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Abstract

A key requirement for the implementation of molecular quantum dot cellular automata (mQCA)
is the ordered attachment of molecules on surfaces. In this work we explore by means of state-
of-the art quantum chemistry calculations different aspects of the deposition of a mixed-valence
Ru2* complex on Au(111), underlined as a promising component in mQCA. Our results provide
information about the geometry adopted by the Ru2* molecule and the counterion PFs~ on the
metal surface and the electronic structure of the doublet ground state, with the excess charge
localized on one side of the molecule, not only on Ru centre, but also involving part of the 12-
carbon bridging chain, that could explain the pair of bright/dim features of STM images. Our
calculations also test the functionality as mQCA of the Ru2* molecule, evaluating the response
curve under an applied electric field as perturbation, and the electronic distribution of two
neighbour Ru2* molecules forming a four-dot cell, with a diagonal organization of the two excess
charges. To the best of our knowledge, this is the first study devoted to the analysis of the
electronic structure and mQCA functionality of deposited mixed-valence molecules.
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The concept of quantum-dot cellular automata (QCA) was introduced by Von Neumann and
Ulam in early 1940s! and experimentally demonstrated by Lent and coworkers in 1993, 2 as a
possible alternative to current electronics. > A QCA cell consists of either four quantum dots
positioned at the corners of a square or two dots (half-cell) arranged side by side or head to tail.
A quantum dot is a region in the cell where charge can localize. In the case of the four-dot QCA,
there are two extra electrons (or holes) which can move among the dots. These two charges are
favoured to adopt a diagonal arrangement due to Coulomb repulsion, resulting in two
degenerate states that can be used to encode logic “0” and “1” states (Figure 1). In the two-dot
QCA, an extra electron (hole) can be localized in one of the two sites. The central idea is that the
Coulomb interaction between neighbour cells is sufficient to transmit the binary signal with no
current flow and low power dissipation. Then, QCA devices are expected to achieve a relevant
saving of energy and a significant increase in processing speed.

@O O—@

uosl u1s! uou “13!

Figure 1. Schematic four-dot QCA (left) and two-dot half-QCA (right). Coulomb repulsion keeps the
electrons (in red) at diametrical sites. Binary information “0” or “1” is encoded in the charge distribution.

QCA has been experimentally demonstrated using metal islands of about 60 nm as dots but only
at very low temperature (100 mK). %> To improve the operation temperature and reduce the
size of QCA devices, it has been suggested the possibility of replacing the dots by a single
molecule with two or more redox active centres, known as molecular QCA (mQCA). %° The
candidate molecule needs to have bistable charge configurations that can be switched by
Coulomb interactions. Several candidate systems have been proposed, including organic and
organometallic mixed-valence (MV) complexes, zwitterionic boron-allyl complexes, metal
cluster carboxylates, and double-cage fluorinated fullerene anions. 123 Together with the
experimental characterization, much effort has been devoted to the development of theoretical
models?*?° aimed to establish the parameters controlling their functionality, such as the intracell
Coulomb interaction, the electron transfer integral and the vibronic coupling.

