JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

Single Molecule Junctions Formed via Au-Thiol

Contact: Stability and Breakdown Mechanism
Huang, Fang Chen, Peter A. Bennett, and Tao
J. Am. Chem. Soc., 2007, 129 (43), 13225-13231- DOI: 10.1021/ja074456t * Publication Date (Web): 04 October 2007
Downloaded from http://pubs.acs.org on February 14, 2009

Lifetime

<

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 9 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja074456t

A\C\S

ARTICLES

Published on Web 10/04/2007

Single Molecule Junctions Formed via Au  —Thiol Contact:
Stability and Breakdown Mechanism

Zhifeng Huang,™ Fang Chen,T Peter A. Bennett,* and Nongjian Tao* '

Contribution from the Department of Electrical Engineering and The Center for Solid State
Electronics Research, and Department of Physics, Arizona Stateetdity,
Tempe, Arizona 85287

Received June 19, 2007; E-mail: Nongjian.tao@asu.edu

Abstract: The stability and breakdown mechanism of a single molecule covalently bound to two Au
electrodes via Au—S bonds were studied at room temperature. The distance over which a molecular junction
can be stretched before breakdown was measured using a scanning tunneling microscopy break junction
approach as a function of stretching rate. At low stretching rates, the stretching distance is small and
independent of stretching rate. Above a certain stretching rate, it increases linearly with the logarithm of
stretching rate. At very high stretching rates, the stretching distance reaches another plateau and becomes
insensitive to the stretching rate again. The three regimes are well described by a thermodynamic bond-
breaking model. A comparative study of Au—Au atomic point contacts indicates that the breakdown of the
molecular junctions takes place at Au—Au bonds near the molecule—electrode contact. By fitting the
experimental data with the model, the lifetime and binding energy were extracted. Both quantities are found
to have broad distributions, owing to large variations in the molecule—electrode contact geometry. Although
the molecular junctions are short-lived on average, certain contact geometries are considerably more stable.
Several types of stochastic fluctuations were observed in the conductance of the molecule junctions, which
are attributed to the atomic level rearrangement of the contact geometry, and bond breakdown and
reformation processes. The possibility of bond reformation increases the apparent lifetime of the molecular
junctions.

Introduction molecule-electrode contact is often the weakest link in a

Building an electronic device using molecules has motivated moleculqrjuhctlon, an |mpqrtant question Fhat has not yet been
well studied is: How stable is a molecular junction due to the

many researchers to search for a reliable way to connect a

molecule to two electrodes and form a molecular junction. A f"g:i “fe:'meegz. tzttae“t?\te:gs(l:'ttmgi dbgrsz?klgothﬁ greecs;w?r:'sm
widely used approach is to attach the molecule with two linkers w we nvestig ity W !

that can bind to the electrodes. Thiol is the most studied Imker of a single molecule covalently attached to two gold electrodes

because of its well-known capability to bind strongly to metal Tﬁgteiha?ngjvié ?Soerg fr?m?sevrvagrkr?s based on an STM break
electrodes, such as Au, although several other linkers, such as d

isocyanidé.2 amine? pyridine# carbon-carbor® and carboxylic Junctlon approach which creates and breaks single molecule
acid® have also been used to establish a moleealectrode junctions repeat(_adly._ The method and related mechanlcglly
contact. It has been concluded that the linkers can play an controlled break junction (MCBJ) have been used to determine

i 19
important or even dominant role in the conductance and otherthe conductance of single moleculés:® We show here that

electron transport properties of molecular junctibASince the (9) Akkerman, H. B.; Blom, P. W. M.; de Leeuw, D. M.; de Boer, Bature
2006 441 (7089), 69-72.
(10) Xu, B. Q.; Tao, N. J. JScience2003 301 (5637), 122+1223.

