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Mixed-valence ruthenium complexes as possible quantum-dot cellular automata (QCA) devices are discussed
with respect to the effects of a driver, or biasing charge, on the system. The hybrid density functional method
B3LYP was used with a 3-21G basis set, the only all-electron basis set available for ruthenium. Three different
mixed-valence complexes have been investigated as representatives of each Robin and Day class, class I, 1,
and lll. The input and output of a QCA device is not current, but charge polarization. The more localized
classes, | and Il, displayed the largest amount of polarization, while the more delocalized class Il complex
displayed the least polarization. This type of computational analysis can be extended to study the effects of
different bridging and ancillary ligands, therefore this type of analysis is useful in the design of better molecular
implementations of QCA devices.

Introduction
In a recent contribution the use of mixed-valence species for
quantum-dot cellular automata (QCA) was introduéé@QCA
was originally proposed as islands of metal atoms composing
1 0

each corner of a square on a surfad®hen two extra electrons
are added to the square, they occupy opposite corners due to .
Coulombic repulsion, as is shown in Figure 1. These correspond ™ 19ure 1. Bistable cell states.

to two energetically degenerate, but distinguishable quantum

states that could serve as binary code. The electrons are then >
able to tunnel between the two states to perform the computa-

tion, leading to possible speed increases of-100,000-fold

over today’s processofsThe function of a QCA device can be

easily understood when considering a molecular wire, where aFigure 2. Input and signal down a “wire”.

line of QCA cells is positioned on a surface. As shown in Figure

2, an input, or bias, on one end of the wire causes the electronsthis small reproducibly enough to not introduce any inherent
in the first cell to switch so that it is in the lowest-energy state. bias. However, this is a typical size of molecules, which are
This induces a switch in the neighboring cell, and the signal much easier to make reproducibly, and opens the door for
travels down the wire like a row of falling dominoes without ~Possible molecular implementation of the QCA idea. A recent
actual current flow. If the input is changed, all the cells in the contribution detailed the synthesis of a “Cretdfzaube square,”
wire will also change so that they are again in the lowest-energy Which could effectively replace each cluster of metal atoms with
configuration; therefore, the QCA idea is reliant upon ground- @ single ruthenium atofThis work examines bisruthenium

state configurations. analogues of the CreutZlaube complex, which could function
The initial demonstration of QCA used clusters of metal as QCA devices. Since the Coulombic interaction responsible
atoms that were in the nanometer-size range in diam&ee for the biasing process depends only on the charges and the

consequence of this large size is that the system needs to bélistance between them, we represent the four-dot cell by the
cooled to less than 1 mK to achieve function without random conceptually identical,but computationally much less time-
switching. It has been theorized that if the squares could be consuming, bisruthenium complexes.

made smaller, approximately 230 A per side, the device could Our previous work explored the intracell communication in
function at room temperature. This is a consequence of the mixed-valence transition metal specfea. study of the geo-
particle-in-a-box problem, the smaller the box, the larger the metric and electronic structures of three mixed-valence ruthe-
difference in energy levels and the larger the barrier to random hium dimers was done using ab initio Hartreeock and hybrid

switching. A potential problem is making clusters of metal atoms density functional methods at the HF/3-21G and B3LYP/3-21G
levels of theory. These complexes were representatives of the

*To whom correspondence should be addressed. E-mail: owiest@nd.edu.Robin and Day classes |, II, and Ill. Predicted geometries were
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Figure 3. Schematic potential energy surfaces for electron transfer in
classes |, I, and Il when the system is biased.

compared to experimental data as well as previous computationa
studies. The B3LYP method predicted structures in better
agreement with experiment than the HF method. The analysis
of the orbital energies and localization provided insights into
the degree of localization and the RobiDay classification.
They are therefore useful tools for the design of mixed-valence
compounds for use in molecular QCA.

The present work explores the interactions of these systems

with a biasing charge using electronic structure methods and
is, to the best of our knowledge, the first such study. Robin
and Day have divided mixed-valence compounds into three
different classes, class |, class Il, and class MWhen a bias,
such as a charge, is added to these systems, it perturbs th
potential energy surfaces so that one electronic configuration
is lower in energy than the other (the extra electron is
energetically favored to localize on one ruthenium and not the
other). This biasing charge is also called a driver, because it
“drives” the potential energy surface of the system so that one
electronic configuration is now favored. This is shown sche-
matically in Figure 3. This biasing in favor of one electronic
structure over another is essential for the function of QCA, so
that computation can be done and output can be read. Also
essential for computation is the ability to switch back and forth

between the two possible states many times. It is possible that

either class Il or lll could function as QCA devices because
these have a fast rate of electron transfer for fast computation,
yet when biased have barriers to electron transfer high enough
that unwanted switching would not occur at room temperature.
Ideally, this bistability would exhibit a nonlinear response,
switching sharply between the “1” and “0” state, to minimize
any ambiguity in reading the output. We have calculated this
response in three mixed-valence complexes in this work,
representative of each Robin and Day class.

