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ABSTRACT: In the field of molecular electronics, an intimate link between the
delocalization of molecular orbitals and their ability to support current flow is often
assumed. Delocalization, in turn, is generally regarded as being synonymous with
structural symmetry, for example, in the lengths of the bonds along a molecular wire. In
this work, we use density functional theory in combination with nonequilibrium
Green’s functions to show that precisely the opposite is true in the extended metal

Source Drain

atom chain Crs(dpa),(NCS), where the delocalized 7 framework has previously been

proposed to be the dominant conduction pathway. Low-symmetry distortions of the Cr; core do indeed reduce the effectiveness of
these 7 channels, but this is largely irrelevant to electron transport at low bias simply because they lie far below the Fermi level.

Instead, the dominant pathway is through higher-lying orbitals of o symmetry, which remain essentlally unperturbed by even quite
substantial distortions. In fact, the conductance is actually increased marginally because the 0™ channel is displaced upward toward
the Fermi level. These calculations indicate a subtle and counterintuitive relationship between structure and function in these metal
chains that has important implications for the interpretation of data emerging from scanning tunnelling and atomic force microscopy

experiments.

H INTRODUCTION

In the rapidly developing field of molecular electronics,"” the
search for nanoscale analogues of the wires, diodes, and transis-
tors that make up the fundamental components of electrical
circuits is a central theme. Much of the work in this area has
focused on conjugated organic systems, where the Jt framework
provides a natural pathway for transfer of electrons.® Molecules
featuring chains of transition metal atoms have, in contrast,
received rather less attention despite their appealing, if perhaps
superficial, resemblance to macroscopic wires. The compact nd
orbitals, particularly those of the first transition series, favor the
adoption of nonsmglet states, offering the p0551b111ty of spin-
polarized currents.* For example, both da Silva® and Sanvito®
have shown that even a single cobalt center can act as an effective
spin filter due to the alignment of the partially occupied spin-f3
components of the d orbitals with the Fermi level. Isolated atoms
are, however, intrinsically difficult to manipulate, and stable
coordination complexes clearly offer much greater potential for
control and tuning of the density of states around the Fermi level.
Baranger and Yang’ have recently illustrated how a cobaltocene
unit can act similarly as an efficient spin filter, and transport
through metalloporphyrin® and phthalocyanine” units has also
been explored in some detail. Das has also noted the possibility of
using coordination-induced changes in the conductance of
ligands as a sensing mechanism.'® Arrays of metal ions linked
by bridging ligands represent a logical step toward true molec-
ular “wires”,'" and the sandwich complexes [ML],, where L is an
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aromatic hgand such as cyclopentadlenyl
borazine," borolyl,'” or cyclooctatetraenyl,'®
sively studied in this context. The interactions between metal
ions in such arrays offer a mechanism for controlling electron
transport through switching between ferro- and antiferromag-
netic states, and in dicobaltocene systems the former is substan-
tially more transparent than the latter."” “Magnetic superatoms”
such as VCsg™® have also been shown to provide a basis for
significant spin filtering.”" Electron transport through three-
dimensional arrays of paramagnetic centers in single molecule
magnets (SMMs)** 2° has also been discussed in the recent
literature, and bias-induced rehybridization of orbitals has been
shown to have a substantial impact on the transmission channels
in a Mn,, cluster.”’

In all of the polymetallic complexes noted in the previous
paragraph, the metal ions are linked indirectly via exchange
coupling. Systems where direct covalent bonds are present
between the metals have, in contrast, received less attention.
There have been numerous discussions of electron transport
through “bare” atomlc wires”® and also chains absorbed on or in
carbon nanotubes,” but again these offer limited potential for
control at the synthetic level. Among the few truly molecular
examples, Berber and co-workers have explored transport
through octahedral Mog clusters,*® while Huang et al. have

have been exten-
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shown that the linear and trans-bent isomers of quintuple Cr—Cr
bonds*"** can supg)ort on/off current ratios (Ians.bent/linear) Of
the order of 100> The family of extended metal atom chains
(EMACs), based on helical arrays of polypyridylamido ligands
(Figure 1), provides a particularly striking resemblance to a
macroscopic wire. The chemistry of these systems has been
developed extensively in the groups of Peng”* and Berry, Cotton,
and Murillo,*>*® and chains containing up to nine metal atoms®’
are now well characterized. More importantly, in the context of
electron transport, examples are known for metals with widely