TDepartment of Electrical Engineering and The Center for Solid State (11) He, J.: Fu, Q.; Lindsay, S.: Ciszek, J. W.: Tour, J.MAm. Chem. Soc.
Electronics Research. ) 2006 128 (46), 14828-14835.
* Department of Physics. (12) He, J.; Sankey, O.; Lee, M.; Tao, N. J.; Li, X. L.; Lindsay,Faraday
(1) Beebe, J. M.; Engelkes, V. B.; Miller, L. L.; Frisbie, C. D. Am. Chem. Dlscuss 2006 131, 14&154
S0c.2002 124(38), 11268-11269. (13) Li, Z. H.; Pobelov, I.; Han, B.; Wandlowski, T.; Blaszczyk, A.; Mayor,
(2) Kim, B.; Beebe, J. M.; Jun, Y.; Zhu, X. Y.; Frisbie, C. D. Am. Chem. M Nanotechnolog;@OO? 18 (4)
Soc.2006 128 (15), 4970-4971. (14) Jang, S. Y.; Reddy, P.; Majumdar, A.; Segalman, RNAno Lett.2006
(3) Venkataraman, L.; Klare, J. E.; Tam, I. W.; Nuckolls, C.; Hybertsen, M. 6 (10) 2362—2367
S.; Steigerwald, M. LNano Lett.2006 6 (3), 458-462. (15) Ishizuka, K.; Suzuki, M.; Fujii, S.; Akiba, U.; Takayama, Y.; Sato, F.;
(4) Xu, B. Q.; Xiao, X. Y.; Tao, N. JJ. Am. Chem. SoQ003 125 (52), Fujihira, M. Jpn J. Appl Phys Part 2005 44 (7B), 5382-5385.
16164-16165. (16) Suzuki, M.; Fujii, S.; Fujihira, MJpn. J. Appl. Phys., Part 2006 45
(5) McCreery, R. L.; Viswanathan, R.; Kalakodium, R. P.; Nowak, A. M. (3B), 2041-2044.
Faraday Discuss2006 131, 33—43. (17) Venkataraman, L.; Klare, J. E.; Nuckolls, C.; Hybertsen, M. S.; Steigerwald,
(6) Chen, F.; Li, X. L.; Hihath, J.; Huang, Z. F.; Tao, N.JJAm. Chem. Soc. M. L. Nature 2006 442 (7105), 904-907.
2006 128 (49), 15874-15881. (18) Sek, S.; Misicka, A.; Swiatek, K.; Maicka, E. Phys. Chem. B006 110
(7) Xue, Y.; Ratner, M. APhys. Re. B 2003 68, 115406/ 115406/18. (39), 1967119677.
(8) Yaliraki, S. N.; Kemp, M.; Ratner, M. AJ. Am. Chem. Sod.999 121, (19) Gonzalez, M. T.; Wu, S. M.; Huber, R.; van der Molen, S. J.; Schonen-
3428-3434. berger, C.; Calame, MNano Lett.2006 6 (10), 2238-2242.

10.1021/ja074456t CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 13225—13231 = 13225
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in addition to the electron transport properties the method can a
provide important information about the stability and bonding I
nature of moleculeelectrode contacts. We find that the

breakdown of the molecular junctions takes place most likely

at a Au—Au bond near the molecuteslectrode contacts. The

breakdown process is thermally activated and can be described

by a thermodynamic bond-breaking model. We have determined

important thermodynamic parameters, the average natural

lifetime, and binding strength, as well as their distributions. We

have also studied the correlation between the conductance of a b
molecular junction and the breakdown process, conductance 4
fluctuations associated with microscopic bond breakdown and o
reformation, and rearrangement of metal atoms near the o 3
molecule-electrode contact. o 2
- 2.
Experimental Details a L=vAt
STM tips were freshly prepared by cutting gold wires (99.998%) B
with a diameter of 0.25 mm. A Teflon sample cell was cleaned in

boiling Piranha (98% k50,/30% HO, = 3:1, v/v) for ~0.5 h and 00_0 05 10 15 20

then was thoroughly rinsed in boiling water (1&NMNanopure system Stretching Inm

fed with campus distilled water) three times, followed by drying with

N.. (Caution: Piranha reacts violently with most organic materials, so Figure 1. (a) Schematic illustration c_)f STM_breakjunction measurement.

extreme care should be taken while handling it.) Gold substrates were () A conductance trace recorded during pulling C8 away from the electrodes

. until dissociation. The arrow marks the width of the last conductance step,

prepared by thermglly evaporatln_g 10080 nm gold (99.999%) on which corresponds to the distandg énd time durationAt) over which a

freshly cleaved mica surfaces in a UHV chamber. Before each mpolecule can be stretched before breakdown. The applied bias voltage and

experiment, a gold substrate was annealed with fidfhe for~1 min stretching rate were set at 100 mV and 43.3 nm/s, respectively.