Model Systems.Two models were examined for the electron
polarization. The first, which we have termed “end-on” in this
work, places a lithium cation parallel to the ruthenium
ruthenium axis, as shown in Figures@. This is done to mimic
the polarization of a QCA cell induced by the polarization of
the neighboring QCA cell, as would be the case in a QCA wire
of two-dot cells, where the closest contact between two adjacent
cells are the endpoints. The second model, which we have
termed “side-on,” also places a lithium cation parallel to the
ruthenium-ruthenium axis, but it is placed below the complex,
as shown in Figures—79. This is to mimic the polarization that
would occur within a four-dot QCA cell. We chose to use this

J. Phys. Chem. B, Vol. 107, No. 36, 2008625

when induced yet be able to maintain “1” or “0” states without
undesirable random electron transfer. Decaammbpgiera-
zine)diruthenium(5-), 3, was chosen as the example for a class
| compound, even thougB has not yet been described in the
literature.3 was chosen because of its analogous structute to
and absence ot bonds. For class | complexes, the barrier to
electron transfer is very high, such that the complex is
permanently “locked” in one position. The use of transition
metal complexes is attractive because the electronic properties
can be tuned by varying the bridging as well as the ancillary
ligands.

Computational Details

All calculations were performed using the Gaussian-98 series
of programs'é For consistency with the previous wotlQFT
was used. Gradient-corrected DFT has been used previously to
describe the properties of mixed-valence complexes, with both
localized” and delocalizet} electrons. Specifically, the Creutz
Taube complex has previously been calculated using &#3°
However, pure DFT methods are known to be biased toward
delocalized structures. This can be countered by admixture of

é-H: exchange. The resulting hybrid DFT methods typically

perform significantly better than nonlocal DFT methods,
especially with respect to the counterplay of localized and
delocalized structures in radical iofis?> Therefore, the hybrid

DFT method B3LYP was chosen. B3LYP has been shown to
perform well with many difficult chemical problems, including
open-shell transition metal chemistry; therefore, all structures
were fully optimized and characterized at the B3LYP level of
theory with a 3-21G basis set on all atoms, including ruthenium.
The degeneracy problem should be less of an issue for the
structures under study here, because the bias introduced by the
lithium ion should cause any degeneracy to be broken. Sym-
metry was not imposed on any of the complexes. The 3-21G
basis set was chosen as a reasonable compromise between the
accuracy and size of the calculation. It is also the only
all-electron basis set available for ruthenium. The polarization
of the complexes was gauged using Mulliken charges. Basis-
set-derived population analyses (such as Mulliken charge) are
most useful for trend comparison, as used here, rather than an
estimate of the actual vali#é The geometries were allowed to
relax at every point in the polarization curves.

Results and Discussion

End-On Model System.We started our investigations by
calculating the end-on interaction of a lithium ion with the three
mixed-valence complexetls-3. To mimic the polarization that
occurs in one cell due to its neighboring cell, we placed a cation
driver (lithium ion) on the same axis as both of the ruthenium
atoms, and varied the driveRu(1) distance between about 8
and 20 A. As the starting poin8 A was chosen because this is
approximately the RaRu distance in the pyrazine-bridged
species (6.84 A in X-ray structl®. As the outer point 20 A
was chosen because it would be reasonable to assume that if

model rather than the complete square because computationallhese complexes were aligned on a surface due to self-assembly,

it is more efficient.

neighboring cells would likely be as close or closer than this.

Mixed-valence ruthenium complexes were chosen to representA lithium cation was chosen to function as the biasing charge,

the three RobifrDay classes. Class lll, the strongest coupled
case, is represented by the well-known Cretitaube complex,
decaammine(-pyrazine)diruthenium(b), 1.8-19 Class Ill com-
plexes have a very small barrier to electron transfer, and ultrafast
rates. Class Il complexes are represented by decaammine(
4,4-bipyridine)diruthenium(5-), 2.11-15 Class Il complexes are
the most likely to have a barrier low enough that it can switch

or driver, and is shown in Figure 4 along with the pyrazine-
bridged complex. A cation was used because if this were a

functioning QCA system the neighboring complex in a molec-

ular wire would also be positively charged and these-csgll
interactions would drive the signal transfer. A plot of the
Mulliken charge variation as the driver is moved is shown in
Figure 4. The Mulliken charge on each ruthenium, as well as
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Figure 4. End-on polarization of the pyrazine-bridged complex by a
lithium cation.

