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Metal complexes are receiving increased attention as molecular wires in fundamental studies of the trans-
port properties of metal|molecule|metal junctions. In this context we report the single-molecule conduc-
tance of a systematic series of d® square-planar platinum(i) trans-bis(alkynyl) complexes with terminal tri-
methylsilylethynyl (C=CSiMe3) contacting groups, e.g. trans-Pt{C=CCgH,C=CSiMez},(PR3), (R = Ph or
Et), using a combination of scanning tunneling microscopy (STM) experiments in solution and theoretical
calculations using density functional theory and non-equilibrium Green's function formalism. The
measured conductance values of the complexes (ca. 3-5 X 107° Gg) are commensurate with similarly
structured all-organic oligo(phenylene ethynylene) and oligo(yne) compounds. Based on conductance
and break-off distance data, we demonstrate that a PPhs supporting ligand in the platinum complexes
can provide an alternative contact point for the STM tip in the molecular junctions, orthogonal to the
terminal C=CSiMes group. The attachment of hexyloxy side chains to the diethynylbenzene ligands, e.g.
trans-Pt{C=CCgH>(Ohex),C=CSiMez},(PPhs), (Ohex = OCgHi3), hinders contact of the STM tip to the
PPhz groups and effectively insulates the molecule, allowing the conductance through the full length of
the backbone to be reliably measured. The use of trialkylphosphine (PEts), rather than triarylphosphine
(PPhs3), ancillary ligands at platinum also eliminates these orthogonal contacts. These results have signifi-
cant implications for the future design of organometallic complexes for studies in molecular junctions.

Introduction

The development of methods that allow the formation and
experimental determination of the electrical response of
single-molecule metal|molecule|metal junctions has driven
rapid advances in molecular electronics."™® Studies of simple
systems such as a,w-alkane dithiols contacted between two
gold electrodes have shed light on issues such as non-resonant
charge transport and the importance of molecular confor-
mation within the junction,”® and inspired innovations in

‘Department of Chemistry, Durham University, South Rd, Durham, DH1 3LE, UK
IDepartment of Chemistry, Imperial College London, London SW7 2AZ, UK

SCentre for Microscopy Characterization and Analysis, University of Western
Australia, 35 Stirling Highway, Perth 6009, Australia

tElectronic supplementary information (ESI) available: Synthetic procedures
and characterisation data. Details of computational analysis, descriptions of
alternate junction geometries, plots showing calculated conductance as a func-
tion of Fermi energy for these different models and tabulated results. Plots of
NMR spectra. Data from the single molecule studies is available from the
University of Liverpool data catalogue (DOI: 10.17638/datacat.liverpool.ac.uk/
212). See DOI: 10.1039/c7nr01829k

{These authors contributed equally.

9902 | Nanoscale, 2017, 9, 9902-9912

designs of wire-like molecules. Moving beyond the identifi-
cation of the influence of the medium on electrical properties
of the junction'®™* and introduction of redox-active molecules
to molecular junctions has led to systems capable of modulat-
ing charge transport in response to an external electro-
chemical or chemical gate."°

Whilst the majority of studies have been directed towards
organic molecules within molecular junctions, metal com-
plexes are now also attracting attention.>'>* Metal complexes
offer the potential to tune energies of key molecular orbitals