2,9
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Crs(dpa)y(NCS), Crs(tpda)s(NCS),
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Figure 1. Structures of the two-probe arrangement, the Cr3(dpa),(NCS),
and Crs(tpda)4(NCS), EMACs, and the model complex Cr3(L),(NCS),
(color scheme: pink, Cr; blue, N; gray, C; yellow, S; white, H).

differing d-electron counts and therefore metal—metal bond
types. The structural and magnetochemical properties®® of the
Cos(dpa)4Cl, chains (dpa = dipyridylamide) are particularly
intriguing as the molecule exists in two quite distinct forms
where the lengths of the Co—Co and Co—N bonds are very
different.>* *" We have recently shown that this remarkable
structural chemistry can be understood in terms of a rather
complex temperature-dependent redistribution of charge den-
sity between the 0, 7T, and 0 components of the Co—Co—Co
manifold,* an observation that leads naturally to the question
of how such a system might behave under applied bias in a
putative molecular electronic device.

The basic features of the bonding in this class of molec-
ules have been established using symmetry-based arguments
(Scheme 1).>>** If the component metal ions are viewed, to
a first approximation, as square planar, then the manifold of
metal-based orbitals separates into a lower-lying block consisting
of linear combinations of the four approximately M—L non-
bonding orbitals (d,., d.,, d,., d.2) and an upper block consisting
of linear combinations of the M—L antibonding d.._,» orbitals.
The former separates into components with 0 (d.»), 7 (d, d,.),
and 0 (d,,) symmetry with respect to the M—M axis. In the
Co3(dpa),X, chain (d” configuration), all bonding, nonbonding,
and antibonding combinations of 77 and 0 symmetry are occu-
pied, as is the o bonding orbital, leaving a single electron in
the o nonbonding orbital. The net Co—Co bond order is
therefore 0.5. In Niz (d%), the additional three electrons occupy
the Ni—Ni 0* orbital along with two M—N 0™ orbitals localized
on the outer Ni atoms. For Cr, however, only 12 valence
electrons are available, and a (iluintet ground state arising from
the (0)*(7)*(0)*(*®)*(0™) (6%)* configuration, with a net
Cr—Cr bond order of 1.5, has been proposed.*>***

Even before the first experimental measurements of electron
transport by EMACs, Berry et al. had anticipated potential
applications in molecular electronics.** Yao and co-workers sub-
sequently went on to explore gated electron transport through
both Niz(dpa)4(Cl), and Cu3(dpa)4(Cl)2,46 showing clear

Scheme 1. Schematic Molecular Orbital Arrays for M5(dpa),X,, M = Cr, Co, and Ni*>*®
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evidence for Coulomb blockade behavior due to charging of
the molecule. Peng and co-workers have used both conductive
atomic force microscopy (CAFM) and scanning tunnelling micro-
scopy (STM) techniques to probe the conductance (G) of tri-
and pentametallic chains, M;(dpa),(NCS), and M;(tpda),-
(NCS),, M = Cr, Co, Ni.** G proves to be highly dependent
on the identity of the metal ion, increasing in the order Ni (0.006
uS) < Co (0.021 uS) < Cr (0.37 uS), the variation over 2 orders
of magnitude suggesting that electronic configuration plays a
critical role in controlling the flow of electrons. The precise link
between electronic structure and electron transport is not,
however, clear. Intuitively, a more delocalized distribution of
electrons might be expected to enhance conductance,””** and
Peng and co-workers have argued that the observed trend
correlates directly with the changes in formal M—M bond order
captured in Figure 1.***’ Moreover, by analogy with organic
conductors, it is tempting to suppose that the 77 bonds present in
the Cr; and Crs chains but not their Co or Ni analogues are the
key difference. However, Bénard and Rohmer’s detailed DFT
study of the electronic structure of Crz(dpa),Cl, suggests a
bonding model that differs significantly from that shown in
Scheme 1. There is, in fact, very little overlap between the
orbitals of 77 and 0 symmetry, and as a result all linear combina-
tions (77, 7"°, and 7% and 9, 0™, and O0* in Scheme 1) are singly
occupied, along with the 0" ® HOMO. The 77 and & components
therefore make a negligible contribution to Cr—Cr—Cr bonding,
which is instead dominated by the 3-center-3-electron o frame-
work. The electronic structure is therefore qualitatively very
similar to that in the Co; analogue, leaving unresolved the issue
of the greatly enhanced conductance of the chromium species.**

