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ABSTRACT: The single molecule conductances of a series of bis-2,2":6'2"-
terpyridine complexes featuring Ru(ll), Fe(ll) and Co(ll) metal ions and
trimethylsilylethynyl (Me3;SiC=C-) or thiomethyl (SMe) surface contact groups have
been determined. In the absence of electrochemical gating, these complexes behave as
tunneling barriers, with conductance properties determined more by the strength of
the electrode-molecule contact and the structure of the ‘linker’ than the nature of the

metal-ion or redox properties of the complex.

INTRODUCTION

The development of methods that permit the measurement of the electrical
characteristics of single molecules under routine laboratory conditions,*? coupled
with the incentives for technological innovation arising from ever increasing
challenges facing top-down miniaturisation of solid-state electronic devices, has seen
a renaissance in the field of molecule electronics over the past decade.*® In the
context of developing molecular components for use in a hybrid solid-state /
molecular electronics technology, many different molecular structures have been
examined within molecular  junctions, including oligophenylenes,’
oligoaryleneethynylenes,® and oligoynes,” and arylene—ethynylene based molecular
wires up to 8 nm in length.*®*? However, whilst the majority of metal|molecule|metal
junctions studied to date has been derived from organic molecules, the possibility that
metal complexes may play a role in molecular electronics has been recognized,™ and
inorganic and organometallic molecular components for electronics are now attracting
increasing attention.**™*8
Various families of metal complexes have been explored for their wire-like
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properties and higher functionalities, including porphyrin oligomers®* and
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assemblies?” and metal alkynyl complexes. Within the context of exploratory

studies, bis-2,2":6',2"-terpyridine complexes are particularly attractive, being
compatible with a broad cross-section of the metallic elements of the transition series,
and thereby offering a wide range of metal d-electron configurations and charges,
electro- and photo-chemical activity, and diverse synthetic approaches which include

‘on surface’ strategies that been used in the construction of quite complex surface
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bound mono-? and multi-metallic films with impressive electrical

33-38

characteristics. Within single molecule junctions, the flexibility of the

coordination bonds around the metal center has led to the opportunity for

manipulation of transport properties through such ‘Cardan-joint’ style metal

complexes by mechanical stimulus.®4°

Regardless of the method of assembly, as components in molecular electronics,
metal complexes offer the potential for finer tuning of the frontier molecular orbitals
in metal complexes to match the Fermi levels of the electrodes,** the possibilities of

augmenting electronic characteristics through accessing available redox levels** and
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manipulating them through electrochemical gating, the introduction of magnetic
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effects, and high thermoelectric efficiency.®® These various factors are then

expanded further by experimental and computational work in which multiple metal

centers are introduced along a linear ‘wire-like’ chain, either as an array of metal

14,49,50 24-27

atoms or in ligand-linked assemblies.

Whilst there is a body of experimental evidence, such as the observation of

51-53 and

Kondo effects in transition metal complex based molecular junctions
electrostatically gated spin-blockade effects,*® which indicates that the metal center is
involved directly in the transport mechanism, this is not always the case.*" Recent

studies have highlighted the potential role of metal centers as a structural element



with the surrounding ligands providing the pathway for the through molecule
current.>® In such cases, the molecule-electrode contact and electronic structure of the
ligand framework will play a more significant role in determining the overall
transport properties of the molecule than the identity of the metal in the complex.

The important role of the molecule-electrode contact in determining transport
properties of a molecular junction is now widely recognised,” and many different
functional groups have been explored in this regard, with thiols, amines and pyridines
being particularly widely used.*® In addition to the chemical nature of the binding
group, the electrode-molecule contact also depends on the structure of the electrode
surface. For example, thiolate binds a wide variety of sites on the gold surface
including different various points on flat terraces (atop surface atoms, in bridging or
in hollow sites), adjacent step edges or ad-atoms.>”*® Each of these different contact
types gives rise to a different conductance signature, which accounts for the
appearance of multiple peaks in the conductance histograms of even simple thiolate
contacted molecules.”® One possible strategy to limit the range of these possible
binding sites, and thereby simplifying the conductance profile of the molecular
junction, would entail increasing the steric bulk around the surface coordinating atom.
Thioethers are beginning to attract attention in both studies of self-assembled
monolayers (SAM) on gold,*® and as a contact in molecular junctions where they
often give rise to simpler conductance histograms than analogous thiolates.®*®°

Recently, the trimethylsilylethynyl moiety has been identified as a possible
‘bulky’ anchoring moiety for use in single molecule electronics.”**”"® Results from
single molecule junctions indicate that the use of the trimethylsilylethynyl moiety as
surface contact group leads to current histograms containing only a single

conductance peak in the measureable current range, although junction formation



probabilities are low (ca. 5%).2°" Detailed studies of SAM formed from
trimethylsilylethynyl functionalised unsaturated hydrocarbons have indicated pit-
etching features, consistent with a surprisingly strong Au-Si interaction.”” A close
registry of the silyl molecules with the underlying Au(111) surface and evidence for a
degree of Si-Au interaction from synchrotron radiation photoelectron spectroscopy
led to the suggestion of a local surface complex featuring a five-coordinate silicon
atom in these self-assembled films.*"® Later refinements to the model have shown
the importance of lateral intermolecular van der Waals interactions in pre-organising
the silyl head group in such a position as to promote the Si-Au interaction.”* However,
the nature of the Si-Au interaction in the case of the isolated molecules used in single
molecule junction studies is an area for further investigation.