This journal is © The Royal Society of Chemistry 2017
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through choice of metal and supporting ligands, whilst the
possibilities to control the metal complex redox state at
modest potentials leads to exciting applications in electro-
statically and electrochemically gated junctions.>>?° Of the
various metal complexes that have been studied in molecular
junctions, including multi-metallic strings,”” clusters,'*?%2°
porphyrins,*>*! and ferrocene derivatives,*>** compounds and
complexes of the group 8 metals within bipyridyl-,**® bis(ter-
pyridyl)-*”  or trans-bis(alkynyl)-based®****°*®  structures
feature prominently. In contrast, analogous wire-like trans-bis
(alkynyl) platinum complexes have been little explored in
molecular junctions.””° This is likely due to the perceptions
of low conductivity arising from the smaller contribution of Pt
(5d) orbitals to the frontier orbitals of square planar trans-Pt
(C=CR),L, (L = phosphine) complexes compared with the
more extensive delocalisation in the HOMOs of octahedral
complexes trans-M(C=CR),L, (M = Fe, Ru, Os) along the z-d-
n-conjugated molecular backbone.*>”°** However, as dis-
cussed by McGrady in the context of pseudo-1D metal string
complexes, efficient through-molecule conductance can be
achieved through frontier orbitals which are distributed near,
and energetically aligned with, the electrodes and need not be
evenly distributed along the entire molecular backbone.’*>
Recently, the molecular conductances of Pt(i1) complexes trans-
Pt{C=CC¢H,(Ohex),C=CCsH,SMe},(PPh;), (1.8 x 107> G,)
and trans-Pt{C=CC¢H,(Ohex),C=CC5;H,N},(PPh;), (9.8 x 10~°
G,) have been measured, and found to be similar to those of
analogous ruthenium complexes trans-Ru{C=CC4sH,(Ohex),
C=CC¢H,SMe},(dppe), (1.8 x 107° G, and trans-
Ru{C=CC¢H,(Ohex),C=CCsH,N},(dppe), (4.5 x 10°° G,),>°
(Ohex = OC¢H,3) making trans-bis(alkynyl) Pt(ir) complexes an
attractive target for further study.

Through numerous studies of molecular junctions, the
nature of the molecule-electrode contact has proven impor-
tant,”” and recognition of the role that anchor groups play in
the electrical performance of the junction has led to the devel-
opment of a wide range of contacting groups and electrode
materials.>®®* However, even well-known contacting groups
such as thiolates bind to a range of surface sites, including
terraces or near to adatoms as well as idealised pristine atom-
ically flat terraces, giving rise to a range of molecular conduc-
tance signatures from a given molecular backbone.**
Consequently, interest has increasingly focussed on molecular
junctions in which the molecule is contacted to the electrode
by strong electrode-carbon covalent bonds.®>®® Other strat-
egies to minimise the range of conductance signatures
observed include the use of bulky anchor groups such as tri-
methylsilylethynyl, which give rise only to junctions of appreci-
able conductance in a restricted range of configurations, sim-
plifying conductance profiles and allowing more precise
assessment of low conductance contacts.'**”

However, even when well-defined contacts are placed within
a molecule, the contact of the electrodes to different parts of
the compound, particularly in the case of long, conjugated
molecules, can result in complex electrical behavior. Examples
include the potentiometric-like response of thiol-terminated
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oligoenes, where electrical contact can be made at either
the thiol or oligoene m-system,®® and related observations in
oligoyne-based® and other molecular wires’””" in which the
n-system of the molecular backbone interacts with the electro-
des at shorter electrode separations leading to enhanced con-
ductance (short circuits).

Observations of electrical contact directly to the molecular
backbone, and conceptual analogies to conventional wires,
inspire the design of ‘insulated’ wire-like compounds.””? For
example, the Gladysz group has reported a series of bimetallic,
polyyndiyl-bridged platinum complexes in which the wire-like
polyyndiyl core is wrapped in helical alkyl chains (Fig. 1a).”*”°

RP PRy
ROOK
PR,

T @

PPhy

— pt
——Pt:

‘ = SiMe,
PPhg >—/

=
AR AR
VW W W

Fig. 1 Representative sketches of different insulating strategies for
metal-complex based molecular wires: (a) helical alkyl chains arranged
around a conjugated chain (bold line); (b) fluorous alkyl chains self-
assembled around a conjugated chain; (c) encapsulation of a conjugated
chain in a rotaxane-like structure; (d) protection of the ancillary ligands
on the metal complex by alkyloxy side-chains; (e) single molecule con-
ductance can be determined by placing the molecule within a junction
represented here by an STM tip and a conducting substrate. After initial
contact with the molecule, the current flowing from the tip to the sub-
strate through the molecule is determined whilst the STM tip is with-
drawn. As the tip is withdrawn the molecule may rearrange within the
junction until eventually the tip|molecule|substrate contact is broken.
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A related concept involving the introduction of highly fluorous
trialkylphosphines as ancillary ligands to bimetallic platinum
polyynydiyl complexes to shield the wire-like carbon-chain
through aggregation of the fluorine- rich aliphatic segments
has also been proposed (Fig. 1b).®° Rotaxane-like encapsula-
tion has also proven to be a popular concept in the design of
insulated wire-like structures, with prominent recent examples
from the Anderson and Tykwinski,*"® Gladysz®®! and
Terao®>®° groups being reported recently (Fig. 1c). In each of
these cases, the conceptual design principle involves shielding
the n-conjugated backbone of the molecule from adventitious
contact within a junction.”®