Perhaps even more intriguing than the intrinsically high
conductance of the chromium chains is the observation that
the pentachromium chain Crs(tpda),(NCS), shows evidence
for two distinct states, one highly conducting (G =~ 0.3 uS), the
other less so (G ~ 0.068 uS).** The absence of detailed
information regarding the orientation of the molecules with
respect to the electrode surface complicates the interpretation
of this bimodality, but the complex structural chemistry of the
chromium chains offers one possible explanation. The shorter
Cr; chains show a remarkable degree of structural flexibility, and
indeed the interpretation of the crystallographic data has been
highly controversial. For example, although the dichloromethane
solvate of the dichloride capped species Cr3(dpa),Cl, - CH,Cl,
was initially reported to be perfectly symmetric (Cr—Cr =
2.366(1) A),*° a subsequent analysis of the effects of disorder
revealed a distinct asymmetry in the Cr; core, Cr—Cr = 2.254(4)
and 2.477(4) A.* Evidence for a thermal equilibrium between
symmetric and unsymmetric isomers in Cr3(dpa),Cl, has also
been presented in the form of strongly temperature dependent
surface-enhanced Raman spectra (SERS).*" Similarly, the NCS-
capped analogue is somewhat asymmetric (Cr—Cr = 2.234(1)
and 2.482(1) A in the benzene solvate).***> The degree of
asymmetry is inversely correlated to the o donor strength of
the terminal ligands, and only strong o donors such as CN™
or CCPh™ yield truly symmetric structures. At the opposite
extreme, the NO; -capped species has Cr—Cr distances of
1.934(S) and 2.644(5) A, the degree of asymmetry approaching
that observed in Cry(dpa)4(X)(Y) structures (Adc,_ ¢, = 0.606 A,
X = Cl, Y = PFg, 0.648 A, X = Cl, Y = BF,), where the two
terminal ligands are different. The dichloride-capped cation
[Cr3(dpa),CL,]" is also highly asymmetric (ACr—Cr = 0431 A), as
are all others containing the Crsy’* core.> The structure of the

NCS-capped Crs analogue, Crs(tpda),(NCS), (tpda = tripyridyl-
diamide), has been similarly controversial,>* but disorder issues
have been resolved to reveal a highlsy asymmetric Crs'*" core with
alternating long and short bonds.> In their computational work,
Bénard and Rohmer reported a perfectly symmetric equilibrium
structure for Cr;(dpa)4Cl, with Cr—Cr = 2.35 A, but also showed
that distortion of the Crj chain is an energetically facile process,
with even highly distorted structures (Adc, ¢, = 0.679 A) lying
only ~4 kcal/mol higher in energy.e’gc‘56 Inspired by this struc-
tural diversity, Peng and co-workers proposed that the highly
conducting “on” state observed in the CAFM experiments
corresponds to a fully delocalized chain with four identical Cr—Cr
bonds, while the “off” state features alternating long and short
Cr—Crbonds.**" Indeed, the idea that a symmetric (delocalized)
structure is synonymous with efficient charge transport, and
therefore that “breaks” in the delocalization will increase resis-
tance, appears to be deeply embedded in the literature.® It is not
clear, however, to what extent the long Cr—Cr bond in even the
most unsymmetric structure is truly “broken”, as even bond
lengths of ~2.6 A remain comfortably within the range of known
metal—metal single bonds. Our purpose here is to establish a
direct connection between electronic structure and electron
transport by computing the zero-bias conductance from first
principles.

