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We measured conductance traces while breaking gold point contacts in a solution of molecules containing
the u-p-phenylenediethynyl XC=C—CsH,—C=C—X unit, with eight different capping X groups: At
P(OMe} (1), H (2), SiMe; (3), Au—P(cy) (4), Au—PMePh (), Au—PMePh (6), Au—PMe; (7), and Au-

PPh (8). Our goal with this work was to achieve a direct AG link with a conjugated organic group,
potentially forming a molecular junction without chemical link groups that typically decrease junction
conductances, such as thiols or amines. Conductance traces collected in the presence of rhipk@,es

and7 reveal additional steps at conductances as high a&Q(G, = 2e€?/h) down to the measurable limits

of the experimental setup. Conductance histograms generated from these traces therefore show a broad increase
of counts when compared to a control histogram collected in the solvent alone suggesting the binding of the
molecules to the broken Au contacts. The histograms for moledulgs7, and2 were not distinguishable,
although that of molecul® had considerably fewer counts over the entire conductance range, suggesting that
the steric bulk of the SiMgprevented frequent junction formation. The histograms collected in a solution of
molecules4, 6, or 8 did not differ from that of the control histogram probably because of the steric bulk of
the Au—PRs; capping groups prevented the formation a molecular junction.

In the development of components for molecular electronics, SCHEME 1: End Capping Groups of CigH4
the conductance properties of candidate wires (molecules) mustp-Phenyldiacteylene Fragment
be measured and comparetiThe most widely used bonding
strategy to attach molecules covalently to gold electrodes is X = = X
reaction of dithiol3~1° directly with gold. Dithiol compounds
have been studied extensively using a plethora of mefgtis; 15

but it is well-known that the AaS link, which involves a X = Au-P(OMe)s. 1 X = Au-PMezPh, 5 X = Au-PMes 7
covalento bond, does not provide a high conductance link H3C\ s

between the molecule and the electrodes. Recent work using 0 AU F CH, SHayy,
amine linkages to gold (AuN) provides clear statistical A P[”O\ Au_F;:/
signatures for single-molecule conductahe® however, the \ e \
contact resistance of these linkages is still high. Therefore, new ° CHs
types of metal(electrode)molecule (M-X) junctions are of HC

interest in order to provide good energy alignment between

. X=H,2 X=SiMes 3
electrode and moleculé Direct metal surface to carbon double

bonds have been prepared in ruthenitrarbene (Re-C)*€ and X = Au-P(cy)s, 4 X = Au-PMePh,, 6 X = Au-PPhs, 8
molybdenum carbidecarbene (Me=C)!° systems. In the former

case, theoretical and experimental work suggest that the

conductance through the link could provide a resonant tunneling e

Au——
contact between a gold metal atom and a carbon atom on both ’

ends of a molecule. We have chosen to investigate the
conductance of compounds that have an extended conjugated
m-system (X-C=C—CgH,—C=C—X) with eight different cap-

ping X groups as shown in Scheme 1: Au P(OMg), H (2),
SiMes (3), Au P(cy} (4), Au—PMePh (), Au—PMePh (6), Au—PMe; (7), and Au-PPh (8). The {AuxCigHa} unit is
electrostatically neutral and exists as a pure comp8umat is

scenarig-8 Au—§<§
In this work, we explore the possibility of making a direct Au—Pm \

O/-Uf it

 gorresponding author. E-mail: doerrer@bu.edu. insoluble due to extensive cross-linking of the electron-deficient
*Barnard Conege_y gold atoms to the €C bonds in adjacent molecules. It has been
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[{(MeO);PrAUC H,Au{P(OMe) 4], 1, top view [{(MeO)sP}AUCgH,Au{P(OMe)4l], 1, side view

s

CioHe 2, side view

CioHs, 2, top view

"

{(CH3)sSIIC1oH {Si(CHy)4, 3, top view {(CH5)3STC1gH4{Si(CHJ)gl, 3, side view

[(cyaP)AuC,oH Au(Pcys)], 4, top view [(cysP)AuCgHsAU(Pcys)], 4, side view
Figure 1. Space-filling models based on crystallographic data of compongs3, and4.
SCHEME 2: (a) u-p-Phenylenediethynyl-bis[(PR)gold(l)] TABLE 1: Cone Angle of Selected Phosphorus Ligands with
and (b) Cone Angle,0 Increasing Steric Bulk in the LAuUC ;0H,AuL Family 2
(a) — cone angleg
RyP——AU—— =———Au—-FR, compd L (deg)
1 P(OMe) 107
4 Pcys 179
b 5 P(Me)Ph 127
(b} 6 PMe(Ph) 136
7 P(Me) 118
Au—P3 8 PPh 145
aRef 28.