The motivation for the present study was twofold: (i) to
explore the electrical properties and behavior of new trans-bis
(alkynyl) platinum complexes within molecular junctions, and
(ii) to address issues concerning the design of insulated mole-
cular wires. We demonstrate that when contacted through the
trimethylsilylethynyl group installed at the remote ends of the
molecular backbone, the trans- bis(alkynyl) platinum com-
plexes examined here display single molecule conductances of
similar magnitude to organic oligo(phenylene ethynylene)-
and oligo(yne)-based molecular wires. In addition, hexyloxy
side chains, initially introduced to promote solubility (Fig. 1d),
are shown to play an important role in preventing adventitious
contacts (‘short circuits’) by hindering formation of molecular
junctions contacted through ancillary triphenylphosphine
(PPhjy) ligands.

Results and discussion

The compounds 1a,b-4a,b (Chart 1) were chosen to allow
further exploration of the behavior of trans-bis(alkynyl) Pt(u)
complexes and the influence of supporting ligands in single-
molecule  junctions. The trimethylsilylethynyl group
(C=CSiMej;) has been shown to be a useful anchor in the con-
struction of self-assembled monolayers (SAMs) of unsaturated
hydrocarbons on gold, with the electron-withdrawing ethynyl
moiety playing an essential role in stabilizing the gold-mole-
cule interaction.”’®* As a contacting group in molecular junc-
tions, the C=CSiMe; moiety is known to favor only a single,
albeit low conductance, contact.*°>™°” This is due to the fact
that the C=CSiMe; group makes effective electrical contact to
defect sites on the gold electrode surfaces in a restricted range
of geometries, limited in part due to the steric bulk of the
ancillary methyl groups.®” Thus, in even n-rich oligophenylene
ethynylene based molecules, the large footprint and limited
range of conducting configurations that are available to
C=CSiMe; contacts gives rise to conductance histograms fea-
turing only a single conductance peak without complications
from alternative conductive molecular orientations or contacts
within the junction'*'*®7°® As will be seen in the discussion
that follows, the relatively weak nature of the C=CSiMe;-gold
interaction (estimated at ca. 0.4-0.7 eV)'»®” permits competi-
tive, if adventitious, interactions between the STM tip and
other regions of the molecule.
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Chart 1 The compounds 1a,b—4a,b used in this work, and reference
compound 5.

The complexes were synthesized from Cul-catalyzed ligand
exchange reactions of cis-PtCl,(PPh;), °® or a mixture of cis-
and trans-PtCl,(PEt;), °° with the appropriate alkyne in diethyl-,
triethyl- or diisopropyl-amine solvent.'®® The compounds were
characterized by the usual suite of "H, *C and *'P NMR spec-
troscopies, IR spectroscopy, mass spectrometry, and elemental
analysis. Complexes 2a and 2b were also characterized by
single crystal X-ray diffraction studies, the results of which are
summarized in the ESL{ Conductance data were acquired
using the STM I(s) technique (Fig. 1e and Fig. $1-S87),"%" with
measurements made in mesitylene solution."* These experi-
mental measurements were also supported by calculations of
model junctions carried out using a combination of DFT and
non-equilibrium Green’s function formalism (Fig. 2).

Initial STM I(s) studies of the compounds 1a ((3.1 + 0.9) x
107> G, or 2.4 + 0.7 nS) and 1b ((3.2 + 0.8) x 107 G, or 2.5 *
0.6 nS) bearing solubilizing hexyloxy groups revealed essen-
tially identical single-molecule conductance values, and hence
little influence of the supporting phosphine ligands (1a, PPhs;
1b, PEt;) on the conductance properties (Table 1, Fig. 3).*
These values compare with that of the analogous organic com-
pound Me;SiC=CCsH,C=CCsH,C=CCsH,C=CSiMe; (5,
(2.75 + 0.55) X 107> G, or 2.13 * 0.43 nS, Chart 1) of compar-
able molecular length (1a 2.12 nm; 1b 2.05 nm; 5 2.45 nm),
also measured by the I(s) method.”® Break-off distances
obtained from the I(s) data from 1a and 1b are in reasonable
agreement with these estimates of molecular length (Table 1).