Mixed-valence molecules are by far the most studied. Let us consider a complex with two redox
sites, with one excess electron that can move between them. When this electron is localized on
one of the redox sites, e.g., the left side, the molecule represents a “1” bit. The electron transfer
to the right site changes the ground state configuration, the molecule represents now a “0” bit.
A moderate coupling between the redox sites is required to obtain a rapid exchange of the
charge between them. This requirement can be fulfilled by a Class Il MV complex in Robin-Day
classification. Additionally, the operation as mQCA requires the molecules to be attached to a
substrate in ordered arrays, which in some cases implies the functionalization with specific
anchor ligands. 13,18-20.30
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Recently, Guo and Kandel?! investigated by means of scanning tunneling microscopy rg% % 539 DS'STBZZZ‘?S
deposition of the dinuclear complex trans-[Cl(dppe),Ru(C=C)sRu(dppe),Cl] Ru2 on Au(111)
surface (dppe= diphenylphosphinoethane) and its potential as two-charge-container QCA cell.
The dinuclear complex consists of two Ru-centred phenylphosphine groups connected by a
linear 12-carbon chain (Figure 2). The STM images indicated that the Ru2 molecules formed
monolayers of ordered stripes on Au(111) at low temperature, where the molecules lined up
side-by-side into rows. The mixed valence Ru2* complex was obtained by mixing Ru2 once
deposited on the gold surface with ferrocenium hexafluorophosphate, [Fe(n®>-CsHs),][PF¢]. The
oxidation to Ru2* introduced an additional positive charge on the complex, that can tunnel
between the two metal-centred groups. The oxidized Ru2* molecules maintained the
organization in stripes, but the two dots appeared to have different contrast in STM images. This
has been related to the localization of the extra charge in one of the two metal-centred redox
sites. The STM images showed also additional small features assigned to the PFs~ anions, that
compensated the extra charge of the Ru2*.
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Figure 2. Representation of the Ru2 molecule: dark green, grey, white, orange and light green correspond
to Ru, C, H, P and Cl, respectively.

It is the aim of this work to explore by means of state-of-the-art quantum chemistry calculations
the deposition of the Ru2* complex on Au(111) and those features that highlight its potential as
mQCA. We have optimized the molecule on the gold surface in presence of the counterion by
means of periodic density functional calculations. Once optimized, we have analyzed the low-

Published on 21 March 2023. Downloaded by Gral Universidad Sevillaon 3/21/2023 4:29:47 PM.

lying states of the oxidized Ru2* molecule by wave-function based approaches and found that
the active redox sites do involve not only the metal centres but also part of the 12-carbon wire.
The PFg~anion on the surface is placed close to one of the metal centres, compensating the extra
charge of the oxidized Ru2* cation, in line with the experimental STM images.

Finally the functional suitability of Ru2* as mQCA cells was investigated by simulating the impact
of an external electric field on the charge distribution of the molecule with the geometry
adopted on the Au(111) surface, and by simulating the electronic behavior of two paired
molecules, which showed the expected antipodal charge configuration.

These results confirm the stability of the Ru2* molecule deposited on the metal substrate, the
charge localization in the effective dots, the antiparallel alignment of the charge on neighbor
molecules on surface and the capability of switching upon application of an electric field.
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Since there are no available x-ray data for Ru2 system — in fact difficulties to obtain crystals
suitable for a structure determination have been mentioned in literature, 32-3* we have used the
X-ray crystallographic data of a similar dinuclear Ru(ll) complex3® trans-
[(L)(dppe),Ru(C=C)sRu(dppe),(L)][PFsl,, with L= N=CCH,CH,NH, to build the computational
models. The terminal N=CCH,CH,NH, ligands were replaced by chlorine atoms, 33 with a Ru-Cl
distance of 2.4 A, as in many other Ru-Cl bonds. 35 These bond distances were optimized in the
subsequent calculations.

We have optimized first the isolated molecule in the mixed-valence states, using a modified
B3LYP exchange-correlation functional, Exc= (1 - a)(Ex o + AEx=) + gExw + Ecr, with 35% of exact
exchange (a=0.35) and LYP correlation. 3¢ This functional has been suggested as a practical
protocol to deal with mixed-valence systems in a set of benchmark studies. 338 Additionally, the
molecule has been optimized with rPBE functional, to compare with the results obtained from
periodic calculations, where modified B3LYP functional is not available. ORCA code®® has been
employed to run the optimizations, with basis sets of quality def2SVP for all atoms.

Once optimized the molecule was deposited on the Au(111) surface, represented by a three-
layer slab, with a total of 336 Au atoms. This model of the surface based on a three-layer slab
has been extensively used in studies dealing with the deposition of molecules on metal surfaces.
40,41,42,43,44,45 Both the molecule and the upper layer of the gold slab were optimized with the
rPBE functional and basis set of DZP quality for all atoms, except Au atoms represented by SZP
basis, using periodic conditions with SIESTA code. %6 The mesh cut-off energy was set to 300
Rydberg for both the real and reciprocal space grids in all calculations, with a self-consistency
tolerance for the convergence of the energy and the density matrix of 1.0x10* eV.