dispersion or electron correlation effects, two gold atoms interact
(i) delocalized systems of-symmetry! and (i) orbital energy at a distance of less than the sum of their van der Waals radii
matching between atoms in the contdgtand atoms in the (ca. 3.6 AR with structurally characterized examples exhibiting
conducting molecule. The capping X groups on the terminal Au---Au contacts in the range of 2:8.3 A. The energies of
carbons have different sizes, as shown in Figure 1, thus changinghese interactions have been estiméftéaeoretically to be 5

the accessibility of the terminal acetylide C to the Au atoms on 15 kcal/dimer which are comparable to those of hydrogen
the electrodes and leading to possible variations in measuredbonding?®26

conductance traces. In addition, for moleculeend4, there is Previous structural characterization of compoutidsnd 7
a possibility that the Au atoms on the electrodes bind to the Au demonstrated Au-Au contacts of 3.1722(3) and 3.1369(1)
atoms in the molecule. A,20 respectively. These two compounds have phosphorus

Reaction of the{ Au,CigHa} polymer with neutral phos-  groups with the smallest cone angléswhich are defined by
phines and phosphites, BReadily forms soluble compounds the van der Waals surface of the ligands from CPK models,
that contain the conducting organic moiety and have linearly Scheme 2B8 The cone angles for the phosphine and phosphite
coordinated gold atoms as shown in Scheme 2a. These goldgroups used in this study are collected in Table 1. Compounds
atoms are not coordinatively saturated and can bond further,4, 6, and8 contain significantly largef(RsP)Au} groups such
and they do so most often with other gold atoms. Driven by that4 did not exhibit any close Au-Au contacts in the solid
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Figure 2. (a) Sample breaking conductance trace measured in the Displacement (nm)

presence of compountl at an applied bias voltage of 25 mV and a  Figure 3. Sample conductance trace measured with mole2 alfter
pulling rate of 20 nm/s. Traces show noisy steplike features occurring collecting over a few thousand traces. The junctions do not show clear
over a range of conductance values below abou&g. {b) Conductance steps at integer multiples @, do not have clean breaks, and extend
histograms of compounds 2, 3, and4 constructed from 5000 (2000)  much longer than those shown in Figure 2a. Data collected with an
consecutively measured traces for molecdle3 and4 (2) and control applied bias of 25 mV at a pulling rate of 20 nm/s.

histogram in the solvent alone shown on atdgg scale. All histograms

are normalized by the number of traces. Inset: The same histograms . o .

on a linear scale. The bias voltage is 25 mV, and the histogram bin 4, 6, and8. The second possible binding geometry is through
size is 10* Gq. the formation of molecular junctions with direct Au(elec-

trode)-C link. Although we cannot conclude definitively on
the binding mode, the latter case is more likely given the fact

staté® and8 has not been structurally characterized. Compounds that conductance histograms in the presence of mole2uls
5 and6 have phosphine ligands with intermediate cone angles and 5 reveal additional steps. In this case, the role of {he
and were prepared specifically for this study but not structurally (RsP)Au} capping units could be to provide a more chemically
characterized. robust terminal group (§®) than the hydrogen atom @f and

The method used to form molecular junctions for conductance the Au atom acts as a spacer to permit steric access of the STM
studies uses a modified scanning tunneling microscopy (STM), tip and surface to the acetylene groups that is not presedt in
was initially developed by Xu and Td&and has been described Further insight can be gained from the conductance histo-
in detail elsewheré>0 Briefly, a gold STM tip is brought in grams of the protonated version of the linker, mole@ulmnitial
and out of contact with a gold substrate in the presence of atraces (around 2000) in a solution of molec@lshow similar
solution of the molecules. A constant bias is applied between conductance behavior to that of compoun¢Figure 2). After
the tip and the substrate, and the current is monitored duringthe initial ~2000 scans, the region around the STM tip gets
the measurements. The conductance decreases in a stepwisgovered with a polymer-like material preventing further mea-
fashion with each step occurring at an integer multiple of the surements and conductance traces often do not break within a
conductance quantu@, = 2e%h. 10 nm extension and do not show clear steps at integer multiples