In a recent paper,”’ we used density functional theory in
conjunction with nonequilibrium Green’s functions®*** to estab-
lish a direct link between the electron transport properties of the
Cos chain, Coz(dpa)4(NCS),, and its underlying electronic
structure. We showed that the Co—Co—Co 0™ orbital lies
closest to the Fermi level of the gold electrodes and is therefore
the dominant conduction channel. In this work, we apply the
same methodology to analyze the behavior of Crj(dpa)-
(NCS), and in particular to explore two closely connected
hypothesese: (a) that the intrinsically higher conductance of
the Cr; chains is a direct result of the multiple bonding between
the chromium centers and (b) that bimodal conductance
profiles might arise in the chromium chains through switching
between symmetric and unsymmetric forms. We conclude that
the 7t bonding is largely irrelevant to the electron transport
process, and that the o framework is the dominant charge
carrier, just as it is in the Co; analogue. Low-symmetry
distortions of the Crj core still influence the conductance by
perturbing the 3-center-3-electron o framework, but, rather
counterintuitively, the conductance increases as the chain
becomes more distorted.

B COMPUTATIONAL METHODS

All gas-phase calculations on Crs(dpa)4(NCS), (quintet ground
state) and Co;(dpa)4(NCS), (doublet ground state) were performed
using the ADF2008° package and the PBE functional. A triple-C quality
basis of Slater-type functions was used on the metals and double-§ +
polarization elsewhere. The spin-dependent electron transport proper-
ties were computed using the AtomisticToolkit software package,
ATK2008.°"%> The methodology combines a density functional theory
treatment of the electronic structure with the Keldysh nonequilibrium
Green’s function approach to simulating coherent transport.”> The
scattering region, [Aus,] —Cr3(L)4(NCS),—[Auyg], contains the EMAC,
the geometry of which was taken from the fully or partially optimized
gas-phase structure (computed with the ADF program as described
above) and simplified as illustrated in Figure 1 (model ligand L). The
relevant C—C and N—C bonds of the pyridyl rings were truncated, and
the valences were capped with hydrogen atoms at 1.1 and 1.0 A,
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Table 1. Bond Lengths, Spin Densities, and Conductances for the Scattering Regions Used in the Two-Probe Calculations

( [Aus,] _Ms(L)4(NCS)2— [Auys] )

gas phase (ADF)

bond lengths/A spin densities
Cr;—Cr, Cr,—Cr; Cr, Cr, Cry energy/kcal/mol
5s-Cr3(L),(NCS), 236 2.36 344 —291 3.44 0.0
u-Cr3(L)4(NCS), (0.25) 2.23(F)" 2.48(F) 320 —2.81 3.57 —0.1
u-Cr3(L)4(NCS), (0.71) 1.93(F) 2.64(F) 2.07 —1.83 371 +3.5
two-probe (ATK)
bond lengths/A spin densities conductance (G/uS)

Cr;—Cr, Cr,—Cr; Cr, Cr, Crs Giot G Gg
5-Cr3(L),(NCS), 2.36 236 2.84 —2.68 2.89 448 436 0.12
u-Crs(L),(NCS), (0.25) 223 2.48 2.63 —2.57 3.01 522 5.07 0.15
u-Cr3(L)4(NCS), (0.71) 1.93 2.64 1.20 ~1.40 3.04 17.25 17.15 0.10
Cos(L)4(NCS), 2.32 232 0.00 0.00 0.00 072 036 036

“Bond lengths marked “F” are fixed in the partial optimization.

respectively. Although truncating a ligand across an aromatic bond in
this way is clearly not ideal, it is necessary to reduce the dimensions of
the unit cell in the directions perpendicular to the transport direction.
Our previous work suggests that this simplification does not perturb the
equilibrium electronic structure of the isolated molecule to any sig-
nificant extent.”” The molecule is sandwiched between two and three
4 % 4 layers of the Au (111) surface of the electrodes with the sulfur
atoms of the two NCS ligands located in 3-fold hollow sites in the Au
(111) surface with Au—S distances of 2.52 A. The precise details of the
contact geometry remain a significant issue in all transport calculations;
the “hollow-site” geometry with a gold—sulfur distance of ~2.5 A
(corresponding to a distance of ~1.9 between the sulfur and the surface)
adopted here has been established as the global minimum for many
examples of sulfur coordination to Au (111)** and is used in the majority
of comparative studies.”> We have also considered alternative “on-top”
and “tilted” geometries (details in the Supporting Information, Figures
S1and S2, respectively), and our key conclusions regarding the transport
mechanism are robust to these changes. A full set of Cartesian
coordinates for the two-probe system is provided in the Supporting
Information.