In what follows, we seek to extend these studies and arrive at a more detailed
understanding of the role of the anchor unit and metal complex fragment on the
behaviour of these junctions, by studying Fe(ll), Ru(ll) and Co(ll) bis-2,2":6',2"-
terpyridine complexes anchored by thiomethyl°®®® and trimethylsilylethyny|?®°7:3-70
moieties within molecular junctions, supported by electrochemical and

spectroelectrochemical measurements and quantum chemical models.

Results and Discussion

The bis(terpyridyl) complexes [1-M](PFe)2, [2-M](PF¢). and [3-M](PFs), (M
= Fe, Ru) (Chart 1) were prepared in conventional fashion from reactions of
FeCl,.4H,0 or RuCl3.3H,0 (the latter in the presence of ethyl morpholine) with the
ligands 4'-(trimethylsilylethynyl)-2,2":6',2"-terpyridine (LY, 4'-[4-
(trimethylsilylethynyl)phenyl]-2,2":6',2"-terpyridine (L?),”® 4'-[4-(methylthio)phenyl]-

2,2":6'2"-terpyridine (L%),"® respectively, followed by anion metathesis with NH.PFg



or [Ag(NCMe),]PFs. Whilst [1-Co](PFs)2 could not be isolated, and indeed was not
observed in ES-MS monitoring of analogous reactions of [Co(H20)s](BF4). with L,
addition of [Co(H,0)s](BF4), to solutions of L? or L® readily gave [2-Co](BF4), and
[3-Co](BF4),. All of the complexes were characterised by the usual array of

spectroscopic and spectrometric methods, and elemental analysis.
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The complexes [1-M](X>), [2-M](X). and [3-M](X), each undergo a metal-
centered M(I1/111) oxidation and two terpyridine based reduction processes (Table 1,
Table S1), with assignments made on the basis of spectroelectrochemical studies

(Table S2). In addition, the complexes [2-Co](BFs). and [3-Co](BF4), display a



metal-based Co(ll/l) reduction at less negative potentials than the terpyridyl
reductions (Table 1).

Interestingly, one-electron reduction products [1-M]" and [2-M]" display
subtly different electronic characteristics, which can be conveniently assessed through
IR spectroelectrochemical studies, using the v(C=C) and v(tpy) reporting vibrations.
Each of [1-Fe]** (v(C=C) 2164 cm™) and [1-Ru]** (v(C=C) 2162 cm™) feature a
single v(C=C) band. The IR spectrum of the spectroelectrochemically observed one-
electron reduction product [1-Fe]" is characterised by the appearance of a new, strong
v(C=C) band with an apparent maximum at 2111 cm™ together with a second v(C=C)
band coincident with the v(C=C) band in [1-Fe]**. These IR data are consistent with
a [Fe(LY)([L*17)]" form which is localised on the IR timescale.”” The reduction of [1-
Ru]* to [1-Ru]®, which slowly decomposed in the course of the
spectroelectrochemical experiment, resulted in a similar splitting (v(C=C) at 2161 and
2113 cm™). In the case of [2-Fe]* and [2-Ru]", the low-energy shifts, and size of the
splitting of the v(C=C) bands were considerably smaller, resulting in the overlap of
the new v(C=C) bands associated with [2-Fe]* (2156, 2147 cm™) and a single v(C=C)
band at 2150 cm™ for [2-Ru]". Whilst close inspection of the entire NIR region of
these 1-electron reduced complexes (through spectroelectrochemical experiments
performed independently of the data presented in Figures S6, S9, S12, S15) failed to
conclusively identify an interligand charge transfer transition, the observation of two
v(C=C) bands in [1-M]" and [2-Fe]" suggests a localised terpyridyl reduction. In
contrast, the observation of only a single v(C=C) band in [2-Ru]" is consistent with

fast electron exchange between the terpyridyl ligands on the IR time-scale.



The general conclusions drawn for the redox properties, molecular bonding
and stability in the oxidized and reduced states presented above for the redox series
based on [2-M]** can also be adopted for [3-M]**. Only marginal differences
between their redox potentials and electronic absorption spectra and those of [2-M]**
have been encountered. Futher details of the analysis and copies of the spectra
obtained by spectroelectrochemical methods are presented in Supporting Information

(Figures S5 — S22, and Table S2).

To date, the few compounds featuring trimethylsilylethynyl based electrode
contacts that have been studied in molecular junctions have been charge-neutral

28687078 o organometallic complexes.?® Therefore, prior to single-

organic compounds
molecule measurements and by way of example, the deposition of the trimethylsilyl
terminated complex [2-Fe](PFs)2 on gold substrates from dilute acetonitrile solution
was explored to ensure the trimethylsilylethynyl moiety would be capable of
interacting with the gold substrate in the relatively highly charged coordination
complexes studied here. A polished gold electrode was immersed in a solution of 10
M [2-Fe](PFg), in acetonitrile and deposition allowed to proceed overnight. The
modified electrode was rinsed with acetone and dried prior to use. Surface-enhanced
resonance Raman spectroscopy (Aex = 633 nm, chosen to be coincident with the
plasmon absorption of a gold surface) revealed bands at 1044 and 1605 cm™,
attributed to the tpy ligands, confirming attachment of [2-Fe](PFs). to the surface
(Figure S23). The surface bound complex showed a reversible anodic wave the shape
of which was independent of scan rate up to 1 V s™ (Figure S24). The peak current of
the anodic wave and cathodic counterwave scales linearly with increasing scan rate

(Figure S25), whilst the corresponding peak-peak separation is ca. 25 mV and

remains unaffected by changes of scan rate.



