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A Mechanism for Conductance Switching in Carbon-Based
Molecular Electronic Junctions
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A molecular junction formed by a 10-15 A organic monolayer between carbon and mercury contacts exhibited conductance
switching for several monolayer structures. When the carbon potential was scanned to a sufficiently negative voltage relative to the
mercury, the junction resistance suddenly decreased by at least an order of magnitude, and high resistance could be restored by a
positive voltage scan. The high and low conductance states were persistent, and conductance switching was repeatable at least 100
cycles for the case of a terphenyl junction. The switching behavior is consistent with phenyl ring rotation and formation of a
planar, quinoid structure as a consequence of electron injection into the monolayer. A unique feature of the junction structure is the
strong electronic coupling between the monolayesystem and the graphitic carbon through a quinoid double bond. Not only

does this interaction lead to high conductivity and possible practical applications as a molecular switch, it also combines the
electronic properties of the conjugated monolayer with those of the graphitic substrate. The switching mechanism reported here is
an example of “dry electrochemistry” in which a redox process appears to occur under the influence of a high electric field in the
absence of solvent or electrolyte.
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Conductance switching is the basis of many potential molecularlecular junctions which exhibit conductance switching and which
electronic devices, and has been the focus of numerous researghrovide critical insights into the switching mechanism. Shown sche-
efforts in recent years® If a single molecule or an assembly of matically in Fig. 1, the carbon-based molecular juncticonsists of
molecules can be switched between high and low conductance statescovalently bonded monolayer on a very flahs roughnesss A)
by an electrical or optical stimulus, molecular scale memory andgraphitic carbon substrate made by pyrolysis of a photoresist film
logic elements become possible, and molecular electronic compo¢PPB.18:17 Spectroscopy of the monolayer/PPF interface has estab-
nents may be integrated with conventional microelectronics or asiished that the bonding is covalent and stable to at least 400°C in
sembled into true molecular circufts? A range of molecular struc-  vacuum?®® and that the phenyl rings of the monolayer are rotation-
tures which exhibit conductance switching has been reportedally disordered relative to the graphitic aromatic rifg8°The junc-
including _self-assembled monolayetSAMs) of phenylethynyl  tion is completed by a suspended Hg drop placed on the monolayer
oligomerg"131%and rotaxanes oriented between two conductors by\yhich defines a junction area of approximately 0.78%m@onduc-
Langmuir-Blodgett ass_embf’g/?The phenomenon of negative differ- - tance switching of nitrobiphenyl and biphenyl molecular junctions is
ential resistancéNDR) is notable as an example of a small collec- gpparent in the current/voltagéV) curves of Fig. 2. The initial
tion of molecules changing from high to low resistance state in anjynction resistance varies for different junctions, but in the case

applied electric field, then back to a high resistance state as the fieldyqgwn was 25 R for nitrobiphenyl and 13 R for biphenyl
increased further”*%In several cases the states of the molecule are _ pheny phenyl (V