The model junction constructed from 1a contacted via the
trimethylsilylethynyl moieties (Fig. 2) gave excellent agreement
with the experimental results at Ex — ERFT = —0.4 eV (Fig. 2).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The relaxed geometries from DFT model molecular junctions
and plots showing selected comparisons of calculated conductance as a
function of the Fermi energy for all molecular junctions. Black dashed
lines show the chosen Fermi energy (Ef = —0.4 eV).

The tail of the molecular LUMO states aligns with this Fermi
level (Fig. 2), indicating a charge transport mechanism invol-
ving tunnelling though the LUMO. A Milliken Population
Analysis of the frontier orbitals of 1a and 1b indicates that the
energetically low-lying Pt orbitals make only a small contri-
bution to the HOMO (1a, ¢ —4.53 eV, 7% Pt; 1b, ¢ —4.62 eV, 8%
Pt) and LUMO (1a, ¢ —0.94 eV, 8% Pt; 1b, ¢ —0.95 eV, 8% Pt);
instead these orbitals are largely diethynylbenzene in character
(Fig. 4). Whilst the LUMO of 1b is rather well separated from

This journal is © The Royal Society of Chemistry 2017
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another combination of the ligand n* orbitals which forms
LUMO+1 (¢ —0.72 eV), for 1a the LUMO+1 lies only some 0.02
eV higher in energy (at this level of theory) and is delocalised
over the Ph;P-Pt-PPh; fragment (Pt 14%, PPh;, 80%) (Fig. 4),
and contributions from the PPh; ligands also dominate the
next 14 unoccupied orbitals.

Schull and colleagues have previously reported studies of
self-assembled films of the platinum complexes trans-Pt
(C=CCg¢H,4SAc),L, (L = PCys, PBus, PPh;, P(OEt);, P(OPh);)
within crossed-wire molecular junctions.*” Despite the modest
(0.08 eV) variation in the HOMO-LUMO gap as a function of
the supporting ligand, L, the I-V characteristics of these film-
based junctions were also identical within experimental error.
On the basis of these conductance results from both crossed-
wire thin-films of Schull and those from I(s) single-molecule
based junctions of 1a and 1b described here, it could initially
be concluded that the supporting ligands L play no significant
role in the electrical characteristics of the junctions formed
from trans-Pt(C=CR),L, complexes.

However, a more complex picture emerged when the study
was extended to the complexes 2a,b (Chart 1) of similar struc-
ture and comparable molecular length (Table 1). Solubilizing
alkyloxy groups, such as those present in 1a and 1b, play little
role in tuning the conductance behavior of all-organic oligo
(phenylene ethynylene)-based molecular wires,' yet the con-
ductance histogram of triphenylphosphine-supported 2a
revealed a much less pronounced peak, at significantly higher
conductance ((7.9 = 1.1) x 107> G, or 6.1 + 0.85 nS) and a
shorter break-off distance (1.70 + 0.1 nm), than found for 1a
and 1b (Table 1 and Fig. 5). However, the experimentally deter-
mined conductance of the triethylphosphine complex 2b
forms a more well-defined peak in the histogram ((3.2 + 1.3) x
107" G, or 2.5 + 1.0 nS) which is entirely in line with the values
expected from 1a and 1b, and with better agreement between
the experimental break-off distance (2.1 + 0.15 nm) and the
estimated Si---Si distance (2.40 nm) (Table 1 and Fig. 5).
Computationally derived model junctions constructed for 2a
(3.1 x 107° G, or 2.4 nS) (Table S1 and Fig. S91 (Model C)) and
2b (3.5 x 107> G, or 2.7 nS) (Table 1 and Fig. 2) with contact
through the trimethylsilylethynyl moieties gave computed con-
ductance values close to those expected, causing further con-
sideration of the experimental result for 2a.