and then immediately immersed in toluene with/without 1 mM

n-alkanedithiol (HS-(CH,),—SH, or G1; n= 6, 8, or 10) in the sample ~ can be calculated by = vAt, wherev is the stretching rate,

cell, followed by the break junction measurement in toluene. The defined as the stretching distance per unit time (Figure 1b). This

voltage bias was 20 mV for Au monatomic wires, 50 mV for C6, and  time duration, when extrapolated to zero stretching rate, provides

100 mV for C8 and C10. a measure of the natural lifetime of the molecular junctions.
The STM break junction measurement was carried out using a Histograms of the step position, time duration, and stretching

modified Pico-SPM (Molecular Imaging) with the Nanoscope Illa  gistance were constructed from the conductance traces that show
controller (Digital Instruments)»?° The first step was to image the well-defined steps

surface with the regular STM imaging mode. After clear images of Au
(111) surfaces were obtained, the STM tip was brought to gentle contact Thermodynamic Model of Bond Breaking Process

with the molecular monolayer during which one or several molecules h d ic th d ibi he breakd f
might bind to the tip via Au-S bonds. Then the tip was pulled away A thermodynamic theory describing the breakdown of a

from the substrate, and the molecules bridged between the substrathemical bond under an external stretching force has been
and tip electrode broke individually. After breaking the last molecule, developed? 2 The theory has provided an excellent description
the above process was automatically repeated to create and break &f bond breakdown in single biological molecules measured by
large amount of molecule junctions (Figure 1a), during which individual atomic force microscopy (AFM). According to the theory, a
conductance traces were recorded (Figure 1b). In order to study thechemical bond may dissociate spontaneously (in the absence
thermodynamic nature of the bond breakdown process, the rate of theof any external forces) due to thermal fluctuations. The average

pulling process (called stretching rate) was varied from a few tenths to jme that it takes for thermal fluctuation to break or dissociate
hundreds of nanometers per second. The experiment was performed ina bond is called the natural lifetimey, which is given by
an environmental chamber using toluene as solvent to minimize possible '

contaminations from impurity molecules in ambient air. E,
- ) g =th exp——= 1
Statistical Analysis offt = D = KT @
. d(_)f_(tjhe lcon?uctlanc_:e tr?ces ratzzt())z;iedhdurlng"tr;e ft_)rezkc:own OfWheretD is the diffusion relaxation timegy, is the dissociation
individual molecular junctions o Show Well-defined steps energy barrier,kg is Boltzmann’s constant, and is the

and the rest are either smooth exponential decays or noisy. Thetemperature in kelvinksT is the average thermal energy at

last step in each conductance trace has been assigned to thFemperaturd'. When applying a force to stretch the bond, the

formgﬂon and breakdovyn of a single molecule pr'ldged between chance of bond dissociation increases rapidly due to a decrease
the tip and substrate, with the conductance position correspond-

. ; ) in Ep. The dependence of the dissociation process vs applied
ing to the smglg molecul_e conductaﬁée’[he width of the stgp force provides a wealth of information about the nature of the

measures the time duratioft over which a molecular junction ;

is stretched before breakdown. The stretching distah chemical bond.

IS'S rﬁtc tﬁ ¢ eor% rea 0\€vn.t. fe S ret.c mgb 'ff;] );ea(t Experimentally, the chemical bond is often stretched by

quantity that provides important information about Ih€ nalure ramping up the force linearly, and the average force at which
of the molecule-electrode contact and breakdown mechanism,

(21) Evans, E.; Ritchie, KBiophys. J.1997, 72 (4), 1541-1555.
(20) Xiao, X.Y.; Xu, B. Q.; Tao, N. JAngew. Chem., Int. E2004 43 (45), (22) Evans, EFaraday Discuss1998(111), 1-16.
6148-6152. (23) Evans, EAnnu. Re. Biophys. Biomol. Struck001, 30, 105-128.
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Figure 2. (a) Conductance traces of C8 at various stretching rates. The black arrow marks the conductance step corresponding to single C8 junctions. (b)
Conductance histogram at 7.8 nm/s. The green line is the Gaussian fit, and the inset plots the conductance of C8 vs logarithm of the stretching rate. (c)
Stretching distance histograms at various stretching rates. (d) Most probable stretching digtarcéggarithm of the stretching rate. Two kinds of error

bars, corresponding to the errorlifi and the broad distribution of the stretching distance, are separately marked. The black line is the lindar ittbf
the logarithm of the stretching rate, according to eq 3. The bias in the measurements was kept at 100 mV.