istent and trollabl d b tedl led bet =50 mV).
E’S:]S,,'S (For:/v ?gsisctgr?cr)gaﬁ d eO?rn (rr]?aa/ rezi;(:;r?(;e:tatyegyc ed between it yne voltage applied to the PPF relative to the Hg is scanned in
Although several examples of cgonductance switchiln have beeri range of approximately 0.5 V, the i/V curve is nonlinear, invari-
investigatgd extensively. tr?e switching mechanism in n‘?ost cases iﬁm with scan ratefor 0.01 to 1000 V/s shows no observable
. ' . hysteresis, and exhibits weak rectification. When the voltage was
unknown_ and is the subject OT some controversy. NDR was 0-”g'_sé/anned more negative than approximatel9.8V, a suddengin-
nally a_ttrlbuted to redox reactions |nvo_IV|ng a nitro andor amino crease in current was observed, which occaéionélly occurred in sev-
group in the monolayer molecufeyut switching was subsequently eral steps. Upon the return sca’n near zero voltage, the junction re-
obser_ved_wnhout such groups pres‘éi‘ﬂ.NDR was also attrlbuted_ istan h d decr 44d k. and this high nd’ an at
to shifts in molecular orbital energies in response to an applied>'s'® ced fa elc ease o a _Swg L(J:O uctance state
electric field, resulting in resonant tunneling at certain applied field Persisted for at least several minutes with=v0. Upon scanning to
magnitudes?® Switching by isolated phenylethynyl molecules sur- @ positive voltage of greater than approximatei.9 V, the junc-
rounded by aliphatic SAMs was observed to be stochastic by scantion resistance returned to its initial value. The complete cycle of
ning tunneling microscopySTM), and was attributed to conforma- turning the junction On at negative voltage and Off at positive volt-
o B e e e oo besean e o OF
surrounding the active molecu course, any mechanism estab- on I € | . al-
lished to explain conductance switching also bears directly on theles. The number of switching repetitions before failure varies with
broader issue of which factors control electronic conductivity in the sample and molecular structure, but several examples are listed
organic molecules, a topic of wide interest in the areas of conductingn Table I. ) ]
plmers,sveclckonc aisandeneray comesio:nad, i, OO SIS 1o TLESIOL
tion to molecular electronics.™ ; -
We report here a completely new approach to fabricating mo-bon (chryseng and a molecule which includes an aliphatic spacer
(4-(phenylmethylengpheny). Repetitive conductance switching
was observed for the first four molecules listed in Table I, with the
* Electrochemical Society Active Member observed Off/On resistance ratio indicated. Not all junctions of a
2 permanent address: Department of Chemistry, University of Ankara, Ankara, Tur-9IVen mo(l_eCU|eh eXthltﬁ(_jb_S_WltChll’:g, an?] the percentage of aﬁ_tlve
key. junctions (i.e,, those exhibiting at least three successive switching
bferrganenf adtgggsa(a%er:eéal Electric Corporation, John F. Welch Technology Cencycleg is listed as well. Junctions made with the second group of
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2 E-mail: mecreery.2@osu.edu switching were examined over a range of temperatures, and switch-
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_ | switching was also observed in biphenyl and terphenyl, without a
nitro group. A mechanism that is common to all switching molecules

is shown in Fig. 3, illustrated for the case of nitrobiphenyl. The

V phenyl rings in free nitrobiphenyl are nonplanar, with a dihedral
angle between 30 and 40°. Furthermore, a monolayer of nitro-
azobenzene is rotationally disordered when bonded to the edge
plane of highly ordered pyrolytic graphité All the molecules listed
in Table | as switchers are likely to have one or more phenyl rings
which are out of the plane of the graphitic rings when the molecules
are initially bonded to the PPF substrate.

Past spectroscopic and electrochemical observations indicate that
the electronic coupling between the carbon substrate and monolayer
is strong, as might be expected for a symmetric, conjugatedCC
bond!®“°As the PPF surface becomes more negative in response to
an applied voltage, one would expect electron transfer into the
monolayer. This electron transfer is analogous to an electrochemical

Sp2 carbon reduction of the monolayer molecule, except there are no counter-
ions or solvent, and the molecule is strongly coupled to the sub-
strate. A similar charge transfer has been considered for STM ex-
periments, in which an electric field is imposed on an adsorbate, and

Figure 1. Carbon-based molecular junction with nitrobiphenyl as the mono- interactions between the electric field and the surface dipole were

layer spacer. Nitrobiphenyl was bonded to a flat sprbon substratéon proposed! Predicted electric fields in junctions such as that of Fig.
polished silicon 10D by electrochemical reduction of ’4nitrobiphenyl 1 are 5-10 MV/cm when switching occurs, certainly adequate to
4-diazonium ion in acetonitrile. Applied voltages are stated as the carborpartially polarize the electron distribution between the monolayer

_potentlal relative to the mercury top contact. Phenyl rings in shaded area arghglecule and the PPE. The structure shown in the right side of Fig.

intended to represent a graphitic sheet. 3 results from transfer of one electron into the nitrobiphenyl mol-
ecule. We refer to the right hand structure as the “quinoid” form,
which includes several resonance forms in addition to that shown. It
ing was observed to cease at low temperature. For example, nitrois important to note that the quinoid form is planar, the anion is
azobenzene stopped switching below 0°C, but switching was redelocalized over the entire structure, and has significant bond length
stored when the junction was heated to above 20°C. changes relative to the original nitrobiphenyl. In fact, strong elec-

Structural properties shared by the “switchers” in Table | are not tronic coupling between the quinoid structure and the graphitic
initially obvious. Several switchers contain nitro groups, but robustsystem may result in a large, delocalized electronic system which
combines contributions from both the monolayer molecule and the
carbon substrate. The ring rotation and bond length changes from
the phenyl to quinoid forms result in activation barriers which are
0.3 | presumably the origin of the temperature dependence. The electron
o transfer is expected to be governed by Marcus theory, with the ac-

e tivation barrier representing the reorganization energy associated
<+«—e with ring rotation and nuclear rearrangement.