The molecular conductance of the bis-2,2".6’,2"-terpyridine based complexes
[1-M](X)2 — [3-M](X)2 (M = Fe, Ru, X = PFg; M = Co, X = BF4) on an Au(111)
surface was investigated by scanning tunnelling microscopy (STM) under ambient
conditions using the 1(s) technique. Approximately 500 I(s) scans containing current
plateaus were used in the construction of the conductance histograms (Figure 1,
Figure 2), from which the conductance, G, of the compounds under investigation can
be extracted (Table 1). In addition, the break-off distance, Z*, which is calculated
from the sum of the initial separation of the tip and substrate (Sp) and the retraction
distance defined by the end of the current plateau in the I(s) trace, can also be
obtained from the conductance curves (Table 1). The relatively rigid junction between
molecule and tip formed by both Me3SiC=C- and MeS- contacts was apparent from
the observation of only short plateaus in the I(s) curves.” The conductance values,
break-off distances and calculated molecular lengths are summarised in Table 1, with

conductance histograms obtained from the I(s) data shown in Figure 1 and Figure 2.

——[1-RU][PF ],
——[2-Ru][PF

6]2
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Figure 1: Conductance histograms of [1-Ru](PFg). and [2-Ru](PFe)>.



Table 1: The experimental (Exp. G) and calculated (Th. G) conductances, experimental break-off distances, and calculated geometric
parameters from the Type 111 junction geometries (vide infra), with redox potentials® for complexes [1-M]?*, [2-M]*" and [3-M]?*, recorded at
10 M in acetonitrile containing 10* M NBu,PFe.

Molecule Exp. G | Th.G  [Z* 1Z fdap|d X El;, | Efs | Eip | Eip
InS (Go) InS (Gy) mm® | /am® | /nm' | /am®" | /nm" | pS NV Ve

[1-Fe](PFe), | 2.3+0.7 2.0 0.77 -1.46 | -1.62
((3.0+0.9)x10°)

[1-Ru](PFe); | 3.7£1.0 2.0 0.92 -1.49 | -1.73
((4.8+1.3)x10)

[2-Fe](PFe), | 1.9+0.7 2.67 22 |285[310 [271° [ 039 ]0.72 -1.56 | -1.68
((2.5£0.9)x10°) | (3.45x10)

[2-Ru](PFq), | 2.0£0.7 2.77 2.4 |288 313 [274° [ 039 |0.87 -1.58 | -1.83
((2.6£0.9)x10™) | (3.58x10)

[2-C0](BF.), | 1.4%0.6 1.95 27 |283[3.08 [269° [0.39-0.08]-1.08|-1.92]-2.25
((1.8+0.8)x10™) | (2.51x10)

[3-Fe](PFe), | 2.4%0.6 3.63 24 [221 246 [215" [ 030069 -1.60 | -1.73
((3.120.8)x10™) | (4.69x10)

[3-Ru](PF¢); | 2.4+0.6 3.28 24 [224 249 [219" [030]0.83 -1.64 | -1.87
((3.120.8)x10™) | (4.23x10)

[3-Co](BF4); | 4.1+1.0 5.60 20 [220 245 [214" [0.30]-0.10 | -1.14 | -1.96 | -2.30
((5.3+1.3)x10™) | (7.23x10)

®The electrode potentials of the Fe(ll) and Ru(l1) complexes were internally referenced against FeCp,/[FeCp,]" at v = 100 mV s, while the
Co(ll) complexes were internally referenced against decamethylferrocene/decamethylferrocenium (FeCp*,/[FeCp*,]" = —0.48 V vs
FeCp,/[FeCp,]") at v = 1 V s™. The same half-wave potentials were recorded in butyronitrile used for IR spectroelectrochemistry due to higher
solubility of the complexes. ® Experimentally determined conductance G (nS).  Calculated conductance values Th. G (nS) at Eg - E°7' =-0.14
eV. ¢ experimental break-off distance Z* (nm). ¢ The calculated electrode separation in a relaxed Type 111 junction, Z = dag-au— 0.25 nm, where
0.25 nm is the calculated center-to-center distance of the apex atoms of the two opposing gold pyramids when conductance = Gy in the absence

10



of a molecule. " dau-aq is the calculated center-to-center distance of the apex atoms of the two opposing gold pyramids in the relaxed Type IlI
junctions (vide infra). ¢ Distance between the centres of silicon atoms in the relaxed junction. " Distance between centres of sulfur atoms in the
relaxed junction. ' Bond length between the top gold atoms of the pyramids and the anchor atoms in the relaxed junctions. ! Metal-centred
oxidation. ¥ Metal-centred reduction. ' Ligand-based reduction. ™ Second ligand based reduction.