00 0.1 02 03 04 00
L /nm

the dissociation takes place is measured. At slow stretching ratesput have not been reported for the STM breakdown junction of
the breakdown force diminishes because of a high probability single molecule junctions.

that the bond dissociates spontaneously. This regime is called
the spontaneous breakdown regime, which, as we will return
to later, may include the bond reformation process. At faster ~Conductance and Stretching Distance HistogramsWe
stretching rates, the external force increases quickly enough toPerformed repeated formations and breakdowns of individual
lower E;, before a spontaneous breakdown takes place. In this C8 junctions by varying the stretching rate from 0.4 to 160 nm/
case, the breakdown force is finite and increases linearly with S- The applied bias voltages in these measurements were kept

Results and Discussions

the logarithm of the force loading rate:] according t8223 at 100 mV to ensure that the current-induced local heating of
the molecular junctions is negligibf€ At each stretching rate,
= kBTI tofr X5 kBTI ) at least 2000 individual traces were recorded, among whieh 30
_X_/; n kg T X—ﬁn e @ 40% show pronounced steps. Figure 2a shows some typical
conductance traces that exhibit steps. A conductance histogram
whereF* is the most probable breakdown force axgis the constructed from the individual traces show a peak near 5

average thermal bond length along the pulling direction until 107°Go (Go = 2¢?/h, wheree is the electron charge ards the
dissociation. The above relation may be re-expressed in termsPlanck constant). We have obtained conductance histograms at
of the most probable stretching distance by various stretching rates and found that the conductance value
is independent of the stretching rate (inset in Figure 2b). A
_ E In Lot ksxﬂ n E Inov 3) higher conductance value has been reported previously, which
ksxﬁ kg T ksxﬂ has been attributed to different contact geome#fiids. this
paper, we focus on the low conductance (1&}1%2%and
where L* is the most probable stretching distandg,is the discuss some of the results for the higher conductance value in
effective spring constant of the bond, ands the stretching the Supporting Information.
rate defined earlier. To obtain eqR3 is assumed to be linearly

L*

(24) Merkel, R.; Nassoy, P.; Leung, A.; Ritchie, K.; Evans,N&ature 1999

proportional toL* by F* = ksL*, which was found to be 397 (6714), 50-53.
approximately correct over the entire breakdown pro¢ésste (25) Zou, S.; Schonherr, H.; Vancso, G.JJAm. Chem. So@005 127 (32),

) iy ) 11230-11231.
thatv andrg are related but different quantities, given tpy= (26) Schonherr, H.; Beulen, M. W. J.; Bugler, J.; Huskens, J.; van Veggel, F.;
ksv. This regime is so-called the logarithmically linear loading ?gg‘wdt, D.N.;vancso, G. J. Am. Chem. So200Q 122(20), 4963-
regime. Finally, at very fast stretching rates, the external force (27) Auletta, T.; de Jong, M. R.; Mulder, A.; van Veggel, F.; Huskens, J.;
lowersE, to zero before thermal fluctuations play any significant Reinhoudt, D. N.; Zou, S.; Zapotoczny, S.; Schonherr, H.; Vancso, G. J.;

. . i . ! Kuipers, L.J. Am. Chem. So@004 126 (5), 1577-1584.
role. This is the so-called adiabatic regime, in whi¢treaches (28) Huang, Z. F.; Xu, B. Q.; Chen, Y. C.; Di Ventra, M.; Tao, NN&no Lett.
; i 2006 6 (6), 1240-1244.
Fhe maximum plateau_. Th(_e three regimes have all been observeng) Ui, X. L. He. 3. Hihath, 3 Xu, B. Q.: Lindsay, S. M.: Tao, N.X.Am.
in the breakdown of biological molecules measured by AFfA Chem. Soc2006 128 (6), 2135-2141.
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Another important quantity that can be determined from the a — 04 nral
STM break junction experiment is the distance over which a 2. —1.7
molecular junction can be stretched before breakdown. We refer ——45.9

