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ABSTRACT

The chemistry of mixed-valence complexes joins that of molecular electronics in the quantum
cellular automata (QCA) paradigm, a concept which has been demonstrated to be a possible
alternative to the transistor-based technology, in which binary information is encoded in the
configuration of charge among redox-active molecular sites. Experimental and theoretical
efforts have recently been devoted to molecular mixed-valence organometallic systems
containing two and four metal centers as candidates for QCA. Properties of specific examples
based on hypothetical organometallic molecules are theoretically analyzed and discussed with

the aid of DFT calculations.
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1. Introduction

Moore’s Law stating that transistor density on electronic circuits doubles every two years
[1] has driven decades of technological achievement and new materials science in the
semiconductor industry [2]. However, if the pace of electronic device development is to
continue in the longer term then further reductions in feature size will be required moving
toward hybrid molecular electronic technology. Such a miniaturization will unfortunately be
accompanied with some physical limits at the molecular scale such as poor charge
conductivity, resistive heating and quantum effect (quantum tunneling). It becomes clear that
it may not longer be the appropriate paradigm for realizing single-molecule devices. Taking
advantage that molecules are excellent charge containers, an alternative paradigm, quantum
cellular automata (QCA), was proposed by Lent ef al. in 1993 and has been proven
operationally at very low temperature using ca. 60-nm quantum dots [3-9]. In this novel
approach to electronics, the binary language/current switch paradigm used in transistor-based
devices differs by replacing on/off current states by dipole orientation within a cell. In other
words, current-driven switching of transistors is replaced by electric field coupling between
adjacent dipolar cells, thereby correlating dipole orientations and transmitting binary

instructions.

A typical molecular QCA cell consists of four dots located at the vertices of a square
containing two mobile electrons which occupy antipodal sites due to mutual Coulomb
electrostatic repulsion (Figure la). Isolated, the two diagonal electron arrangements are
energetically equivalent ground states of the cell. Juxtaposing cells can result in a QCA wire
(Figure 1b) or a logic gate (Figure 1c). The electrostatic effect of neighboring cells lifts the

degeneracy and results in a “1” or “0” binary state of the cell and allows transmission of



binary information from one end to the other. Remarkably, this intercellular interaction
involves no current flow between cells, steadily diminishing heat losses and being strongly
faster (100-10000-fold faster) with respect to those associated with devices based on current

[10].

Figure 1. (a) Bistable QCA-cell states; (b) QCA wire; (c) QCA majority logic gate.

Interestingly, systems based on 1-2 nm dots, i.e., of molecular size, are expected to operate
at room temperature [11], hence, the current interest in developing molecular expressions of
the QCA paradigm. Covalently bound “square” molecules with four metal centers are good
candidate systems for single-molecule implementation of a QCA cell in which charge is
localized on specific sites and can tunnel between those sites. The role of the dots is then
played by redox-active metal sites, whereas tunneling paths are provided by bridging ligands.
Consequently, the metal centers must have two stable, accessible oxidation states, and
sufficient interaction must exist between these redox centers. Charge localization
characterizes Robin-and-Day Class-II mixed-valence (MV) species [12,13]. Thus, several MV
molecules have been explored as QCA. Constructing square molecules with four
electronically coupled dots containing two mobile electrons remains somewhat challenging

and scarce. Indeed, efforts have been mainly focused on dipolar two-dot molecules with one



mobile electron, i. e., half-cells, hoping that two half-cells can sufficiently interact through
electrostatic forces and can arrange side by side, thus forming a “squared” structure [5].

The present work briefly reviews the different MV organometallic systems, which have
been synthesized and characterized as candidate QCA and explores new model molecules
using density-functional theory (DFT) calculations to provide some insight regarding 1)
bistable charge configuration and ii) charge switching by a neighboring molecule via

Coulomb interactions.