Next, we performed CASSCF calculations on the optimized geometry of the isolated molecule
and the molecule deposited on the metal surface to extract information of the nature and
energy of its low-lying states and the extension of the electronic localization of the redox sites.
Basis sets of quality def2SVP were employed for all the atoms. State-average CASSCF(7/4)
calculations for the four lowest doublet roots were carried out with ORCA code. 3° The active
space contains seven electrons, distributed on the Ru 4dxz and 4dxy orbitals combined with the
n, and m, orbitals of the carbon bridging chain.

Finally, we analyse the functionality as QCA of the deposited Ru2* molecule. First, we simulated
the response curve of the complex under an external electric field, with the aim of testing the
functional suitability of Ru2+ as QCA cells. State-average CASSCF(7/4) calculations of the two-
lowest quasi-degenerated doublet states are performed in presence of an external electric field
oriented along the long axis of the molecule (field in x axis, almost parallel to the intramolecular
Ru-Ru axis) with increasing strength. The spin density on each effective redox site is evaluated
from Mulliken spin population analysis. The uniform electric field is generated by TITAN code, %’
as a set of point charges distributed in two circular plates separated by 90 A on opposite sides
of the molecule. Each plate contains 33 circular rings, separated by 2.8 A, where the point
charges are homogeneously distributed.

Additionally, we calculated the electronic structure of the cell composed by two Ru2+ molecules,
parallel to each other, with the Ru centres at the vertexes of a rhombus, following the packing
observed on the STM images of Ru2*[PF;-] monolayer on Au(111).3! In this case, state average
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CASSCF calculations of the four lowest triplet roots are performed, with active spaces Cb%r\];tﬁ)'_?dpg%zeﬁzewé

14 electrons in 8 active orbitals.

3. Results and discussions

3.1. Isolated Ru2* molecule

The optimization of the isolated Ru2* molecule with the modified B3LYP functional provides a
quite symmetric structure, with only small differences between both Ru centres. A similar
structure results from the optimization with the rPBE functional (Figure 3). The 12-carbon wire
presents a linear configuration with alternating short/long bonds. The C-C distances are ca.
1.283 A /1.324 A, to be compared with the distances in the homovalent molecule, 1.270 A /1.342
A, obtained at the same level of calculation. Hence, the oxidation reduces the bond length
alternation on the m-conjugated linker. This trend has been experimentally observed on one-
electron oxidized dinuclear metal M complexes with all-carbon —(C=C),— as linker, with M=Fe,
Mo, Re and Ru as metal centre. *® The terminal carbon atoms of the bridge occupy the axial
positions of the Ru coordination spheres, with Ru-C distances of 1.918 A and 1.925 A for Ru(1)
and Ru(2), respectively (1.891 A and 1.898 A for rPBE functional). The carbon wire is
symmetrically aligned with the x axis, with their ©t orbitals placed on the xz (rt,) and xy (r,) planes.

1.281 1.282 1.282
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deposited

Figure 3. (left) C-C and C-Ru bond distances in Ru2* molecule from rPBE calculations on the optimized
geometries for the isolated (top) and deposited molecule on Au(111) in presence of the PF¢~ counterion
(bottom). (right) Singly occupied orbitals of the lowest doublet state from state average CASSCF(7/4)
calculations.

At this level of calculation, the singly occupied molecular orbital (SOMO) is completely
delocalized, resulting from the antibonding combination of the Ru 4dxy orbitals with the highest
occupied m, orbital of the carbon chain (Figure 4, top). The SOMO is close in energy to a doubly
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occupied orbital corresponding to the equivalent combination involving the Ru 4dxz O%% Iosl%39
the occupied =, orbital of the carbon chain (HOMO-1 in Figure 4). The nature of the SOMO
indicates that the unpaired electron is highly delocalized between both metal centres with a
significant participation of the carbon chain. The partial oxidation of the bridge is in line with the
decrease of the bond length alternation observed for the optimized geometry of the Ru2*
molecule. This behaviour has been previously found in mixed-valence diruthenium compounds
with polyynediyl linkers, where the radical centre tends to localize on the m-conjugated
bridge.*®° In fact, a three state model has been suggested to analyse the behaviour of these MV
complexes,® an extension to the general Marcus-Hush two-state model, involving additionally
a bridge-localized state.