the total Mulliken charge on each side of the complex, is shown
in the figures. The partial charge (ruthenium only) is shown in

black curves with open triangles and circles. The corresponding

axis is shown on the left of the graph. The total charge is
depicted as black lines, with filled triangles and circles. The
corresponding axis is on the right of the graph. To determine
the total charge, the molecule was divided in half through the
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Figure 5. End-on polarization of the 4&ipyridine-bridged complexes
by a lithium cation.

5+

Mulliken Charge Polarization (End-
on) with Piperazine

center of the bridging ligand, and the atomic charges on each
side were added together to give these curves. The partial charge
curves are not centered at 0.5 as one may at first expect, because
some charge is also distributed on the bridging and ancillary
ligands. Consequently, the partial charge curves are not neces-
sarily symmetric. If the charge on the bridging and ancillary
ligands is included (total charge), the curves become symmetric.
The geometry was allowed to relax at each point on the graphs,
although the geometry changes were quite small. Typically, the
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Ru(ll) to the bridging ligand nitrogen-bond length fluctuated
by less than 0.02 A as the lithium cation was moved. Similarly,
the Ru(lll) to the bridging ligand nitrogen-bond length also

fluctuated by less than 0.02 A. As can be seen from Figures

4—6, the total charge is centered at 2.5.
The pyrazine-bridged complex is most polarized when the

lithium ion is closest to the ruthenium. The same procedure

was followed for the 4,/4bipyridine- and piperazine-bridged
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Figure 6. End-on polarization of the piperazine-bridged complexes
by a lithium cation.

varies smoothly, indicating the ability of the complex to

complexes as well. The results are shown in Figures 5 and 6,delocalize the charge efficiently. The dihedral angle between
respectively. Of the three complexes examined here, thethe two rings of the 4,4bipyridine change little as the lithium
pyrazine-bridged complex shows the least partial and total ion is moved, ranging only from 34 to 40n contrast, the partial

charge polarization of the three. The partial (total) Mulliken

charge on the piperazine-bridged complex varies unevenly,

charge difference varies from approximately 0.01 (0.05) at 20 likely due to the lack of electronic communication between the

A to 0.06 (0.22) at 8 A. The charge varies very smoothly, as
the lithium cation is moved farther away, due to the large

centers because of the use of a bridging ligand withdodnds.
Overall, in terms of the shape of the curves, there is little

amount of electronic communication between the two centers difference between classes Il and Ill, yet there are significant

and extensiver bonding on the bridging ligand, which gives it

the ability to delocalize charge throughout the complex. The
4,4-bipyridine- and piperazine-bridged complexes exhibit very
similar Mulliken charge differences, both larger than that for
pyrazine. The partial (total) Mulliken charge difference for the
4,4-bipyridine-bridged complex varies from approximately 0.02
(0.07) at 20 A to 0.08 (0.28) at 8 A. The partial (total) Mulliken

differences in the amount of polarization between these two
classes, with class Il displaying more polarization. Classes |
and Il display approximately the same amount of charge
separation, but the shapes of the partial charge curves vary
dramatically, from a smooth, nearly symmetrical polarization
in the class Il case to a very rough, unsymmetrical variation in
the class | case. The shapes of the curves, especially the total

charge difference for the piperazine-bridged complex varies from charge curves, show a significant dropoff in polarization as the

approximately 0.02 (0.06) at 20 A to 0.09 (0.27) at 8 A. In

cation is moved farther away. The significant dropoffs in

general for these complexes, there is a significant dropoff in polarization indicate that an input, or driver, for QCA should

polarization as the lithium ion is moved farther away. However,
for the 4,4-bipyridine-bridged complex the partial charge again