. . . . . . . —229.4
to this distance as the stretching distance which provides detailed
information about the stability of single molecule junctions,
natural lifetime, and binding strength of the molectégectrode
contact. Due to large variations in the stretching distance from
one molecular junction to another, we constructed stretching
distance histograms (Figure 2c) by analyzing the last conduc-
tance steps in the individual conductance traces recorded at each
stretching rate. Similar to the conductance histogram, the L /nm
stretching distance histogram also shows a peak, which corre-
sponds to the most probable stretching distah&g However, b 15
unlike conductancel,* is sensitive to the stretching rate and o
the dependence can be divided into three regimes (Figure 2d). o' quﬁm
At low stretching rates (0-44.3 nm/s),L* is ~0.1 nm which -g
does not change much until the stretching rate is increased to 3 05— 3 7 &
4.3 nm/s. Above 4.3 nm/s..* increases linearly with the 8 In(v nm/s)
logarithm of the stretching rate. When the rate is increased to
22 nm/s,L* reaches another plateau value0.2 nm, and
maintains the value even when the stretching rate is increased

o9
o
o
o
-
=]
-
n

to 163 nm/s. Even at the fastest stretching rate, the hydrody- 0 1 2
namic damping is still negligible due to the slow speed and G!Go

rigid STM tip in the direction of stretching. The observed three C Error in L*

regimes agree well with the thermodynamic bond-breaking 0.25 " I
theory, indicating a thermal activated breakdown process. The % :

transition regime between the two plateaus is sensitive to
thermodynamic parameters and described by eq 3. By fitting
the data with the equation, we found thgtandxsks are 95 ms E '

X, 0004 - —I

o
o
S

and 74 pN, respectively. We will discuss these parameters later.

i
Origin of Molecular Junction Breakdown. A molecular I
i

junction here consists of a molecule covalently bound to two 0.05- '
Au elect_rodes via AuS bonds. Upon stretching, it may break Spontaneous Linear; Adiabatic
in the middle of the molecule (€C), S-C, Au—S, or Au—Au 0.00 .

. 24012 3 456 7
near the moleculeelectrode contact. Our previous AFM force Inco nm/s
measurement strongly indicates that the breakdown takes place (v ) _ _
at the Au—Au bond428 To further validate the conclusion. we Figure 3. (a) Conductance traces of AWu point contacts at various

f d the S . break i . ", h stretching rates. (b) Conductance histogram at 45.9 nm/s. The inset plots
performed the STM break junction measurement Without ihe conductance of gold point contacts vs stretching rate. (c) Most probable
introducing molecules into the system. In this case, an atomic stretching distance,*, vs logarithm of stretching rate. The black line is
point contact forms between the Au t|p and substrate and thethe linear fit Of!_* Wi‘th the logarithm of the stretphing ratg,_ according to
conductance is an integer multiple & (Figure 3a). This eq 3. The applied bias was 20 mV, under ambient conditions.
phenomenon is known as conductance quantization, which has

been studied extensively using various technidde®. The :h?t ofot:esrgc:llﬁsuIatrhjuntcrtlct)n;n(Fldgiutrensc)hA:nI:)\?r/} stretcslr':gnt
conductance of the lowest step, corresponding to the formation ates (0.4°8. s), the stretching distance maintains a consta

and breakdown of a single Au atom or a linear chain of several of ~0.1 nm. At high stretching rates (45:844 nm/s), it reaches

Au atoms, is independent of the stretching rate (Figure 3b). We a maximum plateau 0f-0.17 nm. Between the two plateaus

note that the conductance of the AAu point contacts are-4 lies a _regime in WhiCh_ the stretching di_stance Is linearly
orders of magnitude higher than that of single C8 junctions. In proportional to the logarithm of the stretching rate (845.9

contrast to conductance, the stretching distance of theAu nm/s). The observed stretching rate dependence demonstrates

. . ; o that the breakdown of the AtAu bond is also thermally
oint contact depends on the stretching rate in a similar way to ~ . - . . .
P P g y activated. By fitting the transition regime with eq 33 and