A similar description is obtained at CASSCF level, the lowest doublet is represented by a single
configuration, where the singly occupied orbital presents the same shape that the SOMO of the
B3LYP* (or rPBE) calculation (Figure 3), i.e., the unpaired electron occupies a molecular orbital
resulting from the antibonding combination of the HOMO orbital of the polyynediyl-bridge and
the 4dxy Ru orbitals. The first-excited doublet state is separated by 399 cm™ to the ground state.
The wavefunction of this excited state is dominated by a configuration where the singly occupied
orbital involves the Ru 4dxz orbitals and the occupied 7, orbitals, in consonance with the nature
of the HOMO-1 orbital of the DFT description.

Therefore, independently of the approach, the isolated Ru2* molecule presents a marked charge
delocalization and could then be classified as a Class Ill Robin-Day mixed-valence compound.
Hence, using concepts of the Marcus-Hush electron transfer theory>->® for the isolated Ru2+
molecule, the resonance energy (2|J|, with J being the electronic coupling between the diabatic
states) is larger than the reorganization energy (), 2|J|/A>1, and the ground state potential-
energy surface shows a single minimum.

g

’*Zfl &‘g P2
oaeacé @

SOMO HOMO-1

Figure 4. Front and side views of the (left) SOMO and (right) HOMO-1 orbitals for the isolated Ru2*
molecule at B3LYP* level, similar for the rPBE description.

3.2. Deposited Ru2* molecule on Au(111)

The complex is now deposited on the Au(111) surface and optimized in presence of the PFg~
anion with periodic rPBE calculations. Different conformations have been tested for both the
molecule and the counterion, the most stable one is shown in Figure 5. The z axis corresponds
to the normal to the surface. The molecule is lying flat, with its long axis (x) parallel to the
surface. The molecule in the surface is arranged in such a way that the intramolecular metal-
metal axis forms an angle of ~82 with respect to the [110] direction.
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The molecule presents distortions both in the carbon chain, now slightly bent toward tfgg‘%ﬁs?;%’;gf&%}?é
although with similar C-C distances than in the isolated molecule (Figure 3), and the phenyl
groups close to the metal surface, which adopt a quasi-planar orientation with respect to the
surface, favoring the contacts with the Au atoms (with C.... Au distances of about 2.6 A). The PF¢~
group is close to one of the two Ru centres, slightly shifted with respect to the carbon chain, in
line with the description resulting from the interpretation of the STM images. 3! The Ru-C
distances are 1.877 A and 1.914 A, the shortest one corresponds to the metal Ru(1) close to the
PFs~ group. These Ru-C bond distances can be compared with those in the isolated molecule
(1.891 A, 1.898 A at the same level of calculation). Hence the deposition differentiates the two
metal centres, which display dissimilar metal-C bond distances, in contrast to those of the
isolated molecule. Both the orientation with respect to the surface and the presence of the
counterion next to one end group of Ru2* are in agreement with the description based on the
STM images of the Ru2*[PF¢~] monolayer on Au(111).3!

Published on 21 March 2023. Downloaded by Gral Universidad Sevillaon 3/21/2023 4:29:47 PM.

Figure 5 Top and side views of the Ru2* molecule and PFs~ ion deposited on Au(111) surface. Au, Ru, C, F,
Cl, P and H are represented by yellow, green, grey, cyan, light green, blue and white balls, respectively.