It is useful to consider the structural changes associated with
electron transfer from PPF to a monolayer molecule in more detail.
Rather than attempt to analyze graphite fragments theoretically, we
used model structures based on nitrobiphenyl and its quinoid form.
The case shown in Fig. 3 was modeled by nitrobiphenyl, its anion,
and 4-nitrobiphenyl-4-methide to force the nitrobiphenyl to assume
-0.6 ¢ T T . T the quinoid form. Bond lengths and charge distributions were calcu-
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 lated with Gaussian 98 using density functional the@gLYP/6-
31G(d) level) for nitrobiphenyl, free nitrobiphenyl anion, and nitro-
1.2 biphenyl methide. The calculated structures and selected bond
A lengths are shown in Fig. 4. The methide is planar, as opposed to a

/ 38° dihedral angle in nitrobiphenyl. The bridging-&C bond short-

0.6 7 / ens by 0.023° in the anion and 0.051° in the quinoid form. These

observations support the changes in conjugation shown in Fig. 3,

with the nitrobiphenyl/PPF bond taking on double bond character
and the two rings in nitrobiphenyl becoming coplanar with the

/< biphenyl junction graphite plane of the PPF.

In addition to increased conjugation and planarity, there are sev-
eral reasons why the anion or quinoid structures would be expected
to have higher conductivity than the biphenyl form. The highest
occupied molecular orbital/lowes unoccupied molecular orbital
(HOMO-LUMO) gap decreases from the phenyl to the quinoid
forms of all the “switching” moleculeqTable Il), and the polariz-
ability of the quinoids is much higher. The bond lengths in the
Figure 2. Room-temperature current/voltage behavior of nitrobiphéioy) methide Skele_'ton are closer FO each other in ma_gnltude_, and the
and biphenyl(bottom molecular junctions, scanned at 0.1 V/s. Arrow with Molecular orbitals of the methide are more delocalized. It is gener-
circle indicates initial scan direction. The nitrophenyl junction had a 05 k  ally accepted that bond length alternation is a primary determinant
resistor in series to prevent overcurrent damage, and the bipheny! junctio®f the bandgap in polyacetylene, with the limit of equal length bonds
was limited to 1 mA by the potentiostat. Scan rate was 0.1 V/s. yielding zero gap and metallic conductiéfi?* For polyphenylenes
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Table I. Observed switching characteristics of carbon-based molecular junctions.
No. of No. of

Junction Ryt » repetitive junctions Percentage
moleculé kQ Ryt /Ron switche$ studied switched t(°c)d
para-Terphenyl 23.7 8.8 >100 11 82 5-70
4’ -Nitrobiphenyf 23.9 8.5 60 10 80 50
para-Biphenyl 13.6 24.4 17 12 83 50
4'-Nitroazobenzene 17.3 5.7 33 14 14 20-50
4-Azobenzene 9.4 105 8 13 15 20-50
2-Chrysene 0.27 - 0 21 0 20-50
4-Stilbene 8.1 - 0 10 0 20-50
4-(Phenyl 31 - 0 17 0 50
methylengpheny!

& All junctions formed with 10 derivatization scans in diazonium salt solution (1 mM) in acetonitrile except for nitroazobenzene, which usedgour scan
b Maximum number of switching cycles observed for a single junction.

¢ Exhibited three successive On/Off switching cycles.

4 Temperature range studied for each molecule.

€4’ indicates the ring position farthest from the graphitic substrate, unprimed numbers refer to the ring position bonded to the substrate.

and poly(p-phenylene vinyleng however, the bandgap is a function that electron injection to form an anion creates a more planar struc-
more of quinoid character than bond alternation, and charge injecture, and decreases the bridging bond length from 1.486 to 1.439.
tion is predicted to increase quinoid charaéte?® The switching The negative charge is distributed over the entire biphenyl anion,
observed in Fig. 2 is likely to be a direct measure of molecularimplying extensive electron delocalization. These bond length
conductivity, with high conductance associated with the extended changes are similar to the-0.04° predicted theoretically when
system in the quinoid form of nitrobiphenyl. The activation barrier charge is injected into p-phenylvinylene oligome?® The theoreti-
associated with the structural rearrangement shown in Fig. 3 is reeal predictions imply that electron injection into biphenyl and pre-
sponsible not only for the activation barrier but also for the switch- sumably terphenyl promotes formation of a more conductive
ing hysteresis. The quinoid form is apparently the higher energyquinoid species. In all of the switching molecules listed in Table I,
form in the absence of an electric field, but is the favored form in athere is a transition from a rotationally disordered phenylene species
high field. The reorganization energy is sufficiently large that theto a planar, quinoid species. Accompanying this transition are sig-
quinoid form survives after the field is removed, at least for severalnificant changes in bond length, an increase in quinoid character and
minutes to several hours. shortening of the bridging - C or G—N bonds. The extent of