2. QCA candidate mixed-valence organometallic compounds

Creutz-Taube MV bimetallic complexes and derivatives [14-16] were among the first
compounds studied as half-QCA candidates. Systems representative of each Robin and Day
class, such as Class-III [decaammine(p-pyrazine)diruthenium]’* (1), Class-II [decaammine(pi-
4,4'-bipyridine)diruthenium]’* (2), and Class-I [decaammine(p-pipera-zine)diruthenium]’" (3)
(Scheme 1) were theoretically studied both at the Hartree-Fock and DFT levels to evaluate the
ability to switch back and forth between the two possible “0” and “1” states with a biasing
charge (driver) [17,18]. The static charge polarization response of compounds 1-3 induced by
a mobile Li" cation (used as the driver) was computed and examined by Braun-Sand and
Wiest in two cases: one, termed “end-on”, where Li" was placed along the Ru'Ru axis to
simulate the neighboring cell, and another, termed “side-on”, where Li" was placed also
parallel but below the Ru "Ru axis to mimic a second half QCA. As expected, theoretical
results demonstrate that the more electron-delocalized complex 1 shows poor polarization
whereas the more electron-localized compounds 2 and 3 exhibit the largest amount of
polarization. However, because of the lack of electronic communication between the metal
centers in the Class-I compound 3, the Class-II complex 2 is the best suited to be a candidate
QCA. The nature of the static signal transmission through these Creutz—Taube complexes was

confirmed by Tokunaga, using a variable point charge placed parallel to the Ru"Ru axis



[19,20]. However, the analysis of the dynamic response led him to conclude that indeed,
Class-III complexes could also be good molecular QCA candidates. A subsequent study on
the analysis of Group-8 metal dependence of the dynamic signal transmission behavior
indicates that among all Class-1II complexes studied, the best results are obtained with Fe

compared to Ru and Os [20].
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Scheme 1. Creutz-Taube complexes and derivatives studied as candidate half-QCA.

Among the several candidate QCA molecules which have been synthesized and
experimentally characterized, a few contain ferrocene (Fc = (n°-CsHs)Fe(n’-CsHy)) fragments
in which the Fe(Il) center is an ideal redox center. Fehlner and coworkers for instance have
isolated the four-dot dicationic Class-II MV molecule [(Fc)s(n -C4)CoCp]*" (4, Scheme 2, Cp
= (1°-CsHs)) containing two ferrocene and two ferrocenium moieties arranged in a square by
C-C bonds to the corners of a “cyclobutadiene” linker [21,22]. Measured electronic properties
of 4, supported by a theoretical study [23], suggest that such a species is suitable for use as a

component for charge-coupled QCA circuits.



Scheme 2. Candidate QCA containing two ferrocene and two ferrocenium moieties: [{(1’-
[(Fe)am-C4)CoCp)*" (4), {Fe(C=C)},C=C{(C=C)Fc}, (5), [HTFcP]*" (6), and [CPLO)J*"

(.

Very recently, Low and collaborators have characterized the
tetrakis(ferrocenylethynyl)ethene {Fc(C=C)},C=C{(C=C)Fc}, compound (5, Scheme 2)
incorporating four ferrocenyl moieties around a 1,1,2,2-tetracthynylethene entity [24].
Unfortunately,  although  four  distinct oxidation  processes are  observed,
spectroelectrochemical investigation reveals essentially no through bond interaction between

the individual ferrocenyl fragments.

Other examples of “square” MV molecules containing two ferrocene and two ferrocenium
moieties such as the 5,10,15,20-tetraferrocenylporphyrin Class-II compound [H,TFcP]*" (6)
[25] and the dioxidized macrocyclic tetraferrocenyl boronate complex [CP,C)]*" (CP,C =
FcBO,CsHgO,BFc),) [26] (7, Scheme 2) were synthesized and proposed as potentially useful

for QCA. Theoretical calculations on [CP2C)]2+ indicate that the two ferric centers are



localized on the longer diagonal, in order to minimize the electrostatic repulsion over the

CpBO,CsHsO,BCp ligands.

Other redox moieties have been used to design QCA candidates. For instance, Meyer and
collaborators have shown that identical redox states at diagonally opposed vertices were also
found in the rhombic Fe4 grid [MCL4FC(H)2FG(IH)Q]6+ (8, Scheme 3, MeL = 4-methyl-3,5-
bis{6-(2,2’-bipyridyl)} pyrazolyl), a configuration required for potential implementation in
QCA devices [27]. Another MV molecular square (Fe(Il)),(Fe(Ill)), complex with two extra
mobile charges occupying the opposite corners with remarkable stability for molecular
expression of QCA, was also achieved by Duan et al. in the case of [Fes{bis(phenyl(2-

pyridyl)methanone)thiocarbohydrazonoyl}4]** (9, Scheme 3) [28].
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Scheme 3. MV [MeLsFe,]™* 8 and [Fes{bis(phenyl(2-

pyridyl)methanone)thiocarbohydrazonoyl}4]*" (9) complexes.