11
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Figure 2: Conductance histograms. (a) -C=CSiMe; contacted complexes [2-Fe](PFs)2,

[2-Co](BF4), and [2-Ru](PFs).. (b) -SMe contacted complexes [3-Fe](PFg)2, [3-

CO](BF4)2 and [3-RU](PF6)2

The data in Table 1 is consistent with literature studies of OPEs and oligoynes,
whose tunnelling conductances decay with increasing numbers of phenyl rings and
triple bonds respectively, one expects the conductances of [2-M](X), to be lower than

that of [1-M](X), and [3-M](X7), because each end of [2-M](X), contains both a

12



phenylene and a triple bond in series, where each end of [1-M](X), and [3-M](X5)
contain only a single phenylene spacer or a single triple bond respectively. There are
several competing factors here, including the increased molecular length (B for
polyphenylene chains is said to be 0.6 A™)® and the decreased conjugation brought
about by the twisting of the phenylene ring relative to the plane of the tpy -
system.®82 Whilst for each series [2-M]** and [3-M]*" the overall span of values is
not more than a factor of three (Table 1, Figure 2), the apparent order of conductance
is Ru > Fe > Co for the trimethylsilylethynyl contacted complexes [2-M]**, whilst for
the MeS derivatives [3-M]** a trend of Co > Fe > Ru is observed. However, there is
no correlation between the trends in solution-based redox potentials and the observed
conductance behaviour (Table 1), which may be an indication of non-resonant
transport mechanisms. The relative energies of the gold electrode Fermi energies and
the molecular redox states (or energies of the HOMO and LUMO orbitals) are not
readily estimated with significant accuracy as the electrochemical potentials (Table 1)
will depend on experimental factors such as solvation and ion-pairing, and the effects
of the double layer at the (electrochemical) electrode surface. In contrast, the STM
experiments are based on two-terminal (STM tip and substrate) measurements in
which the electrochemical potential is not controlled. In this case the STM tip and
substrate operate with a bias between them (Ui, = 0.6 V) and the precise level relative

to vacuum depends on the open circuit potentials adopted.

Therefore, to further explore the properties of these molecular junctions,
quantum chemical modeling of the complete junctions were undertaken to compare
the electrical properties of the Fe, Ru and Co molecular pairs [2-M](X). and [3-

M](X). (M = Fe, Ru, X =PFg’; M = Co, X = BF,) (Figure 3).
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ne 2

Figure 3: The three distinct electrode geometries were explored, denoted Type I,
Type 1l and Type I1l. By way of example, this figure shows [2-Co](BF4), and [3-
Co](BF;); located between electrodes with the three chosen geometries (see Figures
S31, S32, S33 for all relaxed structures).

Before calculating electron transport properties, each member of the [2-M](X)2
and [3-M](X), series was optimized within the junctions. (Figure 3). To explore the
role of the electrode geometry, three electrode shapes were chosen to represent not
only the idealized planar surface (Type 1), but also surfaces containing a single
adatom (Type I1) and larger surface features modeled as gold pyramids (Type I11). To
obtain realistic values of molecular conductance for the Type Il junctions with a
Me3SiC=C- anchor group, the binding energies of these structures were computed for
a range of different molecular orientations within the junction (defined by the angle ©,

ZCipso-Si-Au, Figure 4).
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Figure 4: A pictorial representation of the angle ® used to describe the various

geometries within Type 111 junctions for complexes [2-M]**.

Within this range of different conformations of Type Il junctions, the
maximum binding energy varied by about 0.1 eV from 105 ° to 125 ° depending on
the metal ion involved (Figure 5). Allowing for room-temperature thermal
fluctuations of ~25 meV, this suggests that the optimal conformation of the angle ®
within the junction may vary from as little as 100 ° for [2-Co] to as much as 130 ° for
[2-Fe] and [2-Ru]. However, since the results do not depend strongly on the angle, we
have chosen to plot results for the case of ® = 110° as a representation of the results
for a range of nearby angles. Results for binding energies (Figure 6) and transport

properties (vide infra) are shown for Type 11 junctions with ® = 110".
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Figure 5: Plots illustrating the binding energies as a function of the angle between
Au-Si-C atoms, O, (Figure 4) for the Type Ill configurations with the Me3;SiC=C
anchored compounds [2-M](X)..

Calculated binding energies for the various complexes [2-M](X), and [3-
M](X). in various junction models I, II, III (® = 110°) are plotted in Figure 6, with
two trends immediately apparent. Firstly, the MeS-based structures ([3-M]**) bind
more strongly than the MesSiC=C-anchored structures ([2-M]**). Secondly, the
binding energies of the Type Ill electrode geometry are higher than the other
junctions. For these Type Ill junctions, the order of the binding energies with
MesSiC=C-anchor groups ([2-M]X,) is Ru > Fe > Co, whereas with MeS-anchor
groups (i.e. compounds [3-M][X].), the order of binding energies is Co > Fe > Ru,

which are broadly consistent with the conductance trends.
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® [2-M](X)[11] = [2-M](X)2[1] ¥ [2-M](X)[I11]
® [3-M](X)[11] * [3-M](X)z[I] * [3-M](X)[1IT]
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-0.44 b
-0.48

Binding energy (eV)

Figure 6: Plots of the binding energy of [2-M](X), and [3-M](X), for three types of
junction configurations, Type I, Type Il and Type IlI.

The most stable trimethylsilylethynyl-based configurations in the single-
molecule junctions formed with complexes [2-M]** are not as might have been
expected based on previous proposals drawn from studies of self-assembled
monolayers of trimethylsilylethynyl functionalized long-chain hydrocarbons on flat
Au(l11) surfaces.”""#78 Rather than a five-coordinate silicon species chemisorbed to
a flat terrace, the Type IlI junctions are most stable, and the silicon centre maintains
an approximately tetrahedral geometry (Table 2). It seems that for the single-molecule
experiments, in the absence of additional dispersion forces present in the self-
assembled mono-layer films, which might give additional energetic preference to

71-74

alternative contact geometries, the most stable trimethylsilylethynyl | gold

contacts are best described in terms of a molecule physisorbed at a defect site.
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Table 2: Summary of bond lengths (A) and angles at Si (°) of the dication [2-M]* in

Type I junctions.