With the optimized geometry of the deposited molecule, we performed a new set of state-
averaged CASSCF(7/4) calculations of the four lowest doublet roots. The ground state is
described by a single configuration, the singly occupied orbital being localized in a part of the
molecule, close to the PFs ion, distributed on Ru(1) and the closest six carbon atoms of the C;,
wire. The participation of the carbon atoms decreases as the distance to Ru(1) increases (Figure
3). The first excited doublet state, as in the case of the isolated molecule, is close in energy (474
cm above the ground state), showing a similar localization of the unpaired electron on a side
of the molecule. In the second and third excited doublet states, the hole is localized on the
opposite side of the molecule, around Ru(2), the energy difference with the ground state gives
an estimate of the reorganization energy of the deposited molecule in presence of the
counterion (A ~ 1.97 eV). It is important to note that this value can be affected by different


https://doi.org/10.1039/D2QI02647C

Published on 21 March 2023. Downloaded by Gral Universidad Sevillaon 3/21/2023 4:29:47 PM.

Inorganic Chemistry Frontiers

factors such as the quality of the basis sets, nature and size of the active space and number
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averaged roots in the CASSCF approach. It should be considered just as a rough estimate of A.
We can then describe Ru2* once deposited on gold surface as a Class Il mixed-valence
compound, where the mobile hole localizes in an effective redox site, involving Ru(1) and the
closest six carbon atoms of the 12-carbon chain. Hence, the Ru(2) end side group has a formal
charge of +2e while Ru(1) effective site has a charge +3e, carrying the hole (or the unpaired
electron). PFs~counterion is placed next to Ru(1) optimizing the electrostatic interactions. Then,
both the deposition and the presence of the counterion drive the localization of the charge in
this system. In other words, the deposition and the presence of the counterion enhances the
reorganization energy, being finally larger than the resonance energy (2]J|/A<1), giving rise to
a double-welled potential-energy surface and the localization of the charge. >1°¢ As previously
suggested, 33 >7 a mixed-valence compound classified as Class Il in solution or gas-phase (here,
isolated) should not be excluded as potential candidate of mQCA, since the perturbation
introduced by the interaction with the substrate, the counterion or the applied voltage could
induce the charge localization, as it is the case for Ru2* complex on Au(111). Note that the
localization of the extra charge on the redox sites is just one of the requirements, the key one
for mQCA operation is that the polarization of the molecule can be switched by the action of the
field induced by the neighbouring polarized driver cell.

3.3. Functionality as mQCA

Finally, we analyse the potential of this system for mQCA operation. A key requirement is that
the molecular charge distribution can be switched by the Coulombic perturbation produced by
a neighbour molecule switching from one state to another. The Coulomb field produced by the
neighbour molecules can be considered as the input to the molecular device, while the resulting
charge distribution can be considered as its output. We model the input as an external electric
field, parallel to the x axis, hence to the main axis of the carbon chain (slightly tilted when the
molecule is deposited on the Au(111) surface), and we control the electronic response of the
molecule to this perturbation. In fact, the electric-field driven electron-transfer in mixed valence
molecules has been experimentally demonstrated?!®20:33585% and theoretically simulated in
different MV systems.11.21.2860-63 Other aspects, out of the scope of this work, have to be
considered for practical applications of mQCA cells as energy gain and power dissipation, state
latching, tunnelling effects, clocked QCA, ... 57 6465

Figure 6 shows how the spin density on the effective redox sites changes with the applied electric
field. i.e., the response curve to a Coulombic perturbation. We consider that the effective redox
site contains the Ru ion plus the six closest carbon atoms of the polyynediyl chain, the spin
density being greater on the chain part than in the Ru atom, as previously reported for parent
dinuclear Ru mixed valence complexes bridged by polyynediyl linkers. *° Note that the response
curve is asymmetric, due to the presence of the counterion. In zero electric field, the unpaired
electron (the hole) is localized on the effective redox site around Ru(1), placed in the positive
part of the x axis in our internal coordinate system. In a simplified picture, this end side of the
molecule can be considered as the positive pole (carrying the hole), while the opposite side
around Ru(2) is the negative pole (with one excess electron). In presence of a positive electric
field along the x axis, the electronic distribution of the molecule is a bit more concentrated
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around Ru(1) site, the charge distribution is in fact stabilized by the applied field %&%%5%0%%287&21“7”5
However, a negative electric field pushes the hole (the positive charge) to the opposite end of
the molecule, changing the electronic distribution of the molecule. For an applied field larger
than 0.002 au (0.103 V A1), we observe the electron transfer from Ru(1) to Ru(2) effective site.
The molecule switches the ground state under the effect of the external electric field (Figure 6).
A further step should be the nuclear relaxation of the molecule, promoted by this new electronic
distribution. The nuclear relaxation will act as a kind of self-trapping mechanism, enhancing the

