.424 1.511 1.437 1.395 122.5° 112.5°
CDFT 1.618 1.697 1.426 1.521 1.437 1.420 121.7° 117.3°
‘1 ROHF 1.613 1.707 1.419 1.543 1.420 1.449 114.3° 121.6°
State ROMP2 1.621 1.711 1.396 1.515 1.396 1.436 112.8° 122.2°
CDFT 1.623 1.711 1.408 1.521 1.422 1.436 117.6° 121.2°
LUMO HOMO HOMO
HOMO-1 ‘ u
”’.. f . HOMO-2

HOMO-3
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Figure 5. Frontier molecular orbitals of molecule 1, closo-1-(C=CC3H,4)-CBgHg-10-(C==CC3H,4) and the [closo-1-CBgH;0]~ monoanion.
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Figure 6. (a) Geometry of the point charge driver used as input to molecule 1. The driver simulates the effect of another nearby molecular cell. (b) The response function of

molecule 1 when driven by a neighboring driver.
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of the molecule, not by the effect of nuclear relaxation. It is worth
noting that the driving force for QCA switching is the Coulomb
interaction among neighboring molecules rather than the nuclear
relaxation. Nuclear relaxation does play an important role in
molecular electron transfer but that effect is secondary for QCA
operation. In a previous study, it was found that the electron
switch is caused mainly by the change of local field, with only a
weak dependence on nuclear relaxation [11]. It is also helpful to
note that we do not aim here to study the time-dependent dynam-
ics of QCA switching, but rather to demonstrate the bistability and
switchability of model molecule 1 as a charge neutral, zwitterionic
QCA cell. A dynamical treatment would go beyond ground state
calculations and include thermal excitation effects and scattering
mechanisms. Some work has been done in that direction [40].

From Figure 6b one can see that the driver can induce an oppo-
site dipole moment in its neighboring molecule. This means the
Coulomb interaction is sufficient to anti-align neighboring mole-
cules thus binary information can be transported in a QCA array
via Coulomb interaction, which provides the basis for QCA opera-
tion. It should be noted that unlike the symmetric double-dot mol-
ecules we previously reported [11,15,40,41], the response function
of 1 is not symmetric with respect to the polarization of the driver.
For molecule 1 to be switched from ‘0’ to ‘1’ state, a perceptibly
negative dipole moment (~—4 eA) must present in the driver. This
is because 1 is an uneven double-dot molecule due to the fact that
the 1,10-disubstituted derivative of [closo-1-CBgH{g]™ cluster is
geometrically asymmetric. From the energetic point of view, the
eigenenergy of the ‘O’ state is about —0.2 eV lower than that of
the ‘1’ state according to the computation at the ROMP2/6-31G* le-
vel. This requires a discernible negative dipole moment exhibition
in the driver to equalize the ‘0’ and ‘1’ states energetically before
the mobile electron can be switched. This unevenness of bistable
configuration may be undesirable for implementing the molecular
QCA. Nevertheless the above investigation does establish the bista-
bility and switchability of the model molecule 1, and as a proof-of-
concept example it shows that charge neutral, zwitterionic mixed-
valence complexes based on the 1,10-disubstituted derivatives of
[closo-1-CBgH19]~ cluster has the great potential for molecular
QCA.
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