As noted above, the trimethylsilylethynyl molecule-gold
contact has been studied in a number of contexts,”'™°® and is
well described in terms of physisorption of the methyl groups,
augmented by a degree of charge transfer when residing near
to surface defects.'®®” It is only these latter situations that give
rise to C=CSiMe;-contacted junctions of sufficient conduc-
tance to be measured. However, the potential for molecules to
bind in a number of distinct configurations within a molecular
junction, each offering a distinct contact and hence conduc-
tance value, has been recognized. As phenyl rings are known
to bind at defect sites to give rise to molecular junctions,*""%?
and the PPh; ligands make a significant contribution to the
low-lying unoccupied orbitals of 1a, a second model junction
was explored in which a molecule of 2a is contacted by the

Nanoscale, 2017, 9, 9902-9912 | 9905


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7nr01829k

Open Access Article. Published on 26 June 2017. Downloaded on 5/22/2024 4:39:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
Table 1 Summary of the conductance values and geometries from experimental and computational molecular junctions
Si---Si Anchor

Exp. G/G,“* Th. G/G,®*  z*¢(nm) z% (nm) distance® (nm)  group
1a  trans-Pt{C=CC¢H,(Ohex),C=CSiMes},(PPh;), 3.1+0.9x107° 3.1x107°> 1.84+0.1  2.11 2.39 C=CSiMe;
1b  trans-Pt{C=CCgH,(Ohex),C=CSiMe;},(PEt;), 3.2+0.8x107° 3.2x107°  2.05+0.2 221 2.39 C=CSiMe,
2a  trans-Pt{C=CC¢H,C=CSiMes},(PPh;), 7.9+11x107° 80x10"° 1.70+0.1  1.73 2.40° PPh;
2b  trans-Pt{C=CCsH,C=CSiMe;},(PEt;), 3.2+1.3%x107° 3.5x107° 2.1+015 2.31 2.40° C=CSiMe;
3a  trans-Pt{C=CC=CSiMe;},(PPh;), 52+1.6x107° 57x107° 1.38+0.1 1.37 1.53 PPh,
3b  trans-Pt{C=CC=CSiMes},(PEt;), 49+1.0x107° 45x107° 1.70+0.17 1.72 1.53 C=CSiMe,
4a  trans-Pt{C=CCeH,Bu'},(PPh;), 41+0.6x107° 1.98x10™° 1.46+0.21 1.05/1.40 nm PPh,
4b  trans-Pt{C=CCeH,Bu'},(PEt;), No peak 246 x107%  — 2.23 —
“The experimental conductance determined from I(s) measurements. ” The calculated conductance values G/G, at Ep — EDFT = —0.4 eV from

model junctions. ° Experimental break-off distance from I(s) measurments. ¢ The calculated electrode separation in a relaxed junction, Z = dsy_au
— 0.25 nm, where 0.25 nm is the calculated center-to-center distance of the apex atoms of the two opposing gold electrodes when conductance =
G, in the absence of a molecule. °Si---Si distance from DFT optimised gas-phase geometries.” See Fig. S11. £ Crystallographically determined dis-

tance 2.37 nm.
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Fig. 3
traces.

I(s) conductance histograms of 1a and 1b constructed from 500

STM tip at one of the ostensibly ancillary PPh; ligands (Fig. 2
and Table 1). The calculated conductance of this alternative
contact geometry (8.0 x 107> G,) is in excellent agreement with
the experimental value (7.9 + 1.1) x 10™> G, or 6.1 * 0.85 nS).
Moreover, a calculated break-off distance (1.73 nm) in agree-
ment with experiment (1.70 + 0.1 nm) was obtained (Table 1).
A further model in which the junction is formed by contact
across both trans-disposed PPh; ligand sets (Table S1 and
Fig. S9,7 Model B) gave a significantly higher calculated con-
ductance (3.44 x 107" G, or 26.6 nS) and a much shorter
break-off distance (1.05 nm) than the experimental values (see
also discussion below).

It is therefore quite probable that the peak observed in the
conductance histogram of 2a (Fig. 5) is derived from adventi-
tious contact of the STM tip to one of the bulky PPh; ligands
rather than to the ‘designated’ C=CSiMe; contact. The flexible
hexyloxy chains, initially introduced to improve the solubility