A mechanism similar to that shown in Fig. 3 is likely for nitro- charge transfer from the graphitic system into the monolayer and
azobenzene, but does not obviously apply to the other switchershe involvement of the graphite-monolayer bond determine whether
biphenyl and terphenyl. A useful model for the biphenyl case isthe free anion or the methide anion is a more accurate representation
shown in Fig. 5 and Table Il, using a biphenyl monomethide to of the junction, but both structures are more planar and have more
represent chemisorbed biphenyl after injection of an electron. Noteyuinoid character than the initial monolayer structure. It should be
emphasized that the structures in Fig. 3-5 represent a few of many
possible resonance forms. Spectroscopic experiments are currently
in progress to more precisely define the structural changes accom-

Fo_ oY

o) o) S panying switching conductance.

\\N/ N Electron injection into a monolayer was originally proposed to
| | explain NDR? but was criticized due to the requirement for a coun-
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Figure 3. Mechanism for conductance switching based on electron transfer

from the carbon substrate to the nitrobiphenyl monolayer, resulting in for- Figure 4. Calculated bond lengths and dihedral angles for nitrobiphenyl, its
mation of a planar quinoid structure. The dihedral angle between the bipheanion, and a methide form designed to force formation of the quinoid struc-
nyl rings and the graphite plane is expected to be 30-40° initially, but de-ture. Results are for free molecules determined with Gaussian 98 using den-
creases to near zero in the On state. Shaded region represents the extendgty functional theory, and bonding shown represents one of several reso-
graphiticw system. nance forms.
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Table Il. Calculated? structural parameters and HOMO-LUMO
gaps.

HOMO-LUMO, Bridging bond Dihedral
Structure eV length® A anglé
Terphenyl 4.75 1.484 38°
Terphenyl anion 2.08 1.440 15.6°
Terphenyl dimethide 1.39 1.422 0.0°
Nitrobiphenyl 4.26 1.484 34°
Nitrobiphenyl anion 2.23 1.461 21°
Nitrobiphenyl 1.96 1.433 1.1°
4'-methide anion
Biphenyl 5.37 1.486 38°
Biphenyl anion 1.62 1.439 6.5°
Biphenyl monomethide 2.94 1.450 16.6°
anion
Biphenyl dimethide 2.24 1.406 0.0°
Nitroazobenzene 3.62 1.419 0.0°
(NAB)
NAB anion 2.16 1.360 0.0°
NAB methide 211 1.365 0.0°

aGaussian 98, B3LYP/6-31@).
bC—Naz,,for NAB, phenyl-phenyl bond in other cases.
¢ Between phenyl rings.

terion to neutralize the resulting space charge. The mechanism of
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A conductance switching mechanism based on field induced mo-
lecular rearrangement explains the observations for the carbon-
based molecular junctions studied here. A similar rearrangement is
possible for the phenyl-ethynyl monolayers which exhibit NDR, al-
though there is less experimental support. The fact that NDR is
observed below 100 K implies that any reorganization is very small,
with a small activation barrier. However, changes in structure in
high fields is likely in many molecular junctions, and may have
significant practical applications, such as nonvolatile memory or
programmable logic elements. A more general and fundamental im-
plication of the mechanism is the consideration of a molecular junc-
tion as a form of dry electrochemistry. Electron transfer and nuclear
reorganization apparently occur in molecular junctions in a manner
analogous to redox reactions in solutions or solid electrolytes. How-
ever, the absence of solvent and counterions, and the orientation of
molecules within the junction permit some unusual experiments,
particularly the effect of high electric fields on oriented organic mol-
ecules.

Acknowledgments

This work was supported by the NSF division of Analytical and
Surface Chemistry. The authors appreciated useful conversations
with Mark Ratner and Alexander Burin.

The Ohio State University assisted in meeting the publication costs of
this article.