Other representatives of four-metal redox systems have been reported. One of them,
synthesized by Akita et al., is {Cp*(dppe)Fe(C=C)p-CsHa4} ,C=C{p-
CeH4(C=C)Fe(dppe)Cp*}, (10, Scheme 4, Cp* = M>-CsMes, dppe = 1.2-

bis(diphenylphosphino)ethane) = where  four iron centers are linked to a



tetra(ethynylphenyl)ethene bridge [29]. However, a di-mixed-valence state has not been yet
chemically characterized. More recently, the asymmetric tetraruthenium dication complex
{cyclo-C([RuCp(dppe))) C(CCCCIRUCP(dppe)])C(CC[RUCP(dppe))C(CC[RuCp(dppe)])} **

(11, Scheme 4, Cp = (n°-CsHs)) has been prepared and the molecular structure determined
[30]. Unfortunately, both experimental and theoretical results show a fully electron

delocalized Class-III MV species, rendering it probably inappropriate for QCA application.
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Scheme 4. “Square” complexes 10 and 11.

3. Surface attachment of mixed-valence complexes

For ultimate use in QCA devices, candidate molecules must be suitable for binding either
chemically or physically to surfaces. For chemical attachment, the MV compounds need to be
functionalized. Starting from the Class-Il MV heterometallic trans-[RuCl(dppm)»(C=C)Fc)]"
species (dppm = methylbis(diphenylphosphane) [31], Fehlner and coworkers were able to
prepare and characterize the “tailed” MV complex trans-
[Ru(dppm)»(C=C)Fc)(NCCH,CH,NH,)]" (12, Scheme 5) and to bind it to Au and Si
substrates (covalently modified with HS(CH;);0COOH in the case of the former) [31-33]. A

measurement of the capacitance between the two redox centers of this double-dot MV cation



attached to a Si surface shows that upon the application of an external electric field a
switchable bistable Fe(Ill)-Ru(Il) vs. Fe(II)-Ru(Ill) charge configuration, an essential
property necessary for a QCA cell [32]. Identically, the MV homobimetallic trans-
[(H,NCH,CH,CN)(dppe),Ru(C=C)sRu(dppe),(NCCH,CH,NH,)]**  (13°, Scheme 35), a
derivative of trans-[Cl(dppe),Ru(C=C)sRu(dppe),Cl] (13, Scheme 5) functionalized for
binding to a silicon substrate, exhibits two stable MV forms differing in the spatial location of
one electron [34]. Comparison of the switching signal obtained from 12 and 13 indicates that
the dipolar switching field increases by increasing the length of the conjugated carbon linker
between the metal end groups. Additionally, the size of the counterion may affect the

switching potential magnitudes.

>

_PhoR, PPh, *

HoNH,CH,CCN RiI——=
thP\/Pth o

12
Ph,RP  PPh PhoR  PPh,
2\ / 2 2\ /
C—Ru———=— =— =— =—=—Ru—Cl
\ / 0\
Ph,P  PPh, PhoP PPhy
- 13
] &
Ph,R  PPh, PhoR /PPh2
HoNH,CH,CCN—RU—————————————————— /r\d\_NCCHchzNHg
PhoP PPh, PhoP PPh;
l
;(/Q\ ) @
AN JFe= = /Fg/
PhoP’ PPh2 thP “PPh, PhyP Pth Ph,P” “PPh,
14 15

Scheme 5. Complexes 12-15.

Charge bistability has also been experimentally demonstrated for MV organometallic

complexes physically deposited on Au surface [35-39]. Kandel et al. for instance, have shown



via scanning tunneling microscopy (STM) that the mono-oxidation of the wire-like compound
13’ on Au(111) surface at 77 K creates an unbalanced charge that localizes on one end group
of the molecule reflecting a Class-1I behavior [35,36]. They also used STM to image the
dinuclear metal compounds [{Cp*(dppe)Fe(C=C-)},(1,3-CsH4)]" and [{Cp*(dppe)Fe(CC-
)¥2(1,4-C¢Hy)]™ (14 and 15, Scheme 5) prepared by Lapinte and collobarators [40] showing
Class-II and Class-III species, respectively [37,38]. This indicates that the former could act as

an excellent candidate for a molecular half-QCA cell.