9906 | Nanoscale, 2017, 9, 9902-9912

TaS

(c) " (f)
S
N % / (
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Fig. 4 Plots of selected frontier orbitals of 1a (a, LUMO+1; b, LUMO; c,
HOMO) and 1b (d, LUMO+1; e, LUMO; f, HOMO). In this and all other
plots, iso-surfaces are shown at +0.03 (e per bohr®)"/2,

of compounds 1a and 1b, therefore also appear to play a role
in preventing the approach of the STM tip to the PPh; ligand,
effectively ‘insulating’ the PPh; ligands from contacting to the
electrodes. Similarly, the absence of any significant electron
density on the alkyl chains of the PEt; ligands in the frontier
orbitals of 1b and 2b ensures more conductive molecular
junctions are formed by contacts between the electrodes and
the trimethylsilylethynyl groups. Thus, for the identically-
contacted compounds 1a, 1b, and 2b the junction con-
ductances are identical (Table 1), whilst the higher
values measured for 2a can be attributed to the binding
of the molecule in the junction through one of the PPh;
ligands (Fig. 2). Interestingly, molecular junctions formed
with the bis(platinum) octatetrayndiyl complex [Pt(SAc)
{P(p-tol)s},]2(1-C=CC=CC=CC=C) (p-tol = 4-MeC¢H,-) by the
mechanically controlled break junction (MCBJ) method were
observed to be rather unstable, with broadening of peaks in
the d1/dV plots ascribed to various instabilities in the junction
including structural fluctuations.”® Given the steric encum-

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7nr01829k

Open Access Article. Published on 26 June 2017. Downloaded on 5/22/2024 4:39:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
L —
MesSi—= == N )—="SiMe;
— L
2a (L = PPhy) 2b (L = PEty)
(2
-
f =
=
o
(&)
1) L} L} L) LJ L) Ll L) LJ L
0 2 4 6 8 10 12 14 16 18 20

Conductance/ nS

Fig. 5
traces.

I(s) conductance histograms of 2a and 2b constructed from 500

brance around the thiolate group in this complex, adventitious
contact through the tolyl moieties of the supporting phos-
phine ligands may now be suggested as a contributing factor
to these junction instabilities and peak broadening.

The frontier orbitals of 2a and 2b were analyzed (Fig. 6) in
part to explore if such junction geometries might be predicted
from the molecular electronic structure, which, in turn, might
aid future molecular design concepts. Whilst the HOMOs are
also significantly diethynylbenzene in character, with a small
contribution from the Pt atom, (2a HOMO Pt 8%; 2b HOMO
11%), the LUMO of 2a is now found to be largely PPh; in char-
acter (76%) and somewhat separated from the other frontier
orbitals (AE HOMO-LUMO 3.92 eV; AE LUMO-(LUMO+1) 0.09

(a) (d)
00 E -
(b) (e)

-

() (f)

Fig. 6 Plots of selected frontier orbitals of 2a (a, LUMO+1; b, LUMO; c,
HOMO) and 2b (d, LUMO+1; e, LUMO; f, HOMO).
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eV). The LUMO and LUMO+1 of 2b are both delocalized over
the diethynylbenzene and Pt centre. Although the conductance
channel cannot be predicted from simple inspection of MOs,
the presence of the low-lying phosphine n* orbitals is consist-
ent with the results from the experimental and model
junctions.

To explore this concept further, the electronic structures of
the bis(diynyl) complexes trans-Pt(C=CC=CSiMej;),(PPh;),
(3a) and trans-Pt(C=CC=CSiMe;),(PEt;), (3b) were also com-
pared and the compounds examined in both experimental and
computational molecular junctions. The HOMO of 3a (—5.04
eV) and 3b (—5.17 eV) are of similar energy and almost identi-
cally composed (Fig. 7). However, again the exchange of PPh;
for PEt; has a significant influence on the energy and compo-
sition of the unoccupied frontier molecular orbitals. In the
case of 3a the PPh; ligands contribute almost exclusively to the
LUMO (-1.09 eV) and the next 12 unoccupied orbitals. The
LUMO+13 of 3a (+0.16 eV), whilst featuring only a small contri-
bution from the Pt center (2%), is the lowest lying orbital to be
largely comprised of contributions from atoms within the diynyl
ligands. In contrast, the LUMO of 3b (—0.97 eV), which is well
removed from the other frontier orbitals, is delocalized over
the 11-atom Si-C,-Pt-C,-Si chain.