(30) Agrait, N.; Rodrigo, J. G.; Vieira, hys. Re. B 1993 47 (18), 12345 xgks were found to be 81 ms and 120 pN, respectively, which
31) %ﬁﬁﬁb P. ESciencel995 269 (5222), 371373 are similar to the corresponding parameters found for C8
(32) Rubio, G.; Agrait, N.; Vieira, SPhys. Re. Lett. 1996 76 (13), 2302 junctions. This control experiment shows that the conductance
33) ﬁ?,fe'r C. J.: Krans, J. M.: Todorov, T. N.; Reed, M. Rhys. Re. B of C8 junctions is~4 orders of magnitude smaller than that of
1996 53 (3), 1_022”_1025. _ _ o Au point contacts, but both AuAu and Au—C8—Au junctions
(34) Yanson, A L. 5‘&;?3%“159'3%%?&’78%" o gn = Adrait Navan  ghare the same thermodynamic breakdown properties, thus
(35) Junno, T.; Carlsson, S. B.; Xu, H. Q.; Montelius, L.; Samuelsogpl. showing that the breakdown of C8 junctions most likely involves
Phys. Lett.1998 72 (5), 548-550. AU—A h
(36) Landman, U.; Luedtke, W. D.; Salisbury, B. E.; Whetten, RPhys. Re. u—Au near the contacts.
Lett. 1996 77 (7), 1362-1365. ; . T
(37) Oshima, H.. Miyano, KAppl. Phys. Lett1998 73 (15), 2203-2205. We have also studied-alkanedithiol (or @) with dlffer(_ant_
(38) Yasuda, H.; Sakai, A?hys. Re. B 1997, 56 (3), 1069-1072. molecular lengthsn = 6, 8, and 10) and observed similar

13228 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007
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Figure 4. (a) Conductance histogram of C8 constructed frofi® 000 measurements. The black arrows mark conductance peaks corresponding to one and
two molecules. (b) Stretching distance histogram of C8. (c) Correlation of conductance vs stretching distance. (d) Binding:grestygfam. The blue
lines in both (b) and (d) are Gaussian fittings. The applied bias and stretching rate were set at 100 mV and 98.3 nm/s, respectively.

thermodynamic breakdown behaviors at low biases (Figure S2).bond breaking process is in the adiabatic regime to avoid
The bias was again always kept low to avoid a possible current complications due to thermal fluctuations. The most probable
induced heating effect which is particularly pronounced for the conductance and stretching distance are 30> Go and 0.2

short molecule C8? The study indicates that the most probable nm, as shown in Figure 4a and b, respectively. Note that

breakdown location of molecular junctions involving A8 is although the most probable stretching distance is only 0.2 nm,
at Au—Au. a small number of molecular junctions can be stretched over 1
Correlation of Stretching Distance with the Molecule— nm, corresponding to the length 64 Au atoms in a chain.

Electrode Contact Configuration. The conductance of single  The conductance varies over a wide range-d2 x 107°Gy),
molecule junctions created by the STM break junction method but no obvious correlation is found between the conductance
exhibits a broad distribution, as shown in Figure 2b. The and the stretching distance (Figure 4c).

distribution is due to the variation in the atomic scale details of | jfetime of Single Molecule Junctions. By fitting the

the molecule-electrode contact and to the sensitive dependence syretching distance vs stretching rate data using the thermody-
of the molecular conductance on the contact. Muller é hhve namic bond-breaking theory, we have extracted the natural

recently carried out first-principle calculations on C6 bound to |itetime (tofr) Of @ molecular junction formed via AtS contacts
Au electrodes with various contact geometries. To simulate the 15 e about 100 ms. An alternative way to deterntineis to
STM break junction experiments, they have considered S atomsgjrecy measure the average lifetime over which a molecule

blolulndl directly to thﬁ top, bridge, ?nd hoIIo;]/v _S'te? of the f‘x has contact with two gold electrodes until spontaneous break-
(111) lattice, as well as to a single or a chain of several AUy, However, this approach is complicated due to the

a';lomstﬁu![h:g out oLfIattAu electrode subrfaces. -Lhe" c](:alculat!:)r:js unavoidable mechanical instability and thermal drift of the
show that (n€ conductance can vary by an order of magnitu einstrument, which will lead to an underestimate of the real

depending on the dlffergnt ggometrles. To investigate the lifetime of the molecular junctions. To overcome this problem,
dependence of the stretching distance on the contact geometry,