4. To new QCA candidates

Our own interest in MV organometallic iron and/or ruthenium organometallic “wires” over
the last years [30,40-43] led us to explore the possibility of exploiting their charge-transfer
properties to create new QCA molecular components. Our choice fell on compounds inspired
from Lapinte’s iron wire-like MV complexes rather than Bruce’s ruthenium analogues since it
is known that the former ones “retain” better the charge on the metal centers than the latter
ones [42-44]. Moreover, lengthening of the carbon chain might also facilitate metal charge
localization, but it might also increase the distance between the metal sites and this must be
detrimental for the efficiency of the QCA. A subtle compromise has to be found. With this in
mind, double-dot and four-dot MV molecules such as [{Cp*(dppe)Fe(C=C-)},(1,2-C=C)]"
(16), [{Cp*(dppe)Fe(C=C)(1,4-CsH4)(C=C-)(1,2-C=C)]" (17), [cyclo-{Cp*(dppe)Fe(C=C-
MV aCa(m*ML)]*" (ML, = Fe(CO); (18), CoCp (19)) and [cyclo-{Cp*(dppe)Fe(C=C)(1,4-
CeHy)(C=C-)}4C4M*-ML,)]*" (ML, = Fe(CO); (20), CoCp (21)) were then constructed
(Scheme 6) from the linkage of Cp*(dppe)Fe(C=C-) or Cp*(dppe)Fe(C=C)(1,4-CsH4)(C=C-)
moieties via ethene-like C, and cyclobutadiene-like C4 spacers and theoretically studied via
DFT calculations to analyze the effects of different bridging and ancillary ligands. In order to

reduce computational effort, calculations were first carried out on model molecules (16-H-21-



H) where dppe and Cp* were replaced by H,PCH,CH,PH, (dpe) and Cp, respectively. We

report here some preliminary results obtained for the former ones 16-H and 17-H.
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Scheme 6. Hypothetical QCA candidate complexes 16-21.

Neutral and MV cationic model species 16-H"" and 17-H" (n =0, 1) were first optimized.
Pertinent metrical parameters are given and compared in Table 1. As expected for this kind of
molecules [40] upon oxidation the Fe-C bonds contract substantially whereas the C=C bonds
slightly lengthen. Interestingly, the Fe;-C, and Fe,-C4 bonds notably differ in both cationic

species 16-H" and 17-H" by more than 0.2 A. This renders the molecules slightly asymmetric,



indicating some localization character with formally Fe(Il) and Fe(III) centers (Class-II MV
compounds). This polarization character is reflected in the nodal properties of the highest-
occupied and lowest unoccupied spin-orbitals (see Figures 1S and 2S in Supplementary
Information), the spin densities and electrostatic potentials (ESP) (Figure 2). It is noteworthy

that the charge dissymmetry is overall weaker in 16-H" than in 17-H".

0.17 '0:67
Figure 2. Spin density (left) and electrostatic potential (ESP) mapping (right) of 16-H" (top)

and 17-H" (bottom). Numerical parameters indicate Mulliken atomic spin density. Contour
values are +0.004 (e bohr'3) and +0.01 (e bohr”) for the spin density and the ESP,

respectively.

Table 1
Computed bond lengths (A) for neutral and MV cationic model species 16-H and 17-H (see

below for atom numbering).

bond 16-H 16-H" 17-H 17-H"
Fe(1)-C(1) 1.898 1.825 1.889 1.861
Fe(2)-C(4) 1.899 1.850 1.889 1.842
Fe(1)-P(1) 2.249 2.273 2.247 2.257
Fe(1)-P(2) 2.266 2.266 2.248 2.254
Fe(2)-P(3) 2.250 2.262 2.247 2.274
Fe(2)-P(4) 2.266 2.258 2.245 2.267
C(1)-C(2) 1.243 1.253 1.241 1.246
C(3)-C(4) 1.243 1.253 1.241 1.247