Conductance histograms reveal pronounced peaks near mulof Gy (sample traces shown in Figure 3). We propose that this
tiples of Go. When the single Au atom contact is broken in polymerization is due to deprotonation of the ethynyl groups
solutions of moleculeg, 2, or 3, additional steps in individual ~ and hydrogen atom radical formation by a reactive atomic-gold
conductance traces beldg can be observed as shown in Figure site, such as an adatémon an electrode surface. It is plausible
2a for moleculel. In the presence of moleculg additional that upon radical formation dimers, trimers, and longer oligmers
steps are rarely seen in the conductance traces. The additionabf phenylacetylene are readily formed between the tip and
steps seen with moleculds 2, or 3 are due to the trapping of  substrate. When oligomerization of the organic units exceeds
one or more molecules between the breaking point contacts. Inthe solubility limit, conductances can no longer be measured.
comparison to the conductance steps seen in the presence ofold thiols achieve their robust binding to gold through similar
diamine molecule$>'6these steps are much noisier, indicating activation of a terminal HS bond. The polymerization of
a binding geometry that is not well defined. In addition, multiple molecule2 in our system probably follows either electrochemi-
steps are frequently seen, indicating that as the junction is beingcal or thermal radical polymerization, based on previously
pulled, changes in the detailed atomic configurations result in reported polymerization studies by Akagi and Shirak&wead
large changes in conductances. Histograms of the conductancéancea et af? respectively. Cyclic voltammetry and UWis
traces calculated without any data selection or processing arestudies were carried out on solutions of molecgla 1,2,4-
shown in Figure 2b on a leglog scale along with a histogram  trichlorobenzene (TCB) which support this hypothesis and can
measured in the solvent alone. There is a clear increase in thebe seen in the Supporting Information.
number of counts below0.1 G, for moleculesl (red),2 (blue), The triply bonded acetylene groups have high electron density
and3 (black), when compared to the control histogram (yellow). and side-on bonding of gold to acetylene units has been well-

For the {(RsP)Au}-containing molecules, there are two characterized by infrared spectroscopy in the solid $tate.
possible mechanisms for the electrode Au atom to bind to the Bonding of the STM tip and surface to the Au atom in the
molecule. One is through a Au(electrod&u(molecule) link. molecule would create a At{Au—CioHs—Au)—Au path of
The potential for a direct gotdgold contact is feasible for the  conductance, whereas contact through the acetylene group would
molecules with a small phosphine capping ligand such as create a Au-(CioHs)—Au path. These two possibilities are not
P(OMe} (1) (and ligands PMg”h 6) and PMg (7) as shown distinguishable in the experimental data on thBRi—C;oH,s--
in the Supporting Information). However, in the case of bulkier AuPR; compounds. A conducting contact through the central
phosphines such as Rc4) (and PMePh (6) and PPh (8), arene ring is unlikely given that the arene solvent shows no
Supporting Information), this is not necessarily the case, hence,significant conductance. The conductance measured in repeated
the lack of additional steps in the data collected with molecules junctions varies considerably from junction to junction, sug-
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gesting significant variance in the geometric details of the metal-electrode contacts and utilize the delocalizegystem,
junction. The high conductance tails fbr2, and3 exceed that its discrete conductance cannot be measured by this technique.
of the diamino-alkanes and 1,4-diamino-benzeimaplying that The ideal molecular wire will provide (i) a chemically robust

in the highest conducting geometry, transport could be outside bond to the electrode with limited atomic-scale rearrangements,

the nonresonant tunneling regime. (ii) similar orbital energy overlap between atoms in the molecule
and atoms in the contact, and (iii) facile electronic conduction
Experimental Details through a delocalized-system. The challenge of preparing and

The syntheses of compounds 4, 7, and 8 have been characterizing such a system remains.

previously reported by Millar et at’, Jia et al 2% Hurst et al3*

and Chao et aP® respectively. Compound® and 3 are Acknowledgment. This work was supported by an NSF-
commercially available. All syntheses were carried out in an CAREER Award (to L.H.D.; Grant No. CHE-0134817) and
anhydrous dinitrogen atmosphere, and all solvents used werepartially funded by the Nanoscale Science and Engineering
dried to less than 0.1 ppm of B using standard drybox or Initiative of the National Science Foundation under NSF Award
Schlenk-line techniques. The solvent (TCB) was purchased from No. CHE-0117752 and by the New York State office of Science,
Sigma-Aldrich and used after purification via vacuum distillation - Technology and Academic Research (NYSTAR). We thank M.
from Cahb. The coordination polymef(AuC=C),p-CsHz}n S. Hybertsen for thoughtful discussions.