The transport calculations were performed using the LDA functional
with the self-interaction correction (SIC) of Perdew and Zunger.®® This
choice of functional, and in particular the inclusion of the SIC, is
motivated by the strongly correlated nature of the quintet ground state
of Cr3(dpa),(NCS), (vide infra). The SIC has been shown to have a
significant impact on transport calculations in exchange coupled sys-
tems, providing a better alignment of molecular levels with the Fermi
level than alternative gradient corrected functional.”” A parallel series of
computations using the gradient-corrected PBE functional are presented
and discussed in the Supporting Information (Figure S3). Numerical
basis sets of single-G + polarization (SZP) quality on Au, double-C +
polarization (DZP) on Cr, S, C, and H, and double-{ + double
polarization (DZDP) on nitrogen were used in all cases, and core
electrons were described by norm-conserving pseudopotentials.®” The
initial spin density for the two-probe calculations was polarized to be
consistent with the net spin densities of the isolated molecules in the gas
phase. The electronic structure of the two-probe systems at equilibrium
was converged using a 150 Ry mesh cutoff, a finite temperature of 300 K
at the electrodes, and the real-space density constraint at the electrodes.

Sampling of the Brillouin zone was performed using a Monkhorst—Pack
grid®® with 300 k-points along the transport direction. The molecular
orbitals in the scattering region are the eigenfunctions of the molecular
projected self-consistent Hamiltonian (MPSH). At zero bias, the spin-
dependent conductance, G,(0), is given by the expression:

dr &
Gy(0) = = T, (E;, 0
(0) (dv)v=o 7 To(Er,0)

B RESULTS AND DISCUSSION

Equilibrium Electronic Structure of Cr3(dpa)4(NCS), in the
Gas Phase. As discussed in the Introduction, Bénard and
Rohmer have analyzed in detail the electronic structure of
Cr;(dpa),Cl, in its quintet ground state.*® Our focus is on the
NCS-capped analogue, where the sulfur end groups ensure
strong coupling to the gold electrode, but the basic features of
the electronic structure prove to be essentially identical to those
reported previously by the above authors. We therefore review
only the key features that relate directly to the subsequent
discussion of the electron transport properties. As was the case
for the Cl-capped species, the quintet potential energy surface
defined by the Cr—Cr—Cr asymmetric stretching mode is very
flat. If the bond lengths are constrained to be equal, the optimized
Dy-symmetric structure (denoted s-Cr3(dpa)4(NCS), in
Table 1) has Cr—Cr distances of 2.36 A and net spin densities
of +3.44 and —2.91 on the outer and inner chromium centers,
respectively. These spin densities, along with an (S*) value of 8.46
(>>S(S + 1) = 6.0), are indicative of a highly localized broken-
symmetry solution. The Kohn—Sham orbital spectrum for
s-Cr3(dpa)4(NCS), is summarized in Figure 2, where spin-t
and spin-f orbitals are shown as dashed blue and full red lines,
respectively. The basic features are consistent with Bénard’s
previous analysis of Crs(dpa),Cl,, in so much as the spin
polarization localizes the occupied spin-Qt orbitals on the term-
inal chromium centers (77, O,) and their spin-f3 counterparts on
the central metal (77, O.). Indeed, among the metal-based
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Figure 2. Frontier Kohn—Sham orbitals for s-Crs(dpa)4(NCS),. Dashed lines show correlations between orbitals with similar spatial properties in the

spin-at and spin-5 manifolds.

orbitals, only the orbitals of o symmetry show any significant
delocalization over the entire Cr; unit. In addition to the metal-
based 7t orbitals, a pair of sulfur-based orbitals of 77 symmetry
(7rs) is also present in the valence region. These mix extensively
with their metal-based counterparts in the occupied spin-Qt
manifold, where metal character is localized on the terminal
chromiums, but not in the spin-{3 set. The HOMO is the spin-ct
component of the 0™ orbital, which is localized (by symmetry)
on the terminal chromium centers. In short, the Cr—Cr—Cr
interaction is dominated by a 3-center-3-electron o bond,*® just
as it is in the cobalt analogue.**