. . e measured the average lifetime as a function of the stretching
we studied the correlation between the conductance and o .
. . S . . rate, and the lifetime extrapolated to zero stretching rate should
stretching distance of the individual molecular junctions. ) . e
Sj h hing di ¢ o ¢ th provide a measurement @f. Figure 5 plots the average lifetime
ince t_e st_retc Ing distances of a vast majon_ty 0 _t € vs stretching rate, which shows a rapid increase in the lifetime
molecular junctions are short at room temperature, involving,

tlikel lling iust a sinale Au at £ of the electrod as the stretching rate decreases. For example, the lifetime is
most likely, pufling just a single Au atom out of the electrodes, - 55 ¢ 4t 0.4 nm/s, the slowest stretching rate used in the
we repeatedly created and broke oveflO 000 molecular

. . . : . experiment. This is the lower limit of the actual lifetime of the
junctions in order to observe rare events that involve pulling . . . S

X ; : - molecule junctions, which appears to contradict with.1 s as
multiple atoms into a chain. In addition, we performed the

measurement at a fast stretching rate (98.3 nm/s) so that theE)(tr"j.ICted by f'.t ting thg expenme'ntal .data \.N'th the thermody-
namic theory in the linear logarithmic regime. The apparent
(39) Chen, Y. C.; Zwolak, M.: Di Ventra, MNano Lett2005 5 (4), 621624, contradiction is also reflected in the measured stretching distance

(40) Muller, K. H. Phys. Re. B 2006 73 (4). in the spontaneous breakdown regime, shown in Figure 2d.

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13229
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Figure 5. Semilogarithmic plot of lifetime\t* vs the stretching rate, where
the error bars are the width of the distributioAd* was derived byAt* = 10 -
L*/v, whereL* values were measured in Figure 2d. The black dash line  ¢5°
shows the natural lifetimegs, evaluated from the linear fitting in Figure "o .
2d. = 5 '
According to the thermodynamic model, the stretching distance e
at slow stretching rates should diminish to zero due to 0 0 1 2
spontaneous breakdown. In contrast, we observed a firite Stretching /s

of ~0.1 nm in the slow stretching regime. The lifetinfet?, is

given byAt* = L*/v, so a constant stretching distance implies
a rapid increase in lifetime with decreasing stretching rate
(Figure 5). 210 -

A nonzero breakdown force at slow stretching rates has been »©
observed in other systems and attributed to bond reformétion. €
At slow stretching rates, both bond breaking and reformation ©®
can take place as competing thermodynamic processes. In the
present system, since the weakest link is the-Au bond near 0 : :
the molecule-electrode contacts, it may also involve a Au atom 0.0 0.5 i 1.0 1.5
switching from one binding site to another in addition to the Stretching /s
Simp|e bond breaking and reformation processes. For examp|e’Figufe 6. Three types of conductgnce f_Iuctuations of smgle C8 jU!’lCtiOﬂS
the binding site of a Au atom may switch between hollow and ﬁqte;zzrrgnimev:/aetgeiog rﬁviﬂ%%% tr)]'r?f/s,arr:edspsetéﬁfgl‘;r_‘g rate in these
top sites, which will result in conductance fluctuations.

We have analyzed conductance fluctuations in thousands ofmeasured by conducting AFWMand the negative differential
transient curves and observed three types of abrupt switchingresistance effect observed in molecular junctions formed by a
behaviors in the last conductance step. The most commonmercury droplet? Finally, the residuah8% of switching is
(~84%) one is relatively small switching events arounck 5 large fluctuations between5 x 107°Gp and ~2 x (5 x
105Gy, the average conductance of the last steps (Figure 6a).1075Gg), which is likely due to the switching between one and
The switching amplitude is less than 50% of the average two molecules bridged across the two electrodes (Figure 6c).
conductance but much greater than the noise level in the The switching of the binding site and the processes of both
measurement. This type of switching could be due to the changebond breaking and reformation at the molectidectrode
in the binding site or rearrangement of atomic configuration contact prolong the lifetime of molecular junctions and explain
near the molecuteelectrode contacts, as well as to the the observed nonzero breakdown force or stretching distance
conformational change in the alkylene chain frgaucheto in the slow stretching regime. A more sophisticated model shows
trans! Stochastic switching in conductance has been reportedthat the bond reformation leads a nonzero breakdown force at
in the STM images ofr-conjugated molecules attached to a slow stretching rates, and the magnitude of the force depends
Au substrate via thiol linkers and attributed to the fluctuation on the stiffness of the AFM cantilevét.
of the tilt angle of adsorbed molecules to the electrode sufface.
The second type of switching is large abrupt conductance
fluctuations between-5 x 107°Gy and ~0 (Figure 6b). This An important parameter in the description of a chemical bond
switching has~8% occurrence and may be attributed to the is the binding energy or dissociation energy barrier in the
breaking and reformation of the molecular junction associated thermodynamic model, which can be extracted in the present
with Au—Au bonds. Random bond breaking and reformation system from the stretching distance. Our previous C-AFM study
at the moleculeelectrode contacts have been proposed to shows that the force applied on a molecular junction increases
explain large random conductance fluctuations of alkanedithiols approximately linearly with stretching distance until the break-
down of the junctiorf:28In the adiabatic regime (fast stretching
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rates), the binding energygs, is related to the adiabatic
stretching distancd,,, given by