Type 111 junction
[2-Fe]*" | [2-Ru]”" | [2-Co]*"

C=C 1.234 1.234 1.234
Si-C= 1.824 1.825 1.819

ZCmethy|'Si‘Ca|kyne 109-7 109.1 109.3

Regarding the relaxed geometries of the molecular junctions formed by the SMe
contacted molecules [3-M](X),, we note that whilst the thiolate (RS") to gold

interaction has been studied extensively,3*>*

the thioether (R,S) to gold interaction
has been less thoroughly explored. In the Type Ill contacted thioether systems, the
compounds [3-M]** sit close to the apex of each pyramid-shaped model gold
electrode, with a Au-S distance of 2.41 A, and an Au-S-Cipso angle of 103.74 °. These
geometries compare with compounds such as [PhsPAuSMe;][CF3SO3] (Au-S, 2.323(2)
A; AU-S-Crneny 106.7(2), 104.7(2) 9),% and as such the sulfur-gold interaction is well

approximated in terms of a coordination-type interaction (chemisorption) between the

sulfur donor atom of the thio-ether and the gold atoms near the apex of the pyramid.

18



10_2 [l [2-Co][BF4]: lI[2-Fe][PF¢]2 [l [2-Ru][PF¢]2

10 1]
10
108
10-10
10-12
10 II 2N
10°® . ] AN
100 XN 2

4]
’ \
6 10-10 \\\\' I\ %Y o

GIGy

10_12 \ A &
10-14 \_,——s:_/ \1225_4',

10° [I11]
1073

10°°

107

10°

10-11

225 175 -1.25 -0.75 -0.25 0.25
Er-E°FT (eV)

GIGy

Figure 7: Plots of the theoretical conductances as a function of the Fermi energy for

[2-M](X). with three different molecular junctions (Type I, 11, 11).

The calculated conductances as a function of the Fermi energy for complexes
[2-M](X). and [3-M](X). within the three different molecular junctions Type I, 1l and
[11 are shown in Figures 7 and 8. For both molecular contacts, it is clear the
conductances of the structures with the Type Il configurations are the highest, which
correlates with their more favourable binding energies (Figure 6). This is consistent
with the relatively simple conductance histograms observed for trimethylsilylethynyl

and SMe contacted molecules described here and elsewhere, 2162

and might be
attributed to molecules bound at surface defects contributing predominantly to the

conductance histograms.
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Figure 8: Plots of the theoretical conductance as a function of the Fermi energy for

all [3-M](X)2 structures with three different molecular junctions (Type I, 11, 111).

For each of the most energetically favorable Type Ill structures of [2-M](X)2
and [3-M](X),, the room temperature electrical conductance G was calculated as
described in the computational methods section, and plotted against the Fermi level
(Ee-E£°TT) (Figure 7, Figure 8). Since DFT does not usually predict the correct value

of the Fermi energy (E°"'

), we treat Er as a free parameter which we determine by
comparing the calculated conductance with experiment. For Er - EE°7 = - 0.14 eV,
the conductances follow the small experimental trends with remarkably high degree
of correlation (Table 1, Figure 9). Thus, despite the changes in metal and surface

contacting group, the observed conductances of these metal complexes, which span a

relatively small range of values (from (1.4 £ 0.6) — (4.1 £ 1.0) nS, Table 1), follow the

20



trends in the edge of the LUMO resonances (Figures 7, 8). In contrast, there is a more
pronounced variation in the position of the HOMO resonances, but such variations are
not consistent with the conductance data. LUMO-based conduction mechanisms have
also recently been noted for a somewnhat related Cu(phenanthroline) complex.*
Interestingly, a family of SMe contacted oligo(thiophene-S,S-dioxides) have been
shown to shift from LUMO to HOMO mediated conductance mechanisms as a

function of increasing molecular length.®
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£
o L 4
3.8 .3[3-re||m|z [2-Ru] [PFq]2
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1.8 2 2.2 24 2.6 2.8 3
Z/nm

Figure 9: A comparison between experimental and theoretical conductances G,

plotted against the relaxed electrode separations Z as shown in Table 1.

CONCLUSIONS

The single-molecule conductance of bis(terpyridyl) complexes [1-M](X),, [2-
M](X), and [3-M](X;) display trends that are more closely associated with the
binding energy and ligand structure than the nature of the metal ion. The limited role
of the metal ion can be traced in part to the LUMO-based conduction mechanisms
that arise from the use of trimethylsilylethynyl and, in the geometries adopted here,
thiomethyl binding groups. The optimised structures of the molecular junctions and
considerations of the calculated conductance profiles indicate that the most

conductive trimethylsilylethynyl contact to the gold electrodes is best described in
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terms of physisorption at defect sites, explaining the simple conductance profiles
observed for compounds contacted through this group. The thiomethyl moiety
contacts the gold electrodes in a more chemisorbed fashion, again at defect sites on
the gold electrodes in the most conductive junctions. The conductances of [2-M](X)
are found to be lower than those of [1-M](X), and [3-M](X5), which is consistent with

single phenylene and triple-bond spacers acting as tunneling barriers.

Experimental

General details. NMR spectra were recorded in deuterated solvent solutions on
Bruker DRX-400 and Varian Inova 300, 400, 500 spectrometers and referenced
against residual protio solvent resonances (*H, *3C). ES-MS data were recorded on a
TQD mass spectrometer (Waters Ltd, UK) in acetonitrile. Microanalyses were

performed by Elemental Analysis Service, London Metropolitan University, UK.