In their original experimental work, *° Peng and co-workers
proposed that the bimodal nature of the conductance histogram
for the Crs chains was caused by stochastic switching between
structurally distinct “on” and “off” forms, and further that these
“on” and “off” states corresponded to symmetric and unsym-
metric forms of the chain, respectively. In support of this, Bénard
and Rohmer’s DFT work indicates that while the equilibrium
structure of Crs(dpa),Cl, is symmetric, distortion of the Cr;
chain carries only a small energetic penalty, and our own
calculations show that the same is true in the NCS-capped case.
Thus, if the Cr—Cr distances are constrained at the values found
for the crystal structure (2.23 and 2.48 A, u-Cr;(dpa),(NCS),
(0.25) in Table 1) and the remaining structural parameters
optimized freely, the total energy is marginally (0.1 kcal/mol)
lower than the symmetric structure. The difference of 0.1 kcal/
mol is too small to interpret as significant, but it is nevertheless
clear that the asymmetric stretch is very soft around the D,-
symmetric structure. Even for strongly distorted structures such
as u-Cr;(dpa),(NCS), (0.71), where the Cr—Cr distances are
constrained at the values found in the crystal structure of Cr;-
(dpa)4(NO3), (1.93 and 2.64 A), the system is destabilized by
less than 4 kcal/mol (Table 1). The bonding in the unsym-
metric form has been interpreted in terms of a shift toward a
Cr=Cr- - - Cr bonding pattern with a localized quadruple bond
and along nonbonded Cr - - - Cr contact.*® The reduction in spin

densities at Cr; and Cr, in the unsymmetric form (Table 1)
certainly indicates a greater degree of delocalization, but the spin
densities remain ~ =£2.0 even for very short Cr—Cr separations
0f 1.93 A (Cr;—Cr,). Similarly, the spin density at the isolated Cr
center is largely unaffected by increasing the Cr—Cr separation,
even out to 2.64 A, so it is not immediately obvious that this
reaction coordinate really involves any substantial “breaking” of a
bond. Instead, the facile distortion of the Crj chain appears to be
a result of the intrinsic flexibility of the 3-center-3-electron o
bond rather than any gross redistribution of the 57/ O framework.
Whatever its underlying origins, the soft distortion mode of the
Cr; chain means that external perturbations along the molecular
z axis can distort the metal framework from its equilibrium
geometry, a fact that is clearly reflected in the structural diversity
of the Crs cores.” In the context of this work, the applied
potential provides just such a perturbation, and it is possible that
the structure is therefore affected by bias. In the following
discussion of electron transport, we take the range of Crj core
geometries known in the crystallographic database (i.e.,, com-
pletely symmetric, ACr—Cr = 0; to grossly unsymmetric,
ACr—Cr = 0.71 A) as a reasonable measure of the extent of
distortion that might be induced by the electric field.

Electron Transport. The zero-bias transmission spectrum for
the Cr3(L)4(NCS); chain in its D,-symmetric structure is shown
in Figure 3a. The eigenstates of the molecular projected self-
consistent Hamiltonian are also shown and can be compared to
the Kohn—Sham orbitals of the isolated molecule shown in
Figure 2. The region around the Fermi level is remarkably clean,
with only a single narrow peak at E — Ef = —0.05 eV with
maximum T(E) & 1.0 corresponding to the spin-0t component
of the 0™ orbital. A similarly sharp peak centered on E — E; =
—1.5 eV corresponds to the o bonding orbital. A much broader
feature with maximum T(E) > 1.0 in the spin-Ot spectrum
corresponding to the degenerate 77 orbitals on the outer chro-
mium centers is located approximately 1.1 eV below the Fermi
level. The extensive mixing of metal and sulfur-based orbitals
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Figure 3. Spin-a (blue — — —) and spin-{3 (red —) transmission spectra for (a) s-Cr3(L)4(NCS), and (b) Co3(L)4(NCS),. Insets show magnifications

of the region around the Fermi level.

of 7T symmetry that was apparent in the gas-phase calculations
ensures strong coupling to the leads and therefore broadens
these peaks in T(E). The 7 orbitals in the spin-3 manifold (red
line) appear in the same energetic window, but as they are
localized on the central chromium atom they generate a much
narrower feature in the transmission spectrum. The intensity of
the spin-Ot resonances of 77 symmetry indicates that they are
effective conduction channels, as anticipated by Peng and co-
workers.** Their contribution to electron transport at moderate
bias will nevertheless be negligible, simply because the relevant
molecular levels are located far below Eg.