Fe(1)...Fe(2) 6.252 7.464 14.858 15.765
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For QCA operation the molecular charge distribution of one molecule must respond in a
nonlinear fashion to the Coulombic perturbation produced by the neighboring molecule
switching from one state (“1”) to another (“0”). The Coulomb field produced by the
neighboring molecules can be considered the input to the molecular device, whereas the
resulting charge configuration can be considered as its output [4,17,18]. The charge-
polarization response of MV models 16-H" than in 17-H" with respect to a neighboring
molecule (driver) was calculated. The biasing charge (driver) was modeled by a Li" cation
located parallel to the iron-iron axis, as shown in Figure 3 either on the side of Fe(Il) center or
on the side of Fe(Ill) center at a distance roughly equal to the intramolecular FeFe distance
to mimic the polarization of a half-QCA cell induced by the polarization of the neighboring
half-QCA cell, as would be the case in a half QCA. It appears that when the driver is next to
the 18-electron Fe(II) center (Fe, in 16-H' and Fe; in 17-H"), electron localization is
reinforced since the Fe(Il) spin density decreases from 0.19 and 0.17 to 0.09 and 0.04 whereas
the Fe(III) spin density increases from 0.69 and 0.67 to 0.88 and 0.89 for 16-H" than in 17-
H", respectively. On the other hand, if Li" is placed next to the 17-electron Fe(III) center, the
spin densities of the two iron centers are exchanged moving from 0.69 and 0.67 to 0.19 and
0.13 for the initially Fe(II) center and from 0.19 and 0.17 to 0.66 and 0.71 for the initially
Fe(III) center. In other words, Fe(Il) becomes now Fe(Ill) and vice-versa. This is also nicely
illustrated looking at the ESP maps shown in Figure 3. As Li" has been placed far away (ca.
7.5 and 15 A for 16-H" and 17-H", respectively), no charge transfer or strong interaction

occurs between the cationic molecule and the driver. This indicates clearly that such a charge



switch is only due to long-range electrostatic interactions, just like how QCA cells should

interact to each other.

Figure 3. (a) ESP of 16-H" (left) and 17-H" right); (b) ESP of 16-H" (left) and 17-H" (right)
with the Li" driver near the initially Fe(I) center. (c) ESP of 16-H" (left) and 17-H" (left)

with the Li" driver near the initially Fe(III) center. Contour values are £0.01 (e bohr™)

The Li" cation driver was also located parallel to the iron-iron axis, but above and shuttled
along this axis, to mimic the polarization that would occur within a four-dot QCA cell. Figure
4 shows the spin density of the iron Fe(Il) and Fe(Ill) centers with respect to the position of
the Li" driver for 17-H". Interestingly, the ideal behavior which would be two curves with two
plateaus that switch sharply between the two electronic configurations, is almost reached. A
rather sharp switch of the two curves occurs at a position about 12 A away from the starting
position above one of the iron centers (see Figure 4). Although our calculations are not that
accurate — the geometry of 17-H" was not optimized during the Li" shuttling — they indicate

that nonlinear polarization can be achieved when a biasing charge is added to this system.
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Figure 4. Change of the spin density of Fe(1) (initially Fe(Il), blue curve) and Fe(2) (initially
Fe(III), red curve) as function of the position of the Li" driver shuttled along the Fe(1) Fe(2)

axis for 17-H". Li+ was initially placed above Fe(1) at ca. 15 A.

4. Conclusion

The couple of MV model organometallic iron compounds which have been examined here
via DFT calculations, possesses properties that may permit their use as molecular QCA
building blocks. Indeed, results suggest that i) a valence trapping (Class-II) is observed and
that ii) a significant polarization occurs when a biasing charge is added to the systems,
satisfying the key requirement for QCA operation. Encouraged by these results, future
theoretical studies will be carried out to identify “real” complexes which may develop this
bistable and switchable charge configuration property before they are synthesized. Particular
attention will be given to the nature and the length of the carbon linker which has important

consequences for the use of such molecules for QCA.
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Appendix A. Computational Details

Calculations were performed at the DFT level with the Gaussian 09 package [45]. The
geometry optimizations were performed with a 6-31+G* basis set for light atoms (H, C, N, P,
Li) and a Def2-SVP basis set for Fe [46]. The PBEO functional [47] was used. Driver’s effect
methodology was inspired from Braun-Sand, Wiest, and Tokunaga previous works [23-26].
Electrostatic Potential mapping on Electronic Density was performed using the Gabedit

software [48].

Appendix B. Supplementary material
A MOL file giving Cartesian coordinates for all calculated geometries. Spin-orbital

diagrams of 16-H" and 17-H" (Figures S1 and S2).
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