References

Fig. 3-5 would also generate a negative space charge in the mono4- M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, and J. M. Tdbrjence278, 252

: ; : 1
layer, and the question arises of how that space charge is compen; 5~

997).
hen, M. A. Reed, A. M. Rawlett, and J. M. To8gience286, 1550(1999.

sated. Compensation may not be necessary in the presence of a large m. A. Reed and J. M. TouSci. Am. 86, 113 (2000.

static field, as shown by an estimate of space charge effects in th
monolayer. A parallel plate capacitor with a thickness of 15 A and a
dielectric constant of 2 has a predicted capacitance of.E/tn?.

If 10% of the molecules in the junction are turned On, the resulting
potential is 0.17 V for a coverage of 2 10 ° mol/cn?. As more

charge is injected, this space charge potential will increase, and th
voltage required for charge injection will increase. While space

charge effects are undoubtedly important at some point, they do nots.

appear to prevent switching a minority of the molecules in the ab-
sence of counterions.

1.396 A ( 1.41 )
1.390 1.390
1.486 1.439
1.390 1.390
\ J
gigh:fsnzl biphenyl anion biphenyl methide anion

0=65° 6=16.6°

Figure 5. Calculated bond lengths and dihedral angles for free biphenyl, its
anion, and its monomethide.

e4. Z.J. Donhauser, B. A. Mantooth, K. F. Kelly, L. A. Bumm, J. D. Monnell, J. J.

Stapleton, D. W. Price, A. M. Rawlett, D. L. Allara, J. M. Tour, and P. S. Weiss,

Science292, 2303(2001).

C. P. Collier, E. W. Wong, M. Belohradsky, F. M. Raymo, J. F. Stoddart, P. J.

Kuekes, R. S. Williams, and J. R. Heatcience285 391(1999.

C. P. Collier, G. Mattersteig, E. W. Wong, Y. Luo, K. Beverly, J. Sampaio, F. M.

Raymo, J. F. Stoddart, and J. R. Healejence 289, 1172(2000.

e7. M. A. Reed, J. Chen, A. M. Rawlett, D. W. Price, and J. M. Téwppl. Phys. Lett.,

78, 3735(2001).

S. Ranganathan, |. Steidel, F. Anariba, and R. L. McCre¥ano Lett.,1, 491

(2001).

9. C. A. Mirkin and M. A. RatnerAnnu. Rev. Phys. Chend3, 719 (1992.

10. J. Jortner and M. Ratnévlolecular Electronics Blackwell Science Ltd., Oxford,

U.K. (1997.

D. T. Gryko, L. Junzhong, J. R. Diers, K. M. Roth, D. F. Bocian, W. G. Kuhr, and

J. S. Lindsey)J. Mater. Chem.11, 1162(2002.

. A. Aviram and M. RatneitChem. Phys. Lett29, 277 (1974.

. J. Chen, W. Wang, M. A. Reed, A. M. Rawlett, D. W. Price, and J. M. TAppl.
Phys. Lett.;77, 1224(2000.

. J. M. Tour, M. Kozaki, and J. M. Seminarib, Am. Chem. Soc1,20, 8486(1998.

. Y. Karzazi, J. Cornil, and J. L. Bredak,Am. Chem. Soc1,23 10076(200J).

. S. Ranganathan, R. L. McCreery, S. M. Majji, and M. MadbiElectrochem. Soc.,
147, 277 (2000.

. S. Ranganathan and R. L. McCreekpal. Chem.73, 893(2001).

. T.-C. Kuo, The Ohio State University, Columbus, Qt999.

. Y.-C. Liu and R. L. McCreeryAnal. Chem.£9, 2091(1997.

. Y.-C. Liu and R. L. McCreery]. Am. Chem. Socl17, 11254(1995.

. H. C. Akpati, P. Nordlander, L. Lou, and P. Avour&yrf. Sci.,372 9 (1997.

. B. Champagne and E. A. Perpdi&, J. Quantum ChemZ5, 441(1999.

. S.Y. Hong and K. W. LeeChem. Mater.12, 155(2000.

. M. E. Vaschetto and M. Springbord, Mol. Struct.. THEOCHEM460, 141

(1999.

J. L. Bredas). Chem. Phys82, 3808(1985.

J. L. Bredas, D. Beljonne, J. Cornil, J. P. Calbert, Z. Shuai, and R. SHyeyh.

Met., 125, 107 (2002.

5.

6.

11.

25.
26.