The computed values for the conductance are 4.48 and 0.72 uS
for Cr3(L)4(NCS), and Co5(L)4(NCS),, respectively (Table 1),
and the ratio G(Cr;)/G(Cos) of 6.2 bisects the values deter-
mined from STM (2.1) and CAFM (17.6) experiments. The
larger value for the chromium systems is, however, clearly not
associated with any fundamental switch in the nature of the
metal—metal bonding or indeed of the conduction pathway. The
qualitative picture of the electron transport is remarkably in-
sensitive to the identity of the metal: in both cases, the dominant
channel is the 6™ orbital localized on the outer metal centers,
and the higher conductance of Cr3;(L)4(NCS), arises simply
because this channel lies closer to the Fermi level (compare
Figure 3a and b).”” The transmission spectra reveal a much
higher degree of spin polarization in the Crs case, where the
ground state of the isolated molecule is a quintet, as compared to
the Co; analogue, which is a doublet. Binding to the two gold
electrodes does not substantially affect the spin densities on the
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chromium centers, and as a result the zero-bias conductance is
99% spin polarized (spin-0t dominant). In the cobalt case, in
contrast, contact with the infinite gold reservoirs equalizes the
spin densities on the cobalt centers, the result being much less
strongly polarized current.%’

The precise structure of the contact between molecule and
electrode in the experimental measurements is, of course,
unknown, and the large scatter in the experimental data*
suggests that several geometries may be adopted. Our choice
of 3-fold hollow sites in the Au(111) surface for both sulfur atoms
is based on literature precedent; this geometry has been demon-
strated to be the most stable in many sulfur-capped molecules
and is commonly adopted in transport studies. There are,
however, a number of alternatives, including geometries where
the sulfur atoms sit either above a single atom (“on-top”) or
above an edge. Asymmetric geometries where only one end of
the molecule is placed in an “on-top” site while the other sits in a
3-fold hollow represent plausible models for the structure in
STM break-junction experiments.”’ Moreover, it is possible that
the molecule lies at an angle to the electrode surfaces, rather than
normal to them as shown in Figure 1. Given the uncertainties in
the experimental geometries, we have explored the impact of
variations in the contact geometry on the conclusions set out in
the previous paragraph. Specifically, we have used the “hollow/
on-top” model for the break junction structure and also one
where the molecule is tilted by ~20° relative to the surface, such
that the sulfur atoms sit in 3-fold hollows that are offset relative to
each other. The transmission spectra shown in Figures S1 and S2
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Figure 4. Transmission spectra for (a) s-Cr(L)4(NCS),, (b) u-Crs(L)4(NCS), (0.25), and (c) u-Cr3(L),(NCS), (0.71). Contour plots of 6™ and 7,
eigenfunctions of the molecular projected self-consistent Hamiltonian are shown below for s-Cr3(L)4(NCS), and u-Cr;(L)4(NCS), (0.71).

confirm that the qualitative picture set out in the previous
paragraphs is not significantly influenced by the contact geometry:
in all cases, the 0" ® channel lies close to E¢ and remains the
dominant electron transport pathway. The insensitivity of the
conductance to contact geometry arises because the orbitals that
establish the coupling of the molecule to the electrode (the 7
orbitals localized on the sulfur) are strictly orthogonal to the
dominant transport channel (the Cr-based 6™ orbital).

We now explore the influence of structural distortions on the
conductance of the Cry chain, and in particular the hypothesis
that such distortions might reduce the conductance, yielding an
“off” state in a putative molecular switch. In the discussion of the
structural chemistry, we highlighted the fact that, depending on