Analytical grades of solvents were used except for dichloromethane (CH,Cl,), which
was further purified by distillation over calcium hydride. The compounds 4'-
(trimethylsilylethynyl)-2,2":6',2"-terpyridine (LY, 4'-[4-
(trimethylsilylethynyl)phenyl]-2,2":6',2"-terpyridine (L?),” 4'-[4-(methylthio)phenyl]-
2,216 2"-terpyridine (L%, [Ru(L%](PFs).  ([3-Ru](PFe)2)™® and
[Ag(CH3CN)4JPF® were synthesised according to literature methods. All other

chemicals were purchased and used as received.
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Syntheses.

[Fe(LY)2](PFe)2 ([1-Fe](PFs).). The salt FeCl,-4H,0 (60 mg, 0.30 mmol) was
added to a solution of L* (200 mg, 0.60 mmol) in methanol (20 mL), immediately
turning the solution purple. The reaction mixture was stirred for 30 min, then solvent
was removed leaving a purple residue, which was then dissolved in acetonitrile (20
mL). To this solution, [Ag(CH3CN)4]PFs (249 mg, 0.60 mmol) was added forming a
white precipitate, which was removed via filtration through Celite. The solvent was
removed from the filtrate leaving a purple residue, which was dissolved in CH,Cl, (20
mL) and precipitated by adding a minimal amount of hexane. The supernatant was
removed by decantation, and the remaining purple oil was washed with hexane twice
before being dried under high vacuum to give a purple solid. Yield: 150 mg (49 %).
ESMS: m/z 357 [M]**. *H NMR(CDsCN): & 8.94 (s, 4H), 8.48 (d (J = 8 Hz), 4H),
7.90 (t (3 = 8 Hz), 4H), 7.13-7.07 (m, 8H), 0.46 (s, 18H) ppm. “*C{*H} NMR
(CDsCN): 8. 161.1, 158.1, 154.1, 139.9, 133.0, 128.5, 126.4, 125.0, 105.6, 102.0, -
0.42 ppm. Anal. Calc. for C4oHsgF12FeNgP2Siy: C, 47.82; H, 3.81; N, 8.36 %. Found:

C,47.75; H, 3.73; N, 8.27 %.

[Ru(LY2](PFe)2 ([1-Ru](PFe)2). The complex salt RuCls-3H,0 (78 mg, 0.30
mmol), L* (200 mg, 0.60 mmol) and 5 drops of ethyl morpholine in methanol (20 mL)
were heated at reflux for 6 hours, after which time the solution was allowed to cool to
room temperature and filtered. The solvent was removed from the filtrate leaving a
red residue. The residue was re-dissolved in acetonitrile, and [Ag(CH3CN)4]PFs (313
mg, 0.75 mmol) was added, forming a white precipitate, which was removed by
filtration through Celite. The solvent was removed from the filtrate forming a red

solid, which was dissolved in CH,CI,, filtered and the filtrate subjected to silica
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column chromatography eluted with CH,Cl,:acetonitrile (1:1). The red band was
collected, and removal of the solvent gave the product as a red solid. Yield: 50 mg
(15%). ESMS: m/z 380 [M]**. *H NMR((CD3),CO): § 9.10 (s, 4H), 8.92 (d (J = 8 Hz),
4H), 8.09 (t (J = 8 Hz), 4H), 7.80 (d (J = 8 Hz), 4H), 7.35 (t (J = 8 Hz), 4H), 0.40 (s,
18 H) ppm. BC{*H} NMR ((CDs),CO): & 158.7, 156.4, 153.7, 139.4, 131.2, 129.0,
126.8, 125.9, 104.1, 102.5, -0.21 ppm. Anal. Calc. for C4oH3sF12RUNgP,SI,: C, 45.76;

H, 3.65; N, 8.00 %. Found: C, 45.65; H, 3.77; N, 7.94.

[Fe(L?):](PFe)2 ([2-Fe](PFs)2). The complex was prepared using the same
procedure as described for [1-Fe](PFe), except L? was used in place of L*. Yield: 142
mg (63%). ESMS: m/z 433 [M]?*. *H NMR(CDsCN): & 9.19 (s, 4H), 8.63 (d (J = 8
Hz), 4H), 8.34 (d (J = 8 Hz), 4H), 7.93 (t (J = 8 Hz), 4H), 7.88 (d (J = 8 Hz), 4H),
7.20 (d (3 = 7 Hz), 4H), 7.10 (t (J = 7 Hz), 4H), 0.35 (s, 18H) ppm. *C{*H} NMR
(CDsCN): 6. 161.3, 158.9, 154.0, 150.2, 139.7, 137.7, 133.8, 129.0, 128.3, 126.1,
124.8, 122.4, 105.0, 98.0, -0.16 ppm. Anal. Calc. for Cs;HsNgF12P2FeSi,: C, 53.99; H,

4.01; N, 7.26 %. Found: C, 53.71; H, 4.09; N, 7.17%.