localization of the unpaired electron around Ru(2) centre.
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Figure 6. Response curve of the Ru2* molecule under an applied electric field (in atomic units, 1 au=51.4
V A1) along the long axis of the molecule. Blue (red) area corresponds to positive (negative) electric fields.
The insets show the shape of the singly occupied orbital of the dominant configuration of the ground state
CASSCF(7/4) wavefunction.
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Additionally, we analyzed the electronic structure of the ground triplet state of a cell composed
by two Ru2* molecules, as a model of a four-dot two-electron QCA cell. They are disposed in
similar orientation as observed on the STM images of the deposited Ru2 on Au(111). The
intermolecular Ru-Ru distances is fixed to 14.949A, close to the intramolecular Ru-Ru distance
of 17.753A (Figure 7). The geometry employed is not optimized, similar conformations can be
envisaged, then these calculations should be considered just as a proof of concept. The CASSCF
calculation of the lowest triplet states gives four roots close in energy, representing the four
possible distributions of the unpaired electrons on the symmetric and antisymmetric
combination of the 4dxz and 4dxy orbitals of Ru(1), with a relevant participation of the &, and =,
orbitals, respectively, of the closest carbon atoms of the bridge chain, as observed for the single
molecule. Figure 7 represents one of the singly occupied orbitals of the dominant configuration
of the ground triplet. It consists of the antisymmetric combination of the SOMO of the Ru2*
molecule. The other singly occupied orbital of the triplet wavefunction is the corresponding
symmetric combination. The molecules in the cell exhibit then antipodal charge densities,
compliant with the molecular QCA requirements.
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Figure 7. A cell composed by two Ru2* molecules, in disposition like that observed in STM images. Singly
occupied orbital of the ground triplet state, mainly localized on Ru(1) sites and the closest carbon atoms
of the bridge chain.

4, Conclusions

The STM images of the in situ oxidized Ru2 molecule deposited on Au(111) show two features
of different contrast (bright and dim), associated with the asymmetric charge distribution
between the two end groups of the Ru2* molecule.>! Moreover, the Ru2* complexes are
organized on the surface forming rows by alternating polarization of neighbouring molecules
similar to a QCA binary wire. We have explored by combining different state-of-the-art quantum
chemistry approaches the deposition of the mixed-valence Ru2* molecule on Au(111). Our
calculations confirm the presence of two different end groups on the molecule, one of them
close to the PF¢- counterion, that corresponds to the Ru centre carrying the excess hole, i.e., the
extra positive charge of the molecule. The interaction with the substrate deforms the molecule
and differentiates the two Ru centres. The analysis of the wavefunction of the doublet ground
state corroborates the charge localization, the unpaired electron is localized in the end group of
the molecule close to the counterion. The redox site involves not only the Ru atom, but also the
closest carbon atoms of the polyynediyl chain. The bright/dim features of the STM images could
then be associated to these effective redox sites.

We have demonstrated that the polarization of the molecule can be switched by the action of
the field induced by the neighbouring polarized driver cell. In fact, an electric field stronger than
0.002 au (0.103 V A1) is sufficient to promote the switching. Additionally, our results evidenced
that a cell formed by two Ru2* molecules present a charge distribution with two holes in the
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diagonal positions, in agreement with the alternating polarization observed along the E%(Rlleo%s "
rows in the STM images.

In summary this theoretical study corroborates the interpretation of the STM images proposed
by Guo and Kandel, 3! puts in evidence the role of the substrate in the localization of the
charge and the potential of this system as candidate for mQCA functionality.
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