the terminal ligands, the Cr; core can be totally symmetric (X =
CN™, CCPh ™), marginally distorted as in the crystal structure for
X = NCS™ itself (Cr—Cr = 2.23 and 2.48 A), or even highly
distorted as in the NO; -capped species (1.93 and 2.64 A).*"
Accordingly, we have recomputed the transmission spectrum
and conductance of Cr;(L)4(NCS), for cases where the Cr; core
is distorted, both marginally (2.23, 2.48; Figure 4b) and strongly
(1.93, 2.64; Figure 4c). The geometries of the scattering region
were taken from the partially optimized structures u-Crs(L),-
(NCS), (0.25) and u-Cr3(L)4(NCS), (0.71) discussed above,
truncated as before by removing the bulk of the aromatic ligand
capping dangling valences with hydrogens. The same contact
geometry used for the symmetric case was retained, that is, sulfur
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in a hollow site with Au—S = 2.52 A. Around the Fermi level,
the transmission spectra for the distorted structures (Figure 4b,c)
are qualitatively very similar to that for the symmetric form
(Flgure 4a), with an intense peak corresponding to the spin-
0™ channel lying very close to Ey. As the structure becomes more
distorted, the intense spin-Qt peaks in the region of E — Er= —1.1 eV
for the 77, channel become progressively broader and less intense,
to the point where the peak transmission is <0.2 for the most
highly distorted structure. The eigenfunctions of the molecular
projected self-consistent Hamiltonian indicate the origin of this
effect: the structural asymmetry induces substantial mixing of the
near degenerate in- and out-of-phase combinations of the 7,
orbitals. This in turn localizes the orbitals on one side or other of
the molecule and effectively closes off the 77 channels. We have
previously noted similar features for the cobalt complex under
applied bias, where the electric field, rather than any intrinsic
geometrlc asymmetry, was responsible for the closure of the 7
channels.®” Thus, the simple expectation that structural asym-

metry should reduce transport through the 77 channels is valid,

but this has negligible impact on the low-bias conductance,
simply because the levels in question lie so far below the Fermi
level. The most significant change induced by the distortion is in
fact rather more subtle: the dominant o channel is shifted upward
toward Ej, albeit only marginally, leading to an approximate
4-fold increase in conductance (4.48 vs 17.25 uS) in the limit of
extreme distortion (the insets again magmfy the changes around
the Fermi level). The upward shift in the 0™ level can be traced
to a rehybrldlzatlon within the 0/0"°/0* framework, which
causes the 0™ orbital to develop some antibonding character
with respect to the central chromium d.. orbital. The rehybridi-
zation is much less pronounced than in the 57 manifold, simply
because the first-order separation of the ¢, 6™, and 6* orbitals is
much greater. Nevertheless, the distortion of the Cr; chain
results, perhaps counterintuitively, in greater delocalization of
the key transmission channel.

It is important to acknowledge that the computed conduc-
tance depends only on the transmission coeflicient at one specific
energy, the Fermi level, and the ability of DFT to accurately place
the molecular levels relative to this reference point is therefore
critical. We believe, however, that our conclusions regarding
the impact of asymmetry on the conductance of the Cr3 chains
are robust for two reasons. First, our focus on the 0"” channel is
justified because the window around the Fermi level is very clean,
and an upward shift of almost 1 eV in the molecular levels would
be required before the 77 channels became significant. Second,
the key destabilization of the 6™ orbital upon distortion is an
intrinsic property of the molecule that is also apparent in the gas-
phase calculations. Moreover, it correlates with the experimental
observation that the cationic [Cr;(dpa),X,]" species, where this
orbital is indisputably vacant, all adopt highly unsymmetric
structures. Thus, so long as the occupied spin-0. component of
the 0" orbital lies below the Fermi level in the symmetric system
(ie., the molecule is not oxidized upon binding to the gold
electrode), any distortion must necessarily lead to enhanced
conductance as this orbital is driven upward.

In summary, our computational analysis suggests that low-
symmetry distortions of the Cr;(dpa)4(NCS), chain serve to
enhance, rather than disrupt, its ability to transport electrons.
The 7 orbitals are largely irrelevant in this regard as they are
strongly stabilized and lie >1 eV below the Fermi level. Instead,
the dominant pathway is through the nonbonding combina-
tion of d,. orbitals, which is entirely localized on the terminal

chromium centers in the symmetric case. Distortions away from
strict D4 symmetry allow mixing of the o, 0™, and 0" levels and
introduce a small amount of d,. character from the central
chromium into this orbital. The result is that it is displaced
upward toward the Fermi level, enhancing the computed con-
ductance. While the increase is marginal, it is very clear that there
is absolutely no evidence to suggest that the distortion should
diminish the flow of current through the system, as has been
proposed for the related Crs chains. In more general terms, the
density of states around the Fermi level in a chain of transition
metal ions is complex, and the rational design of molecular
conductors based on these architectures requires a detailed
consideration of the electronic structure.
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