[Co(L?);](BF4), ([2-Co](BF.),). The complex salt Co(BF4),-6H,0 (85 mg,
0.25 mmol) was added to a solution of L? (200 mg, 0.49 mmol) in CH,Cl, (10 mL)
and methanol (5 mL), immediately forming a red solution. The solution was allowed
to stir for 30 min, before the solvent was removed leaving a red solid that was
dissolved in CH,ClI, and the resulting solution filtered through Celite. The solvent was
removed from the filtrate giving the product as a red solid. Yield: 212 mg (83%).
ESMS: m/z 435 [M]*. Anal. Calc. for Cs,HasB,FsCoNgSiz-%2CH,Cly: C, 58.06; H,

4.36; N, 7.74 %. Found: C, 58.13; H, 4.19; N, 7.47 %.
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[Ru(L?),](PFs)2 ([2-Ru](PFs),).This complex was prepared using the same
procedure as described for [1-Ru](PFs), except L? was used in place of L', Yield: 174
mg (29%). ESMS: m/z 456 [M]*". *H NMR(CDsCN): & 9.02 (s, 4H), 8.67(d (J = 8
Hz), 4H), 8.23 (d (J = 8 Hz), 4H), 7.97 (t (J = 8 Hz), 4H), 7.45 (d (J = 8 Hz), 4H),
7.20 (d (J = 7 Hz), 4H), 7.10 (t (J = 7 Hz), 4H), 0.33 (s, 18H). *C{*H} NMR
(CDsCN): 6. 159.0, 156.4, 153.4, 148.0, 143.2, 139.0, 137.8, 133.7, 128.9, 128.4,
125.5, 122.4, 105.0, 97.7, -0.17 ppm. Anal. Calc. for Cs;H4sNgF12P2RUSI,: C, 51.95;

H, 3.86; N, 6.99 %. Found: C, 51.84; H, 4.02; N, 6.80 %.

[Fe(L®),](PFe), ([3-Fe](PFs),). The complex salt FeCl,-4H,0 (55 mg, 0.28
mmol) was added to a solution of L* (200 mg, 0.56 mmol) in CH,Cl, (10 mL) and
methanol (10 mL), immediately forming a purple solution. The reaction mixture was
stirred for 30 min, after which time the solvent was removed in vacuo before being
redissolved in neat methanol. Addition of NH4PFg (137 mg, 0.84 mmol) resulted in
the formation of a precipitate. The precipitate was collected by filtration and washed
thoroughly by methanol, followed by CH,Cl, and finally diethyl ether. The combined
filtrates were taken to dryness, giving the product as a purple powder. Yield: 215 mg
(73 %). ESMS: m/z 383 [M]**. *H NMR(CD3CN): § 9.19 (s, 4H), 8.64 (d (J = 8 Hz),
4H), 8.29 (d (J = 8 Hz), 4H), 7.93 (t (J = 8 Hz), 4H), 7.70 (d (J = 8 Hz), 4H), 7.22 (d
(J = 6 Hz), 4H), 7.11 (t (J = 6 Hz), 4H), 2.69 (s, 6H). “C{*H} NMR (CD3CN): 5.
160.2, 158.0, 153.0, 149.7, 143.0, 138.6, 132.6, 128.1, 127.2, 126.4, 123.7, 121.0,
14.2 ppm. Anal. Calc. for C44H3sNgF12P2FeS,: C, 50.01; H, 3.24; N, 7.95 %. Found: C,

49.83; H, 3.16; N, 7.85 %.
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[Co(L®);](BF4), ([3-Co](BF4),). The complex was prepared using the same
procedure as described above for [2-Co](BF.), except L* was used in place of L2
Yield: 213 mg (81 %). ESMS: m/z 385 [M]**. Anal. Calc. for C44H3sNgFsB,C0S,: C,

56.02; H, 3.63; N, 8.91 %. Found: C, 55.97; H, 3.55; N, 9.07 %.

Single molecule conductance measurements. Gold on glass substrates (Arrandee,
Schroer, Germany) were cleaned with acetone and flame-annealed with a butane torch
until a slight orange hue was obtained. The slide was kept in this state for 20 seconds
during which time the torch was kept in motion around the sample to avoid
overheating. This procedure was performed three times to generate flat Au (111)
terraces.” The freshly annealed substrates were immersed in a 10* M acetonitrile
(99.9% ChromasolV Plus for HPLC) solution of the complex under investigation for
1 minute, after which time the gold sample was removed and washed with ethanol and
then dried in an argon flow. The short immersion time and low concentration of
solution were chosen to promote low molecular coverage of the gold surface, which
increases the formation of single molecule events over aggregate phenomena.

Conductance values of those compounds and the break off-distance were obtained
with a STM (Agilent 5500 SPM microscope), using the I(s) technique in which an
electrochemically etched gold tip is approached close to the substrate surface and then
retracted with the tunnelling current (1) recorded against distance (s).28 The Agilent
5500 SPM fitted was fitted with a low-current preamplifier and set point conditions of
| = 10 nA and bias voltage, Uiip = 0.6 V were employed. The I(s) method involves
repeatedly moving the STM tip towards the gold surface to given set-point values and
then rapidly away from the surface. During these cycles molecular junctions are

occasionally formed which can be recognized by deviations from the usual
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exponential decay of current in the form of current plateaus. In this case as the
junction is stretched beyond its maximum length, the molecule bridge breaks, leading
to a sharp decrease in current and currents steps. Hence these junction formation and
cleavage processes are recognized by plateaus and steps in the current-distance
currents. Since the I(S) technique is a “non-contact” method (no metallic contact
between the gold STM tip and gold surface) the molecular junction formation
probability, as recognized by the plateau-step traces, is significantly smaller than
break junction techniques. The I(s) tip retraction cycles are repeated many times
(normally 4000-5000 traces) in order to record sufficient traces where molecular
junctions form, called molecular junction formation scans, as opposed to most traces
for which no junction forms. Molecular junction formation scans are recognized by
recording only traces which exhibit a plateau longer than 1 A. This accounted for
~15% of the current decay curves for the molecules with SMe anchor group but as
low as 1% for the TMSE end groups (Figure S36). The very low hit rate for the
TMSE terminal groups may be related to either their relatively weak contact binding
or possibly their propensity to bind as only specific surface defects sites (e.g. gold
steps) with sufficient conductance. The resulting I(s) curves are binned in current
steps (16 pS) and plotted to give a conductance histogram comprised of at least 500
I(s) scans showing plateaus. The error associated with each current value reported has
been statistically obtained from the standard deviation of the points comprising the

conductance peak.