= 1-Fbl-a

Eb2

4
whereFy is the force required to break a A«Cn—Au junction.
Previous studies of both AtC8—Au molecular junctions and
Au—Au point contacts have found theg ~ 1.5 nN#3245Using

the breakdown force, we extracté&g from L, (Figure 4b) by

eq 4. The distribution oEy, is rather broad with a peak near
0.82 eV and a half width 0f0.45 eV (Figure 4d). The result
is in agreement with the C-AFM measurenténand also
consistent with the theoretical calculation of AAu binding
strength’® The wide distribution reflects the large variation in
the molecule-electrode contact configurations of the individual
molecular junctions. Since the lifetime is an exponential function
of the binding energy (see eq 1) amdvas determined as0.1

ps from the C-AFM measurement at room temperatfitbe
distribution in the binding energy leads to an extremely large
distribution in the natural lifetime, from 0/s to 3.5 years. So
although the average natural lifetime of a molecular junction
formed via a Au-S bond is on the order of seconds, some
binding geometries can be rather long-lived even at room
temperature.

Conclusions

The stability and breakdown mechanism of single C8

nm, roughly corresponding to pulling a single atom, but a small
number of molecular junctions can be stretched over 1 nm,
corresponding to 34 Au atoms in a chain. The adiabatic
stretching distance has no obvious correlation with the molecule
electrode contact geometries. At very slow stretching rates, the
stretching distance reaches another plateau with an average value
of ~0.1 nm. This regime is called a spontaneous breakdown
regime in which thermal fluctuations cause the bond to break.
Between the fast adiabatic and slow spontaneous breakdown
regimes lies a regime in which the stretching distance is linearly
proportional to the logarithm of the stretching rates.

The observation shows that the breakdown of the molecular
junctions is thermally activated, and thermodynamic parameters,
such as binding energy and natural lifetime, were extracted. The
binding energy has a broad distribution with a peak near 0.8
eV and width~0.45 eV. The distribution in the binding energy
leads to natural lifetime variations from Ouls to 3.5 years,
although the most probable lifetime of the molecular junctions
at room temperature is on the order of seconds or less. The
wide distribution results from various molecuielectrode
contact configurations, so highly stable molecular junctions at
room temperature are possible only for some rare contact
configurations.

Three types of stochastic fluctuations are often observed in
the conductance at slow stretching rates. The most frequent ones
have small amplitudes which are attributed to atomic scale
rearrangement at the molectielectrode contacts and confor-

junctions were studied by analyzing thousands of molecular mational changes in the molecules. Two other types of fluctua-
junctions formed and broken at various stretching rates using tions involve large and abrupt switching in the conductance

an STM break-junction approach at room temperature. A
comparative study of AttAu point contacts shows that the
breakdown of the molecular junctions takes place most likely

between a stable value and zero and between a stable value
and twice the stable value, respectively. These large fluctuations
are likely due to the bond breakdown/reformation of a single

at Au—Au bonds. The stretching distance depends on the and two molecules. The rearrangement of metal atoms at the
stretching rate, which follows a sigmoidal shape as predicted molecule-electrode contacts and bond breakdown/reformation

by a thermodynamic bond-breaking theory.
At fast stretching rates (adiabatic regime), the stretching
distance is independent of stretching rate and the breakdown i

primarily caused by the external force that overcomes the

binding energy barrier. Statistical analysis-e10 000 curves

X(

contribute to the further stabilization in the molecular junctions.
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