be as close to the mixed-valence system as possible. The shapes
of the curves are desirable for QCA, because it indicates a sharp
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Figure 7. Side-on polarization of the pyrazine-bridged complexes by Figyre 9. Side-on polarization of the piperazine-bridged complex by
a lithium ion. a lithium ion.
NH 5+ L. . . .
NHa — — 3NH—| polarization between the ruthenium atoms is 0.04, while the
I NH 3
Ml -2l NH, maximum total charge difference is 0.17. The'4#pyridine-
HaN: Ru==—N i ‘ M g y
HSN/| \ / \ / H3N | bridged complex exhibits a slightly larger partial charge
NH, NHa difference, 0.10, and a much larger total charge difference, 0.29,
@ . o than the piperazine-bridged complex. Again, the dihedral angle
- T of the 4,4-bipyridine varies little with movement of the lithium
Mulliken Charge Polarization (Side-on) cation,_ from 27 to 31 The piperazine-bridged complex sh.ows
with 4,4™-bipyridine a maximum partial charge difference of 0.08 and a maximum
0.70 270 total charge difference of 0.19. The largest polarization occurs,
0.65 | @  loes as could be expected, when the lithium ion is directly underneath
g 0.60 260 @ one of the ruthenium atoms. Once the lithium ion goes beyond
8 0.55 - 1255 s the midpoint of the complex, the polarization curves cross. In
S 8-22 1 i g'ig o all cases, a smooth, nearly linear response of the cell polarization
£ 040 L 5 40 g to the position of the driver is obtained. This could, at least
& 0.35 | _loas partially, be a result of the B3LYP functional used since this
0.30 e 2.30 methodology is slightly biased toward delocalized structures.
0.001.002.003.004.005.006.00 Again, the partial charge curves for the class Il and Il
Li Distance (Angstroms) complexes vary smoothly as the driver is shuttled along its axis,
Ru (1) Ru @) while the partial charge curve for the class | complex is rough.
= R " S a ” This is probably due to the lack of electronic communication
A—Ru (1) side —e—Ru (2) side between the metal centers in the class | complex. The metal
Figure 8. Side-on polarization of the 4:bipyridine-bridged complexes ~ Centers are not strongly coupled because of the lackiminds
by a lithium ion. in the bridging ligand, which are useful for helping delocalize

the charge throughout the complex. These results indicate that

switching in the polarization, which causes less ambiguity the class Il complex is the best suited for QCA applications.
between states than occurs with a gradual, linear response tdOf the three classes, it exhibits the largest charge polarization
the driver. in the side-on example, and almost exactly the same polarization

Side-on Model SystemTo mimic the polarization that would  as the class | complex in the end-on example, yet it has a very
occur intramolecularly within a square complex (four ruthenium fast rate of electron transfer. Class Il complexes have experi-
atoms), we placed a cation driver about 7.5 A underneath but mentally been shown to typically have electron-transfer rates
parallel to the Re-Ru axis, and shuttled it along this axis. Again, between 10 and 162 s™1,7 which would be useful for doing
a lithium cation was chosen to be the driver and is shown in fast computations.
Figure 7 along with the pyrazine-bridged mixed-valence system.
The same procedure was followed for the'hipyridine-bridged Conclusions
complex as well as for the piperazine-bridged complex, and the
results are shown in Figures 8 and 9, respectively. The ideal These mixed-valence complexes show significant polarization
behavior would be a curve with two plateaus that switches when a biasing charge is added to the system. This type of
sharply between electronic configurations, true bistable char- analysis of the polarization of mixed-valence complexes will
acter, unlike the gradual switching observed in Figure®.7 be useful in the design of complexes that are even better suited
The pyrazine-bridged complex again shows the least polarizationas QCA devices. The study could be extended to include
of the three. The maximum Mulliken charge partial charge different ancillary as well as bridging ligands to systematically
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predict their effects on the polarization that can be achieved in  (7) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochen1967, 10,
the complexes. This will help identify what complexes will be 247?532(2:}%& C. Taube, 1. Am. Chem. Sod969 91 3988-3989
useful before they are synthesized.l The allbility. of these  (9) creutz, C.: Taube, HI. Am. Chem. Sod973 95, 1086-1094.
complexes to function as molecular switches will be influenced  (10) Creutz, C.; Good, M. L.; Chandra, I8org. Nucl. Chem. Letl973
by the sensitivity of detectors that can be developed, as well as® %1711)—107&] iz, C.; Taube, Herog, Inorg. Chem18g 30, 1-73
the overall charge d|SS|pat|on_as the electrostatic S|g_nal MOVES (15 Ferretti, A Lami, A.; Villani, G Inorg. Chem 1998 37, 2799~
down the wire. Future studies should look at this signal 2g0s.
dissipation by calculating molecular wires (formed by placing _ (13) Sizova, O. V.; Baranovskii, V. I.; Panin, A. I.; Ivanova, N. ¥.
several of these complexes in a line) and observing how much S"(”ﬁj %ng"f??_g’i Sgl_sgh% m. Phys1092 161, 363-378
the polarization decreases as the signal moves. (15) Woitellier, S.; Launay, J. P.; Joachim, Chem. Phys1989 131,
481—-488.
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