The single-molecule conductance measurements initially
belie the influence of these differences in electronic structure
on the characteristics of the junction, with both 3a ((5.2 + 1.6)
x 107> G, or 4.0 = 1.2 nS) and 3b ((4.9 + 1.0) x 107> G, or 3.8 +
0.8 nS) giving rise to conductance histograms with peaks at
similar conductance values (Fig. 8). However, the experi-
mentally determined break-off distance is somewhat shorter
for the PPh; ligated complex 3a (1.38 + 0.10 nm) than PEt; sub-
stituted 3b (1.70 + 0.17 nm), which compares with the Si---Si
distance of 1.53 nm in each case (Table 1). From the model
junction with two trimethylsilylethynyl contacts (Fig. S9,t
Model C), a calculated conductance value of 4.23 x 107> G, or
3.28 nS was obtained from 3a (Fig. S107), which although in

(b) (e) .
—rs@e—t )ao\ioo{
(c) { i (f)
Fig. 7 Plots of selected frontier orbitals of 3a (a, LUMO+1; b, LUMO; c,

HOMO) and 3b (d, LUMO+1; e, LUMO; f, HOMO).
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fairly good agreement with the experimental value, gave an
estimated break-off distance of 1.72 nm, considerably longer
than the experimental value.

As with 2a, a model junction of 3a with two triphenyl-
phosphine contacts (Fig. S9,7 Model B) gave a calculated con-
ductance value of 5.66 x 10™* G, or 7.22 nS (Fig. S10 and
Table S11) and an estimated break-off distance of 1.03 nm, in
poor agreement with experiment (G = 5.2 + 1.6 x 107> G, or 4.0
+ 1.2 nS; Z* = 1.38 = 0.1 nm). However, a model junction in
which the STM tip is allowed to contact one of the PPh;
ligands in 3a (Fig. 2 and Fig. S9,7 Model A) gave better overall
agreement with a calculated conductance of 5.70 x 107> G, or
4.41 nS and break-off distance of 1.37 nm. The model junction
constructed from trimethylsilylethynyl-contacted 3b (Fig. 2)
gave good agreement between the experimental ((4.9 + 1.0) x
107 G, or 3.8 + 0.8 nS; break-off distance 1.70 + 0.17 nm) and
calculated (4.50 x 107> G, or 3.49 nS; break-off distance
1.72 nm).

To conclusively demonstrate the significance of the PPh;
contacts in these Pt-complex based molecular junctions, the
model compounds trans-Pt(C=CCg¢H4Bu’),(PPh;), (4a) and
trans-Pt(C=CCgH,Bu),(PEt;), (4b) were studied (Fig. 9 and
Table 1). The alkynyl ligands were chosen to model the elec-
tronic effects of the alkynyl ligands in 1a,b-3a,b, with the tert-
butyl substituent (‘Bu) introduced to prevent adventitious
junction formation to that phenyl ring.'®® The I(s) studies of
4a revealed a peak in the conductance histogram ((4.1 + 0.6) x
107> G, or 3.17 + 0.46 nS). The experimental break-off distance
(1.46 + 0.21 nm) compares poorly with the estimated separ-
ation of the quaternary carbons of the ‘Bu groups of 1.81 nm,
but is much more consistent with the dimensions across the
aryl rings of the phosphine ligands (ca. 1.4 nm). Three compu-
tational model junctions were constructed from 4a, contacted
through either a tert-butyl group and one PPh; ligand
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I(s) conductance histograms of 4a and 4b constructed from 500

(Fig. S9,f Model A), both PPh; ligands (Fig. 2 and Fig. S9,t
Model B) or both the tert-butyl moieties (Fig. S9,f Model C)
were constructed (Table S1f). Only the bis(PPh;)-contacted
junction gave conductance value and break-off distance con-
sistent with the experimental data (Fig. S9-S111). In contrast,
I(s) studies of 4b bearing the trialkyl phosphine PEt; revealed
no traces containing the current plateaus characteristic of
single-molecule junction formation (Fig. S8+).

The binding energies of 3a, chosen as a representative
example of the compounds in the series, in a phosphine-con-
tacted model junction were calculated over a range of electrode
separations to provide further support for the hypothesis of
competing contacts to different regions of the molecule
(Fig. S12 and Table S27). The trimethylsilylethynyl-gold
binding energy has been estimated to fall between —0.40 and
—0.74 eV over a range of gold- surface features.®” As the phos-
phine-contacted junction is evolved to simulate the pulling of
the junction, the binding energy naturally decreases from
—3.46 eV to —0.12 eV (Table S21). It is therefore likely that I(s)
junctions formed as the STM tip approaches and withdraws
from the surface involve at least one PPhs;-based contact.
Although bis(PPhj)-contacted junctions (Fig. S9,7 Model B),
are energetically favorable at the shortest electrode separations
(Table S27), the formation of these junctions are likely geome-
trically limited by the closest tip-substrate approach distance
in the I(s) measurements (>1 nm) and the dimensions of the
prolate-shaped molecules (Fig. S117).