Spectroelectrochemistry. UV-Vis-NIR spectroelectrochemistry was conducted using a

Scinco S-3100 diode array spectrophotometer (50000-10000 cm™) or a Perkin-Elmer

Lambda 900 double-beam spectrophotometer (50000-5000 cm™). An optically
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13 was connected to a PalmSens

transparent thin-layer electrochemical (OTTLE) cel
EmStat3 potentiostat. Infrared spectra were recorded with a Bruker Vertex 70v
spectrometer. All spectroelectrochemical experiments were conducted in pre-dried
solvents (acetonitrile, butyronitrile) containing 3x10" M NBusPFs and 10° M

complex (UV-Vis-NIR monitoring) or 10 M complex (IR monitoring).

Deposition of [2-Fe](PFg). on Au Microdisc Electrode Surface. In order to deposit [2-
Fe](PFg), on a gold disc microelectrode (d = 0.4 mm), the electrode surface was
polished by hand on polishing pads, using MasterPrep polishing solution (0.5 pM
alumina). It was then sonicated for 15 min to remove any adsorbed alumina particles
prior to electrochemical cleaning. Diluted sulfuric acid (0.5 M) was placed into a
standard electrochemical cell fitted with a silver wire pseudoreference electrode,
platinum wire counter electrode and the polished gold microdisc working electrode.
Twenty CV cycles were then run to clean the gold surface. After cleaning, the
standard three electrode cell was refilled with the acetonitrile/10 M NBu4PFg
electrolyte and a ‘blank’ CV scan was run to prove that the gold surface was clean
prior to deposition. The polished gold electrode was submerged into a solution of 10
M [2-Fe](PFg)2 in acetonitrile and left overnight; after the deposition it was rinsed

with acetone and dried.

Resonance Raman Spectroscopy. The cleaned and polished Au microdisc electrode
modified by deposition of [2-Fe](PFs), on the surface was used for the resonance
Raman spectroscopy. The electrode was rinsed with acetone and dried before use to

remove any molecules of [2-Fe](PFs), that were not adsorbed onto the gold surface.
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Resonance Raman spectra were recorded on a Renishaw inVia Raman microscope,

using a 633-nm laser beam focused into the middle of the gold microdisc.

Computational details

Geometrical optimizations were carried out using the DFT code SIESTA, with a
generalized gradient approximation (PBE functional),®® double-zeta polarized basis
set, 0.01 eV/A force tolerance, a real-space grid with a plane wave cut-off energy of
250 Ry, zero bias voltage and 1 k points. To compute the electrical conductance of the
molecules, they were each placed between pyramidal gold electrodes. The complex
cations and their associated counter ions were then placed in the vicinity of the metal |
molecule | metal junctions. The complexes and the first few layers of gold were again
allowed to relax, to yield the structures shown in Figures 3, S31, S32 and S33. For
each structure, the transmission coefficient T(E) describing the propagation of
electrons of energy E from the left to the right electrode was calculated by first
obtaining the corresponding Hamiltonian and overlap matrices using SIESTA®* and

then using the GOLLUM code® to compute T(E) via the relation

T(E) = Trace{T', (E)G*(E)T', (E)G™ (E)}

In this expression, I} g (E) = i(ZL,R(E) - ZL,RT(E)) describes the level broadening
due to the coupling between left (L) and right (R) electrodes and the central scattering
region, >, r(E) are the retarded self-energies associated with this coupling and
GR=(ES—H-Y,—Yg) ! is the retarded Green’s function, where H is the
Hamiltonian and S is the overlap matrix (both of them obtained from SIESTA). Finally

the room temperature electrical conductance was computed from the formula
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G =G, ffooo dE T(E)(— dZ;E)) where f(E) = [efEFF) + 1]71 is the Fermi

function, p=1/kgT, Eg is the Fermi energy and G, = (?) is the quantum of

daf (E)
dE

conductance. Since the quantity (— ) is a probability distribution peaked at

E=Er, with a width of order kgT, the above expression shows that G/Gy is obtained by
averaging T(E) over an energy range of order kgT in the vicinity of E=Eg. It is well-

known that the Fermi energy E£°F'

predicted by DFT is not usually reliable and
therefore Figures 7 and 8 show plots of G/Gy as a function of Er - Ef°7. To
determine Er, we compared the predicted values of all molecules with the
experimental values and chose a single common value of Er which gave the closest

overall agreement. This yielded a value of Eg - EE”F" = —0.14 eV, which is used in all

theoretical results.
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TOC Synopsis

The bis-2,2":6',2"-terpyridine complexes featuring Ru(ll), Fe(Il) and Co(ll) metal ions
and trimethylsilylethynyl (Me3SiC=C-) or thiomethyl (SMe) surface contact groups
behave as tunneling barriers in single molecule junctions, with conductance properties
determined more by the strength of the electrode-molecule contact and the structure
of the ‘linker’ than the nature of the metal or redox properties of the complex.
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