was prepared by modification of a method reported by Jia

et al? Supporting Information Available: Conductance histo-
p-p-Phenylenediethynyl-bis[(dimethylphenyl Phosphine)- grams of L—Au—CioHs—Au—L (L = PMe; (7), PMePh 6),
gold(l)], 5. The P(MejPh ligand (Aldrich, 0.107 g, 0.77mmol)  PMePh(6), Pcy; (4)) with similar geometries and chemical
was added to a slurry of the polym&(AuC=C)p-CeHa}n structures also studied (Figure S1), bMis spectra of molecule
(0.200 g, 0.385mmol) in C4Cl; causing the polymer to dissolve 1 in TCB solution in the presence and absence of gold and with
as the phosphine broke up the intermolecular galdetylene  heating to 50C (Figure S2), cyclic voltammograms of molecule
interactions. The solution was filtered and layered with hexanes 1 in TCB under oxidizing and reducing potentials (Figure S3).
to afford 3, as a yellow powder. After three successive This material is available free of charge via the Internet at http://
recrystallizations from CbkCl/hexanes, analytically pure, yel-  pubs.acs.org.
low/amber-colored crystals were obtained (0.242 g, 79% yield).
1H NMR (300 MHz, CDC}): ¢ 1.58 (d, 12H, CH, 2Juc =
19.55 Hz), 7.37 (s, 4H, &4), 7.51 (m, 6H{m andp}-CsHs),
7.76 (m, 4H{ 0} -C¢Hs). 3P NMR (121 MHz, CDCY): 6 11.34 (1) Gimzewski, J. K.; Joachim, GSciencel999 283 1683-1688.
(P(Me)Ph). UV—vis (CHClp) [Amax NM (€, cnt M~Y)]: 228 548(2) Joachim, C.; Gimzewski, J. K.; Aviram, Alature200Q 408, 541—
(158 000), 287 (92 000), 305 (191 000), 325 (251 000). Anal. (3) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. M.

Calcd for GeHasAUP,: C, 39.31; H, 3.30%. Found: C, 39.12; Sciencel997 278 252-254.

H, 3.38%. (4) Cui, X. D.; Primak, A.; Zarate, X.; Tomfohr, J.; Sankey, O. F;
p-p-Phenylenediethynyl-bis[(diphenyimethyl Phosphine)- by ag £51agn |/ 1St D Harfis, G Lindsay, . Rcience
gold(l)], 6. The PMe(Phyligand (Aldrich, 0.155 g, 0.77mmol) (5) Kushmerick, J. G.; Holt, D. B.; Pollack, S. K.; Ratner, M. A.; Yang,

was added to a slurry of the polym@(AuC=C),p-CeHa}n J. C.; Schull, T. L.; Naciri, J.; Moore, M. H.; Shashidhar, RAm. Chem.

i ; S0c.2002 124, 10654-10655.
(0'200 9, 0'385mm0|) In .CJZUZ causing the polymer to (6) Park, J.; Pasupathy, A. N.; Goldsmith, J. I.; Chang, C.; Yaish, Y.;
dissolve. The solution was filtered and layered with hexanes t0 petta 3. R.: Rinkoski, M.; Sethna, J. P.: Abruna, H. D.: McEuen, P. L.:
afford 4, as a white/yellow powder. After three successive Ralph, D. C.Nature2002 417, 722-725.
recrystallizations from CkCly/hexanes, analytically pure, yel- h(7) Reichert, Jh Ochs, R.; Beckmann, D.; Weber, H. B.; Mayor, M;
low-colored crystallites were obtained (0.189 g, 54% yidld). ~ -ommeysen, H. VPhys. Re. Lett. 2002 88, 176804-1176804-4.

8) Li ,W.; Sh , M. P.; Bockrath, M.; L ,J. R.; ParkNdt
NMR (300 MHz, CDCh): & 2.08(d, 6H, CH, Zuc = 20.10 2005 41y 135 s2g " ockra ong arkhvature
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