Finally, the conductance behavior of these platinum com-
plexes in comparison with closely related organic compounds
measured under similar conditions is deserving of comment.
The electrical properties and conductance behavior of oligo(phe-
nylene ethynylene)'*>'%*'°® and oligo(yne) derivatives'*°%'%%1°
have been explored extensively. The oligo(phenylene ethynylene)
compound Me;SiC=CCgH,C=CCsH,C=CCsH,C=CSiMe; (5)

This journal is © The Royal Society of Chemistry 2017
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has an estimated Si---Si distance of 2.69 nm, and gives rise to a
conductance value of (2.75 + 0.56) X 107> G, or 2.13 + 0.43
nS.”® The trimethylsilylethynyl-contacted platinum complexes
1a, bearing the insulating hexyloxy side chains, 1b and 2b
offer comparable molecular lengths (2.39-2.40 nm) and
similar conductances (Table 1). Clearly, the platinum center
cannot be considered an insulating fragment per se, but in the
present series is comparable in effect to the central phenylene
ring in Me;SiC=CC¢H,C=CC¢H,C=CC¢H,C=CSiMe; (5).

For the trimethylsilylethynyl-contacted bis(diynyl) complex
3b ((4.9 + 1.0) x 107° G, or 3.8 + 0.8 nS, Si--Si distance
1.53 nm) the observed conductance of the molecular junction
may be compared with those reported earlier for the organic
oligoynes Me;SiC=CC=CSiMe; (2.01 x 10~ G, or 1.56 nS,
Si---Si  distance 0.76 nm), Me;3SiC=CC=CC=CSiMe;
(1.63 x 10~ G, or 1.26 nS, Si--Si distance 1.06 nm),
Me;SiC=CC=CC=CC=CSiMe; (1.42 x 10> G, or 1.10 nS,
Si---Si  distance 1.33 nm) and Me;SiC=CC=CC=
CC=CC=CSiMe; (0.90 x 10> G, or 0.70 nS, Si---Si distance
1.60 nm) in the same solvent.'* The relative values of conduc-
tance obtained from 3b and the octatetrayne indicate that
introduction of the trans-Pt(PEt;), fragment within the oli-
goyne chain gives rise to molecules of greater conductance
than those prepared by homo-coupling through a carbon-
carbon sigma bond, or insertion of another alkyne -C=C-
moiety. We can, therefore, conclude that although the plati-
num center makes little contribution to the LUMO, there is no
detrimental effect on the conductance of these molecules with
LUMO-based conduction channels. Similar concepts have
been proposed to account for the high conductance of Cr;-
metal strings despite the absence of extensively delocalized
frontier orbitals.>*>>

Conclusion

The d® square-planar platinum complexes 1a ((3.1 + 0.9) x 107>
Go), 1b ((3.2 £ 0.8) x 107> G,), 2b (3.2 + 1.3) x 10> G,) and 3b
((4.9 + 1.0) x 10~° G,) form molecular junctions in I(s) experi-
ments with conductance commensurate with similarly struc-
tured all-organic oligo(phenylene ethynylene) and oligoyne
compounds. The PPh; supporting ligands in the series 2a-4a
provide an alternative contact point in the molecular junc-
tions, although the introduction of solubilising hexyloxy side
chains to the diethynylbenzene ligands in 1a hinders this
contact and effectively insulates these alternative contact
points. Thus, despite the wide-spread use of PPh; and other
aryl-phosphines as ancillary ligands in organometallic chem-
istry, these moieties can clearly have unintended consequences
for single-molecule conductance measurements arising from
adventitious contacts and formation of un-anticipated mole-
cular junctions. The hexyloxy groups in 1a serve to effectively
insulate these alternate contacts. Otherwise, the use of trialkyl-
phosphines, such as PEt; here, is effective in both maintaining
sufficient compound solubility and preventing adventitious
junction formation through the ancillary ligands. It is also

This journal is © The Royal Society of Chemistry 2017
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important to note the simplicity with which trans-bis(alkynyl)
platinum(un) complexes can be synthesized. These results
provide a considerable body of information concerning the
design of organometallic complexes for use in molecular
electronics.
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